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Abstract

Nowadays, global warming is a pressing issue that is being intensified by greenhouse gases. Among
these gases, methane is the second most abundant anthropogenic gas released after carbon dioxide.
Methane is widely used as a fuel in chemical industry due to its favourable ignition properties and high
heating value, making it also a suitable choice for residential and commercial heating systems.
However, methane poses challenges for detection as it is a low polarizable gas. Additionally, it can
react with or absorb ambient moisture and is susceptible to interferences with other gases like VOCs,
NO,, and CO. Therefore, there is a growing demand for methane gas sensors that are sensitive,
selective, and user-friendly. One potential solution lies in the use of solid-state chemi-resistors made
of nanohybrid materials, specifically the promising combination of lead sulphide nanoparticles (NPs)

and reduced graphene oxide (rGO). This work focuses on exploring this combination.

The objective of this Master's thesis is to develop a sensor that is sensitive, selective, environmentally
friendly, and simple to produce. To achieve this goal, the device is constructed using lead sulphide
nanoparticles coated onto reduced graphene flakes, which are then deposited onto interdigitated
electrodes. When the PbS NPs encounter methane gas molecules, NPs resistance increases, leading to
a charge transfer from the NPs to the graphene flakes that are in contact with the interdigitated

electrodes. This process generates an easily interpretable electrical signal, providing a readable output.

The objective of this study was double. Firstly, it aimed at controlling the size and purity of the NPs
through the utilization of two different protocols. This was done to achieve well-dispersed nanocrystals
on reduced graphene oxide flakes. Secondly, commercial graphene oxide was subjected to solvo-
thermal reduction at various temperatures using either water or NMP as the solvent, and ascorbic acid
was employed as the reducing agent, to achieve the highest possible reduction rate of rGO. Both
materials were manually deposited onto interdigitated electrodes (IDEs), resulting in PbS NPs
exhibiting higher resistance compared to rGO. Furthermore, rGO/PbS devices generally displayed
higher resistance than pure rGO devices. The study also explored the charge transport mechanisms
within the materials by investigating their decreasing resistance with temperature, revealing the
occurrence of two distinct regimes. Finally, four devices were tested under a calibration methane gas,
containing 2.5% volumetric methane and unfortunately none of the devices showed any sensitivity to
methane. The deposition technique as well as the synthesis routes must be further improved to

understand the observed ineffectiveness.
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I. STATE OF ART

1.1 Methane gas industry
Methane is a simple gas composed of one carbon atom bonded covalently with four atoms

of hydrogens. It is a greenhouse gas used extensively by the chemical industry. Methane is
mainly used as a fuel because it has interesting ignition properties and high heating values that
make him a good candidate for heating, such as in residential or commercial heating systems.
Combined heat and power engines convert the generated heat to electrical power. The electrical
energy is then either recirculated back into the facility or exported to the national grid. Except
for those who are overweight, have irritable bowel syndrome, inflammatory bowel illnesses, or

anorexia, the exhaled air from typical human breath does not include methane. [1]

However, it is produced in large quantities by farming and in particular cows, still a large
part of our alimentation, and sometimes kept inside for most parts of the year. It exhibits
explosive properties when its concentration rises to 4.6% in the air. Indeed, it is a main
component in dangerous gas in coalmines. Currently, methane explosions continue to occur
worldwide during the coal mining process. [2] Unfortunately, it remains a challenge to detect
methane gas because it is colourless, odourless. Moreover, methane can cause dizziness,

headache, nausea, or even severe suffocation when inhaled. [3]

After carbon monoxide, methane is the second most anthropogenic greenhouse gas [4] and has
several anthropogenic causes, the most significant one stems from fossil fuels (29%) as shown
in Figure 1.

Waste

decomposition
17% (61 TgCHy)

Rice cultivation
17% (60 TgCH,)

Domestic
ruminants
23% (81 TgCHy)

Fossil fuels
29% (103 TgCH,) Biomass burning
14% (50 TgCH,)

Figure 1. Contribution of individual sources to total anthropogenic methane emissions. [5]

Methane emissions in Belgium fell by 39 % from 1990 levels, mostly because of less routine
trash disposal. This is mostly because less rubbish is being routinely landfilled. Modernization
in agriculture, a significant source of methane emissions from livestock and fertilizer use, has
also contributed to the observed decline. [6] Nevertheless, according to The International
Methane Emissions Observatory (IMEO) of the United Nations Environment Programme
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(UNEP), one estimates the total global methane emissions from industry at 80-140 million tons
per year. In the same report, “Oil and Gas Methane Partnership 2.0” (OGMP 2.0) reports that
the total emissions of 2022 amount are 1.3 million tons of methane. [7]

Upon release to the atmosphere, methane turns out to be a greenhouse gas thus an
environmental concern. Its rising concentrations contribute to different atmospheric
perturbations. First, tropospheric Oz levels will be increased and that will indirectly lead to
higher greenhouse effect and potentially to urban high ozone events. Moreover, tropospheric
OH could be suppressed if methane concentrations are too high. Consequently, these
tropospheric OH will not be able to oxidize and remove harmful hydrocarbons and
hydrogenated chlorofluorocarbons (HCFCs) anymore. Methane is also harmful to the
stratospheric ozone since it creates stratospheric water vapor, that oxidizes the ozone. [8] [9]
Additionally, when methane reacts with chlorine, this explosive reaction participates to ozone

destruction. [9]

Methane detection thus becomes more vital than ever for an array of applications,
including health and environmental monitoring. Because of the growing worry over methane,

many methane detection technologies have been designed and developed.

1.2 Methane gas sensors
Despite its explosive reaction with chlorine, methane is generally considered a chemically

inert substance, which makes its detection challenging for sensing strategies that rely on its
derivatization.[10] Moreover, in comparison to other commonly studied gas molecules like Ha,
COgo, and CO, CH4 molecules have a lower level of interaction due to their low polarizability.
For example, CO; has a permanent quadrupole moment of 4.30 * 10%° esu-cm?, and CO has a
permanent dipole moment of 0.112 * 10*® esu-cm?. [11] These two gases are higher sorption
gases since the strength of electric dipole and quadrupole moments affects the enthalpy of

adsorption and Henry's constants. [12]

Since 2002, the industry has witnessed a growing number of patents related to methane gas

sensors, indicating an increasing utilization of these sensors in various sectors. [13]

When discussing sensors, four parameters must be considered: the sensing materials, the

sensing mechanisms, inherent properties, and the sensing platforms as shown in Figure 2. [12]
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Sensing materials can be metal oxides, semi-

Inherent Properties i
« Neutral & Inert conductor metals, carbon materials,

* Similar kinetic size with N,
* Low absorption in materials

Sensing j)
Materials
* Metal oxides ‘)

* Carbon materials
* Supramolecular cHl‘
* Polymers Methane
* MOF

supramolecular or MOFs. Regarding the

sensing mechanisms, it can be electrical,
optical or a mass mechanism. Sensing
platforms can be chemiresistors, optical fibres
or Surface acoustic wave (SAW). Common
techniques are  piezoelectric  sensors,
Sensing Platforms
Db spectroscopic methods, using Raman or
* SAW/QCM
infrared, electrochemical detection or gas
Figure 2. Summary of inherent properties of CHa, and the Chfomatography- [10] It iS nOtEWOTthy that the
demonstration of different sensing materials, . .
mechanisms, and platforms. [12] most widely used methane gas sensing
techniques are catalytic combustion sensors,
non-dispersive infrared sensors, and conductive-type sensors.[2] Here is a brief explanation of

these three mentioned main methods with their advantages and drawbacks.

Catalytic combustion sensors are called pellistors or calorimetric detection and are used to
detect flammable gases. [10] A pellistor sensor is a semiconductor made of a platinum or
palladium-based noble metal catalyst and a heating coil. In practice, the target gas is burned by
the catalyst pellet and, the metal coil is used to detect any alterations in temperature generated
by the combustion of gases. The created heat will change the semiconductor resistance that is
proportionate to the gas concentration. These thermal conductivity sensors quantify the heat
that is lost by the detecting element when the target gas is present. [4] To minimize heat loss
through conduction along the metal wire and to have enough sensitivity, the wire has to be thin,
and this consequently leads to a fragile device. To increase the selectivity towards the gas e.g.
methane, one can combine two noble metals with differing catalytic activities towards methane
oxidation, for instance, platinum and palladium. [14] Palladium can oxidize methane and other
hydrocarbons at approximately 400 °C, whereas platinum can only oxidize longer hydrocarbon
chains, under the same conditions and will need temperatures as high as 700 °C to oxidize
methane. [15] Consequently, the measurement of methane concentration can be achieved by a
reference sensor and by simply examining the differences observed at each electrode. Another
way to increase the selectivity of the sensor is to use a single pellistor (only one metal as a

catalyst) and to combine it with gas chromatography. Overall, the sensors for catalytic
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combustion respond well enough to methane but, they must perform at a high temperature,

which results in high power consumption and there is high possibility of interferences. [4], [10]

The second most used technique is an optical sensor called non-dispersive infrared
sensor, meaning no dispersive element such as a prism or diffraction grating is being used like
in conventional spectrometers. Optical sensors are advantageous because they can operate in
flammable gaseous environments without the need for electrical wires and contacts and
therefore provide remote sensing capability, immunity to electromagnetic interference, and
non-invasive measurement compared to other sensing platforms. Spectroscopy examines the
interaction between the absorbed or emitted light and molecular and/or elemental structures.
Spectroscopic methods can detect many gases, including methane in a quantitative manner.
[16][4] In general, spectroscopy can be quantitative and qualitative and is largely used in many
fields such as biomedicine [17], pharmaceuticals [18], and food [19] analyses, among others.
Infrared absorption sensors enable the precise detection of small quantities of molecules and
the recognition of molecular structures and conformational states. Methane can absorb in the
infrared range [12] and its absorption lines are usually a unique feature under detection. Near
infrared (IR) lasers have an advantage over mid IR lasers as they do not necessitate costly
cooling equipment and are simpler to operate. However, most of the molecules of interest have
only overtones and combinational bands in this range, which have lower absorption strengths
compared to the mid IR range, which offer greater sensitivity.[10] In conclusion, nondispersive
infrared sensors have good response toward methane, but they are expensive and complex and
require great power supply. Moreover, spectroscopic instruments are designed for laboratory
use only and are therefore non portable. This increases operating expenses and limits their
applicability for point-of-care analysis, which is performing the analysis near the patient or near

the area of interest.

The third most used method is conductive sensors in solid state. Conductive sensors, also
called chemi-resistive sensors, offer several benefits compared to the two other types of sensors
mentioned above. Indeed, their advantages include compact size, affordability, ease of
integration, and reliability. [4] These sensors remain the most advantageous as long as one
ensures that they also have low power consumption. [2] A sensor detects the analyte by a
process of transduction which leads to an interpretable signal generation. There exist many
types of transductions such as field-effect transistor (FET), solid-state electrochemical sensor
(SSES), quartz-crystal microbalance (QCM), gas capacitor, surface acoustic wave (SAW) and

chemi-resistors. This latter is the most advantageous and ensures an easy commercialization
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since it is easy to fabricate, allows a large combination of sensitive materials — leading to hybrid

materials - uses a very small quantity of active materials (a few milligrams only are required)

and provide simple sensing data. [20] These types of sensors will be described in more details

in the section below.

1.3 Chemi-resistive gas sensors and functional nanomaterials

A perfect gas sensor must provide high responsivity, good
selectivity, fast response/recovery, great stability/repeatability,
room-working temperature, low cost, and easy-to-fabricate for
practical applications. Response time is defined as “the time
taken by the sensor to get the response from 10% to 90% of its
final value”. Similarly, the recovery time is defined as “the time
that a sensor output takes to get from 90% to 10% of its initial

value when it is exposed to air”. [21]

Chemiresistor sensors are conductive-type sensors which
are often built on a silicon, ceramic or glass substrate on which
there are metallic electrodes such as gold. The gas-sensitive
materials are deposited and placed between those electrodes
and the sensor’s efficiency is really dependant on the
placement of the gas-sensitive materials. Chemi-resistive gas
sensors are solid-state sensors which “convert the response of
the sensing material upon interaction with gas molecules into

i.e., electrical conductivity or resistance”. [3] Chemi-resistive
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Figure 3.. a) Main processes of gas sensing
mechanism b) potential energy diagram c) basic
mechanism of nanomaterials-based conductive

sensors. [20]

interpretable electrical signals

sensors are comprised of two

main components - the sensing material or receptor, and the transducer (see Figure 3-c).

Nanostructured gas-sensitive materials are advantageous for gas sensing due to their

larger surface-to-volume ratio — caused by an increased number of surface atoms and own

dangling bonds compared with the atoms in bulk — their small size effect and their quantum

effect. These characteristics impact the adsorption strength with gases. [2]

There are three main steps within the sensing mechanism. First, diffusion/molecule capture

step , then a surface reaction step (including charge transfer), and eventually, a charge carrier

transport step followed by gas desorption, as shown in Figure 3-a. The sensing mechanisms

depend on whether the material is p- or n-type, thus if the majority of carriers are holes or

electrons, respectively. Until now, most of these sensors and sensor arrays have used sensing

15

(Assembly issue)



elements based on a single material or transduction
mechanism. Either they rely on the intrinsic sensing
activity of the material either they employ external
stimuli like temperature or light, to stimulate the
sensing effects of target gases (Figure 3b). In p-type
metal oxide sensors (MOSs), like in n-type MOSs,
an increase in temperature causes a decrease in the
sensor resistance. However, when exposed to an
oxygen environment, p-type MOS generates holes

due to the adsorption of oxygen ions on the surface

Adsorbed targetgas  Adsorbed taac;ct gas
OXYgCn.inn/‘ Oxyg:ml”/‘

e e’

Conductionband (' e ( e
E’)‘I C J
h* h*
Valence band O ®
Gasin Oxyger
g 2 |ambien
g g
# 3
% W)
& |Oxygen 2 ol
ambient / asin

n-type MOS sensor " p-type MOS sensor

Figure 4. Schematic diagram for modification of the sensor
resistance upon exposure to the target gas (reducing gas) in

. . . the cases of n-type and p-type MOS sensors.[22]
via the excited electrons from the valence band. This

process results in an increase in the number of charge carriers, causing a reduction in sensor
resistance (in contrast to n-type MOS). When the p-type MOS sensor is exposed to a reducing
gas environment, the electrons inject into the valence band and recombine with the holes,
leading to a decrease in the number of holes. As a result, the sensor resistance increases
(opposite to n-type MOS). This general sensing mechanism is illustrated in Figure 4. [22] The
increasing resistance is also linked to the double Shottky barriers (illustrated in Figure 3-c)
which are a type of electrostatic potential barriers that are formed at the grain boundaries in
various polycrystalline compound semiconductors [23] such as ZnO, BaTiOs, and SrTiOzs. [24],
[25] These barriers are caused by acceptor-like grain boundary states that could trap electrons
from crystal bulks nearby. [26] One of the factors that might generate these acceptor-states are

excess of oxygen coming from chemisorbed oxygen or excess amount of oxygen. [27], [28]

1.4 Graphene, graphene oxide and reduced graphene oxide
Graphene is a one-atom-thick sheet of carbon atoms that are arranged in a hexagonal

lattice. It is a two-dimensional (2D) single layer of cycles of sp? hybridized carbon atoms
arranged in a honeycomb structure as shown in Figure 5. It has several unique properties,
including high electrical conductivity, high strength, and high thermal conductivity, and can be
relatively easily oxidized in graphene oxide, which make it an attractive material for a wide

range of applications.
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1.4.1 Pristine graphene
ES e S e e i o ~ The two-dimensional highly crystalline

lattice — leading to a high electronic mobility — the
low intrinsic noise and the large specific surface
area provide a remarkable sensitivity and an
extraordinary response towards gases to pristine
graphene in sensors. [3][29] The fact that high-
quality graphene has a remarkably low defect

é | P o + S density, which often acts as a hindrance to charge
A M AV W transport, suggests that graphene has the potential

Figure 5. Pristine graphene [128]

to be the material of choice for future electronic
devices. Indeed, due to its planar two-dimensional structure, graphene is highly suitable for
integration into devices. [30] Additionally, graphene has been demonstrated to be a versatile
material for research in a broad spectrum of applications such as sensors [31], supercapacitors
[32], catalysis [33], and thin-film transistors [34].

After its  2D-crystal lattice,
ambipolarity is the second crucial aspect
related to charge transport within graphene.
Its unique band structure allows a continuous

tuning of the carrier type between holes and

Resistance (£2)

electrons by supplying the appropriate gate

bias when operating in the field-effect
) ) ] -60 40 20 0 20 40 60
configuration. [35] The band structure is Gate voltage (V)

. . Figure 6. The usual Resistance vs Gate voltage dependence for
characterized by conduction and valence graphene, showing the Dirac point (VD), where resistance reaches
bands that have nearlv linear dispersion a maximum. In this case the Dirac point is at VD = 0 (neutrality
y P ’ point). [129]

These bands intersect at the corners of the

Brillouin zone, resulting in a semiconductor with a zero-band gap. [36] When negative gate
bias is applied, the Fermi level falls below the Dirac point, leading to a significant population
of holes in the valence band and this is making graphene p doped. Conversely, when positive
gate bias is applied, the Fermi level rises above the Dirac point, resulting in a significant
population of electrons in the conduction band and making graphene n doped (see Figure 6). In
other words, ambipolarity implies that the adsorption of groups that either withdraw or donate

electrons to graphene can result in "chemical gating” of the material. This is easily detected in
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a sensor setup that utilizes resistive-type measurements. This chemical gating, characteristic of
the ambipolar semiconductor, means that doping levels can be dynamically controlled solely
through gating and this property makes them fundamentally different from silicon-based logic.
Indeed, in the case of ambipolar semiconductors, junctions or even more complex logic can be
formed by temporarily providing local gate biases to different regions of the same flake.
Overall, reconfiguring the biases can entirely redefine the device without physically altering
the channel material.

Different synthetic routes, bottom-up or top-down, produce graphene materials with
distinct characteristics and for graphene-based sensors, both the sensing material and the
synthesis approach are important. The first synthetic route, discovered in 2004 by Novoselov
et al. in Manchester [37] consists in a mechanical exfoliation, ultimately a much simpler
approach than the ones utilized before that date. The first-ever isolation of single layer graphene
was achieved through the "peeling” method. This process involves using a polymer sticky tape
to gradually eliminate layers from a high-purity graphite flake. Eventually, the tape is pressed
onto a substrate to collect a sample. At this stage, flakes captured on the tape are usually thicker
than a single layer but the van der Waals forces that exist between the substrate and the tape
can detach a lone sheet when the tape is removed. With practice, the technique yields high-
quality crystallites that can be over 100 pm? in size [38] but demands a lot of patience, making
it extremely challenging to locate a single layer and consequently limits its potential as an
industrially scalable process. However, scalability is not the only important factor to consider
when evaluating the effectiveness of any synthetic route to graphene. Other crucial
considerations include producing a high-quality 2D crystal lattice to ensure excellent mobility,
achieving precise control over crystallite thickness to ensure consistent device performance,
and ensuring compatibility with current CMOS (complementary metal-oxide semiconductor)

processing for easy integration.

Two other techniques, epitaxial growth, and chemical vapor deposition which are the
most promising bottom-up techniques [36], rely on carefully chosen platforms to enable the
growth of good quality graphene. The epitaxial technique pioneered by De Heer et al. involves
the high-temperature reduction of silicon carbide to produce graphene.[39] The second
substrate-based method is chemical vapor deposition (CVD) of graphene on transition metal
films causing multilayers [40] as well as single layers [41], depending on the chosen metal film.
This process involves exposing a transition metal to a hydrocarbon gas at high temperatures,

causing carbon saturation on the metal surface. Typically, methane gas is used with nickel films.
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Upon substrate cooling, the solubility of carbon in the transition metal decreases, causing a thin
film of carbon to precipitate from the surface. Both CVD and epitaxial growth are expected to
produce a single layer of graphene over an entire wafer which helps greatly the integration the
new material into current semiconductor devices. However, it is quite hard in practice to control
the layer formation without creating multiple layers and therefore it is difficult to have a
controlled thickness.[38]

Despite its multiple exceptional properties, pristine graphene, in its undoped state, does
not have dangling bonds, which prevents it from distinguishing between the number of possible
gas species adsorbed on its surface.[38] The absence of a specific bandgap in graphene is also
problematic if one desires to adjust its sensitivity within sensors.[42] Consequently, modifying
graphene properties is necessary to transform it into a selective and effective sensing material

for gas detection.

1.4.2 Graphene oxide and reduced graphene oxide
The abundance of diverse oxygen functional groups in chemically derived graphene,

specifically graphene oxide (GO) and reduced graphene oxide (rGO), offers significant
advantages for the high-sensitivity and selective enhancement of gas sensing responses.

Moreover, it is an economical and high-yielding approach with a non-zero bandgap. [3]

Graphene oxide is a modified form of graphene that has undergone alteration by the
incorporation of oxygen-containing functional groups like epoxy, hydroxyl, and carbonyl
groups. The introduction of these functional groups into the graphene structure is achieved
through a chemical oxidation process called graphite oxide synthesis, which involves the
oxidation of graphite. These functional groups make GO hydrophilic since they facilitate the
bonding of water molecules with GO layers through hydrogen bonding, making them capable
of water adsorption and/or intercalation through the layers. [43] The principal method to
produce graphite oxide was established by Hummers et al. in 1958 and it is therefore now called
the Hummers method. [44] This top-down process is safe and quickly achieved since it can be
completed in less than two hours at temperatures below 45°C. The method consists of a process
that involves a water-free mixture of concentrated sulfuric acid, sodium nitrate, and potassium
permanganate. Then, the resulted graphite oxide is exfoliated via stirring followed by magnetic

stirring and heating at 70°C for one of multiple days to eventually produce graphene oxide. [45]

The presence of these functional groups in GO makes it highly reactive, and it can be

easily dispersed in water or other solvents. Due to these functional groups acting as defects on
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top of the graphene layer, GO is predicted to show even larger enhancement in adsorption
energies and charge transfer from gas molecules to the GO surface than pristine graphene.
Moreover, GO has a higher interlayer spacing than non-oxidized graphite, because the bonded
carbons with oxygens are sp® hybridized. This hybridization leads to a non-zero bandgap which
allows tuneable electrical properties by varying the oxidation rate and finally impacting the gas

adsorption and thus sensitivity when integrated in sensors. [3]

Unfortunately, GO is afflicted by excessive sensor recovery time after detection due to
its strong adsorption energy that might restrict its sensing capability, which is why it is usually
first transformed into rGO. This modification enhances the performance of the devices,
improving both the response and recovery. Additionally, rGO showcases characteristics more
similar to traditional semiconductors [46], which is intriguing for its electrical properties while

GO lacks sufficient electrical conductivity to be used as a conductance-based sensor.
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Figure 7. Schematic representation of the steps required for the production of rGO
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rGO, or reduced graphene oxide, is a graphene form that has been chemically altered to
contain less oxygen than graphene oxide. rGO has excellent electrical conductivity and features
extremely reactive defect sites derived from the residual functional groups. [3] rGO as an active
material for sensing application was first demonstrated by Robinson et al. in 2008. [47] It is
noteworthy that if all the oxygen-based functional groups disappear during the reduction
process, the capacity of gas adsorption will decrease. Therefore, a balance between the
adsorption capacity provided by the defects and the electronic conductivity of rGO during the
GO-reduction process is essential. [48] Synthetic route required to produce rGO from graphite

is illustrated in Figure 7.

Reducing GO can be achieved by solvothermal annealing in organic solvents such as
N,N-dimethylformamide (DMF) and N-methyl-2- pyrrolidone (NMP) which as boiling point
of 204°C. These reductions result in stable rGO dispersions. [49] Many reductants can reduce
GO in rGO efficiently but the most used are the reducing agents like hydrazine hydrate [50]
and sodium borohydrate [50], which are harmful to the environment and to the health. [51][52]
Fortunately, many environmentally friendly alternatives as reducing agents have been
discovered. [51] Ascorbic acid, also known as Vitamin C, has been found to be a highly
promising eco-friendly reducing agent as reported by Fernandez-Merino et al. in 2008.[53]
Indeed, vitamin C is a powerful antioxidant able to donate electrons and protons leading to
dehydroascorbic acid (see equilibrium in Figure 8). [54]

GSSG 2GSH
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OH > OH
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Figure 8. The equilibrium and the species in the ascorbic acid — dehydroascorbic redox system. The oxidized form
dehydroascorbic acid can be reduced by glutathione (GSH) [54]
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1.5 Semiconductor nanocrystals - synthesis, mechanisms, and properties

Semiconductor are characterized by their band

CB _
structures and a bandgap (indirect or direct) energy — — oo
(Eg) between 0 and 4 eV, which is the energy required —
to excite an electron from the valence band (VB) to the E, E, E
conduction band (CB) (see Figure 9 a-b) for bulk and . 1l g
nanocrystals. When it comes to molecule size, Eg is the - ——=HOMO
energy required to excite an electron from the highest —
occupied molecular orbital (HOMO) to the lowest (a) Bulk (b) Nanocrystals  (c) Molecule
unoccupied molecular orbital (LUMO), as shown in Figure 9. Comparison of electronic energy states of

different types of semiconductor materials: (a) bulk

Figure 9-c. Nanoparticles have one dimension in the inorganic semiconductors, (b) inorganic semiconductor

nanocrystals, and (c) molecular semiconductors.[115]

range of 1 to 100 nm in size by definition. Quantum

confinement effect and modification of the band structure can occur if one dimension of a

semiconductor particle is smaller than the Bohr exciton radius (between 1 and 10 nm) of the

material. The confinement causes a blue shift to higher energy of the absorption band

Absorbance (AU)

4.7 nm)

N
\/L__'_

4.3 nm|
|

800 1200 1600 2000
Wavelength (nm)

Figure 10. Absorption spectra using
a 24:1 Pb:S precursor ratio showing
synthetic range of 1000-1800 nm
(1.25-0.70 eV). The bottom two
spectra (dark violet, purple) were
synthesized at 40 and 80 °C,
respectively, while all others were
synthesized at 120 °C. Labels
indicate QDs diamaters.[60]

corresponding to the bandgap and an increasing half-width at half-
maximum (HWHM) of the peak (see Figure 10) due to the
nonlinear relationship between band gap and nanocrystal size
(Figure 11). When the dispersity is constant, the HWHM of QDs is
proportional to their diameter meaning that if quantum dots size
decrease, HWHM will do the same because the band gap is more
sensitive to changes in QD size for smaller QDs compared to
larger QDs. As a result, the HWHM cannot directly measure the
dispersity, because it is influenced by the size of the QDs.
Additionally, the physical dimensions, composition, structure,
shapes, and surface chemistry of semiconductor nanocrystals
significantly influence their properties and enable them to be used
as active materials in various applications. The fine-tuning of the
band structures allows to obtain various electrical and optical
properties of the material. Hence it is important to control the
synthesis conditions and choose the appropriate precursor to obtain
nanoparticles with the desired size and size distribution. The
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obtained nanocrystals sizes depend on several factors
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2 ';g‘g methods, such as the reaction temperature and time,
=
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To obtain such high-quality nanocrystals (NCs)

with controllable physical or chemical properties,

Figure 11. QD band gap versus diameter, as

measured by TEM and SAXS. [60] both top-down (e.g. ball milling [56]) and bottom up

(e.g. chemical vapour deposition (CVD) [57] and metal-organic vapour chemical deposition
(MOCVD) [58] ) can be used. Top-down techniques reduce the size of the structure toward
the nanoscale and are simple to use. [55][56] However, they are ineffective for manufacturing
irregularly shaped and extremely small particles and therefore, it remains hard to obtain
proper particle size and shape using this approach. While bottom-up is the formation of large
nanostructure from smaller atoms and molecule and this approach allows for the formation

well-defined shape, size, and chemical composition of nanoparticles. [59]

Moreover, the physical state of the reacting media of the bottom-up approach impacts
strongly the obtained NCs. Synthesis can involve a vapour-phase approach, a solid-phase
approach, liquid-phase approach, and a two-phase approach. [55] Unfortunately, vapor and
solid phase approaches are the least convenient options for the fine control of the nanocrystals
since they suffer from instrument and precursor limitations. On the other hand, the liquid-
phase approach has been demonstrated to be an effective method for achieving well-defined
semiconductor NCs which, in this case, are also called colloidal semiconductor nanocrystals
(CS-NCs) and are often dispersed in suitable solvents with the aid of capping ligands or
surfactants. The resulting stable dispersions allow direct applications such as spin-coating,
roll-to-roll casting, and inkjet printing. These techniques are quite interesting because they are
low-cost and offer high throughput and therefore, they can lead to large-scale device

manufacturing. [55]

The liquid-phase approaches can be divided into three categories: firstly, the aqueous-
based approaches such as the hydrothermal methods that are the most environment-friendly but

do not provide an efficient morphology control of nanocrystals due to the low reaction

23



temperatures. [60] Secondly, organic-based approaches are non-aqueous methods employing
high boiling temperature organic solvents, thus enabling the fine-controlled synthesis of CS-
NCs. Non-aqueous approaches comprise the hot-injection method, [61] non-injection method
[62] and the solvothermal method using autoclaves. [63] Thirdly, the two-phase approach is an
aqueous— organic approach, where reactants that are often dissolved in separate phases and

solid nanocrystals are formed at the interface of aqueous and organic media.

When it comes to the reaction

Critical limiting super-saturation

mechanisms leading to the NCs, the . 5
74
. . . /
formation process of NCs basically consists O ST / \ __________________________
min /‘ t
of two stages, based on the particle’s /, E\
/| Nucleation| \\ Growth by diffusion

formation model of Lamer [64] and shown in

Concentration

Figure 12. Reaction precursors are dispersed Do [ : e S

or dissolved in appropriate solvents, and

chemical reaction between each other will / monomers | nuclei | nanocrystals

Time
Figure 12. Schematic illustration of the nucleation and growth

concentrations increase to the super- of nanocrystals in solution: precursors are initially dissolved in
solvents to form monomers, followed by the generation of nuclei

saturation level. nuclei are formed through and the growth of nanocrystals via the aggregation of nuclei
’ [60]

provide the monomers. As their

the aggregation and self-nucleation of

monomers. Then the growth process occurs as monomers continuously aggregate on these pre-
existing nuclei until the concentration of monomers drops below the critical level. It is
important to note that new nuclei are also formed during the growth of nanocrystals, which
often leads to a broadening of the size distribution of the nanocrystals. Narrowing the size
distribution is important when controlling the size of CS-NCs, this can be done by controlling
nucleation and growth. This size-control can also be assisted by utilizing organic ligands. [65]
The role of these capping agents will be further discussed in Section 1.6.2.

The growth stage of NCs can follow two types of processes: “diffusion-controlled
growth” and “reaction-controlled growth”. [55] The growth mechanism that is controlled by
diffusion exhibits rapid reaction rates and the diffusion rate of monomers is the limiting factor.
In this process, larger particles tend to grow at a faster rate, and smaller particles at a slower
rate. In the case of reaction-controlled growth, the kinetic limiting factor is the reaction at the
monomer surface. Unlike diffusion-controlled growth, the reaction rate is not dependent on the
particle's size and moreover, as the growth progresses, the size distribution decreases, leading

to a narrower distribution.
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Two injection methods exist. The hot injection method can be utilized to separate the
nucleation and growth processes and obtain a narrow size-distribution. This involves
introducing the precursors at a high temperature in the reaction medium (where they react
instantaneously) and this method has been successfully adopted to synthesize many
semiconductor nanocrystals such as PbS [66] or PbSe. [67] However, the use of this method
necessitates highly reactive reactants and air-free handling. Additionally, the injection step
limits this method to a small scale. The non-injection/direct heating method, on the other hand,
involves gradually increasing the temperature of the reactants. This method enables the use of
lower temperatures and more environmentally friendly solvents. The precursors used in non-
injection methods need to exhibit a low reactivity at low temperatures and a high reactivity at
higher temperatures where nucleation of the precursors occurs rapidly, followed by the growth
of nanocrystals, which is similar to the hot-injection method. Non-injection methods are

significantly simpler to implement successfully than the hot-injection method. [55]

In the case of diffusion-controlled Monomers o ormers

. S g ®
reaCtlonS and the hOt InJeCtlon approaCh’ Soluhilin/ mmir}mu(unc I l
nucleation occurs immediately after injection, ‘”*’“”*’”"’";W"““‘

leading to a rapid increase in the average size of
the particles, therefore resulting in a focused size

distribution. At this stage, the monomer dv dt constant
Smdll ones shrinks
concentration is high, causing the particle size to dr/dt o< 1/r2 and Targe ones grows
(Focusing) (Defocusing)

be larger than the critical size, leading to size Figure 13. Schematic focusing and defocusing processes
focusing. [55] However, as the monomer during the nanoparticle formation. {60]

concentration decreases, particle growth slows down, causing the critical size to become larger
than the average particle size. As a result, smaller particles shrink, and the size distribution
becomes broader, a phenomenon known as "defocusing" of particle sizes or “Ostwald
ripening”. [60], [68] The focusing and defocusing processes of size distribution are illustrated

in Figure 13.

1.6 Lead sulphide nanoparticles
Nanocrystals of PbS are air-stable and possess a near-infrared band gap that can be

adjusted based on their size [69] which makes them an attractive material for applications such
as photovoltaics[70], photodetectors[71], and infrared light emission. Due to their exceptional
properties and multiple applications, they have been extensively studied. [72] Additionally, PbS
can serve as a gas sensor with gases like NHs, NO2, SO2, NO and H2S. [73] However, there
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have been limited investigations into the sensing capabilities of PbS regarding methane gas,

with the first report on this topic being relatively recent, in 2016, by Mosahebfard et al. [74]

1.6.1 PDbS nucleation and growth
Let us first look at mechanisms of nucleation and growth that might occur when synthetizing

PbS nanocrystals. Weidman et al. reported that monodisperse phase of nanocrystal growth
proceeds by diffusion-limited monomer addition from solution. [75] Moreover, it is known that
the Pb:S ratio during nucleation is a critical parameter affecting subsequent growth and
monodispersity of PbS nanocrystal ensembles.[72] Indeed, one can observe a delay in the
“Ostwald ripening” or “defocusing” under the condition of constant limiting reagent (sulphur)
suggesting that as the Pb:S ratio increases, the nucleation rate decreases, and thus a lower
number of nanocrystal nuclei are formed during the initial burst of nucleation. [72] The contrary
happens in the case of the nucleation of CdS and CdSe, for which a larger stoichiometric excess
(and larger overall precursor concentration) increases the nucleation rate, forming consequently
more nanocrystal nuclei and shortening the time during which nanocrystals grow via monomer
addition. [75] The significant contrast demonstrates that the rate of precursor reaction is not the
underlying mechanism by which the precursor stoichiometry influences the growth of
nanocrystals in PbS system. There is a suspicion that a higher viscosity of the solution (caused
by a higher amount of lead precursor) results in reduced mass transfer in the system, leading to
an overall decrease in the number of nucleation events. As a result, with fewer nuclei formed
during the nucleation burst, there is more sulphur monomer available to attach to existing
nuclei, which prolongs the period during which nanocrystals grow through monomer addition.
In summary, the primary function of the excess lead precursor is to regulate the equilibrium
between precursors utilized during nucleation and those that remain available for further growth

of nuclei.

1.6.2 PbS nanoparticles used in gas sensors
As mentioned earlier, PbS nanoparticles for gas sensing have been widely studied for

several gases like NHs or NO,. However, using PbS materials for methane gas sensing is quite
recent. [74]

Simple preparation methods are achievable and lead to good sensing results. These
preparations include lead precursor (e.g., lead nitrate dissolved in deionized (DI) water), on
which a capping agent, such as 2-mercaptoethanol (see Figure 14 for proposed interaction with
the NPs), is slowly added. A sulphur precursor (e.g., sulphur sulphide dissolved in DI water) is

eventually slowly added.
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Capping agents play an important role in the control of

the nanoparticles size since they prevent agglomeration and

H
)
)

H
{
0
7 S/ / settling down of nanoparticles caused by Ostwald ripening and
® s Van Der Waals (VdW) interactions between particles. [76]
-0
" s ‘S—/“ e During the precipitation reaction, it is possible to achieve size
/S s \ selective synthesis by either using electrostatic stabilization to
n?’ / L prevent agglomeration or introducing steric hindrance via the
0
!
H

capping agents. Electrostatic stabilization works by generating

Figure 14. Proposed capping interactions
with 2-mercaptoethanol. Inspired by
[76]

an electrical double layer that results from ions adsorbed on
the particle's surface and their associated counter ions in the
dispersing media. When the electric potential linked to the double layer is significant enough,
it creates a columbic repulsion force that stops the particles from aggregating. [76] Steric
hindrance, on the other hand, can be achieved by the adsorption, on the surface of the particles,
of large molecules such as polymers or by organic capping ligands, such as pyridine,
ethanedithiol (EDT), ethylenediamine (EDA), and mercapto-carboxylic acid (MPA) to reduce
interparticle spacing compared to the spacing obtained with polymers [55] A perfect capping
molecule should establish a strong bond with the surface of the nanoparticles, ensuring that it
remains attached almost permanently without interfering with any of the internal processes
occurring within the nanoparticles to avoid interfering with its intrinsic properties. Additionally,

it should obviously prevent the coalescence of nanoparticles.

PbS QDs show p-type semiconductor behaviour in ambient air due to oxygen doping effect
[77] that leads to oxygen adsorption. Therefore, Mosahebfard et al. suggested the adoption of
the above-mentioned general mechanism (see Figure 4) for PbS and suggest the following
particular mechanism in case of methane sensing. When PbS nanoparticles are exposed to
methane, which is a reducing gas, it reacts with surface-absorbed oxygen molecules through

the following reaction:
CH,+205; — CO, + 2 Hy0 + 2e”

As a result of the reaction between oxygen anions and the semiconductor surface, the excess
negative charges of the consumed oxygen anions are released and returned to the
semiconductor's conduction band, increasing the number of negative charges that are the
minority carriers. Consequently, the concentration of holes (majority carriers) decreases,

causing a degradation in the semiconductor's conductivity. [74]
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As described in Section 1.3, the chemi-resistive gas sensors consist of a receptor, a

transducer and an utility factor (Figure 3-c). The receptor's function is an intraparticle

concern that involves the adsorption and reaction of methane with surface-adsorbed oxygen

ions, leading to a modification of the width of the space-charge layer, also called the electron-

depleted region (Figure 15). [2] Oxygen ions can exist in the forms of 0%, O, or O2", depending

on the temperature. [78]
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Figure 15. a) Schematic diagram of band bending after chemisorption of oxygen ions, where EC, EV and EF mean energy of
conduction band, valence band and Fermi level , Aair means thickness of space-charge layer, eVsuace means potential barrier,
e~ denotes conducting electrons, and + represents donor sites; structural and band models of conductive mechanism upon

exposure to reference gas, b) without or c¢) with CH,.[2]

Mosahebfard et al. reported, from density functional theory
calculations, that the adsorption of methane to the O*
adsorbed PDbS cluster is much more probable than its
adsorption onto the pristine PbS cluster. Thus, PbS methane
gas sensing abilities are higher under ambient air conditions
than oxygen-free atmospheres and vacuum circumstances.
[79] Even worse, without oxygen molecules on PbS, the
adsorption of methane molecules would not be significant, as
confirmed by the Egvalues (see Table 1).

Table 1 - Electronic structure parameters of PbS
cluster in four situations (all values are in eV)

Structure LUMO HOMO E; Binding energy

PbS cluster  —1.856 —7.397 5.540 -
PbS/CHy -1.803 -7.338 5535 0.176
PbS/0, =278 -17.289 4.560 0971
PbS/0y/CHy 2559 -7.175 4616 571
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The transducer function is an interparticle issue, related to the change in height of the
double Schottky barrier, resulting in changes in resistance of the sensors. It is accomplished by

an intrinsic electronic property of the nanocrystal /or
CQDs are deposited

nanocrystal assembly, or through the application of an between metal
interdigitated )
additional material (like graphene in a hybrid material, Hpstodes

i vl
Strip eleclrodcs\

see Section 1.7). While the utility factor is an assembly

|||—1H

issue, where physical aspects such as pore structures and _]: -
film thickness influence the sensing performance, which = 7

determine the diffusion length of methane.

In [59], the sensor is fabricated on a printed circuit
board (PCB) and the sensing material is deposited on the Electrodes. [74]
Interdigitated electrodes (IDEs) as shown in Figure 16.

IDEs are used to enhance system responsivity and sensitivity. The sensing properties will
depend on the morphology of the deposited gas sensing material as mentioned in Section 1.3.
The use of PCBs aims to integrate sensors with the corresponding electronic circuits, either for
driving or readout purposes. The application of a bias voltage allows efficient charge separation
between electrons and holes. In addition, this type of substrate provides excellent electrical

isolation to prevent current leakage, making the sensor more reliable and sensitive.

1.7 Hybrid gas sensitive materials
Currently, most gas sensors and sensor arrays utilize sensing elements based on a single

material or transduction mechanism. These rely on intrinsic sensing activity or additional
thermal/photonic energy to drive the sensing effects of target gases. However, this approach,
for both organic and inorganic-based materials, is not the best suited. Organic materials chemi-
resisors suffer from short-term stability and sensitivity due to the affinity of conductive
polymers towards volatile organic compounds (VOCs) and atmospheric humidity. [20] On the
other hand, inorganic materials - based (especially metal oxide materials, e.g., ZnO, SnO, TiO»,
Sn0O») chemi-resistors require high operating temperatures, usually > 200 °C, and suffer from
limited selectivity, baseline drift and oxidation/decomposition of VOCs. A solution to these
drawbacks involves the utilization of new gas sensitive materials based on hybrid
inorganic-inorganic [80],0rganic-organic [81], and inorganic-organic materials. [20] Thus,
to optimize the chemi-resistive gas sensor’s sensitivity, selectivity, and efficiency, it is often
necessary to use hybrid gas-sensitive materials to achieve new and/or enhanced sensing
properties. Using hybrid materials, which comprises complex constituents and novel
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nanostructures, provides numerous advantages. Firstly, the abundance of hybrid materials is
inexhaustible, and this allows for the optimization of many factors, such as surface-dependent,
interface-dependent, and structure-dependent factors. This results in the creation of novel
sensing behaviours [82]. Secondly, hybrid materials can implement more chemical and physical
processes, which can lead to many improvements in gas detection. This is mainly achieved
through catalytic reaction with analyte [83], charge transfer [84] manipulation of charge carrier
transport [85], heterojunctions, molecular binding/sieving [86], and combinations of these
mechanisms. These combinations can go up to five typical hybridizing forms which are
categorized into three sensing-dependent factors: interface-, surface- and structure-dependent
factor. [20]

The first combination, categorized as surface-dependent factor, involves catalysis reactions
between analyte gas and decorating metal catalysts such as Pt [87] or Pd [88] on host semi-
conductive materials. The second combination is a quick charge transfer process between guest
additives and the host material through carrier withdrawal or donation, electron acceptor or

donor.

The third is based on controlling charge carrier movement in a conductive/semi-conductive
material (e.g., gold nanoparticles (GNPs)-thiols [89] ) when exposed to gas analytes (classified
as an interface- and structure-dependent factor). The fourth is based on the
manipulation/construction of heterogeneous semi-conductive materials such as n-n, p-n, p-p,
and p-n-p heterogeneous semi-conductive materials (categorized as interface-dependent factor).
[90] The last one is based on semiconductors covered with gas molecular sieving/binding layers
or ligands/complexes for selective gas detection (a surface- and structure-dependent factor).
[86]

It is also possible to combine those five mechanisms between each other’s. Indeed,
Patricia A. Russo et al. for example reported that combining the catalytic effect of Pt
nanoparticles with SnO2/rGO is still highly sensitive to hydrogen concentrations of 3% and
lower (compared to SnO2/RGO devices) but exhibited shorter response and recovery times than
those found for previously reported resistive hydrogen sensors based on graphene-based

materials functionalized with Pt or Pd only. [91]

Reduced graphene oxide is commonly used in chemi-resistive-type sensors using fast
charge transfer process since rGO is a highly conductive and promising material. There are

different groups of graphene-based sensors.[48] The first one operates at room temperature and
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graphene usually acts as the main sensing material. [92] Another category is the cases where
metal oxides still act as the main sensing material, using hybrid materials. Indeed, they may
increase the surface area, and as a result, analyte adsorption on the surface of graphene causes
a difference in the conductivity of the metal-oxide/graphene hybrid. It is also possible for metal
oxides to act as the sensing material but at room temperature. This metal-oxide-dominated

hybrid is the 3 group and has been observed with hybrids of copper-oxide/graphene.[93]

1.7.1 Reduced graphene oxide and PbS nanoparticles for methane gas sensing
A gas sensor that relies on a charge transfer process can be created by incorporating

semiconductor nanoparticles, such as lead sulphide, onto rGO. [21] Previous studies [94] have
reported on the gas sensing capabilities of lead sulphide, including research on the methane gas

sensing properties of PbS NCs at room temperature. [74]

Roshan et al. proposed a PbS/rGO based chemi-resistor sensors for the detection of CH4 as
reported in [21]. Reduced graphene oxide flakes are expected to act as conductive flakes to
enhance the sensing performance of sensors since graphene nanosheets, carbon nanotubes, and
carbon combinations have been used in different studies to reduce working temperature and
increase the sensing performance of sensors.[95] Moreover, graphene nanosheets provide
interesting properties for the final gas sensor such as long-term stability and high conductivity.
The goal is to enhance carrier transportation between neighbouring PbS NCs, which act as the
receptor, by introducing rGO nanosheets, which act as the transducer, to the PbS nanocrystals

since charge transfer is challenging. [21]

As explained earlier, the sensing mechanism occurring when PbS QDs meet methane gas is
based on electron-holes combination which eventually leads to conductivity decreasing. Then,
the charge transfer from these quantum dots to the rGO nanosheets relies on the heterojunction
occurring within a rGO/PbS gas sensor and has been suggested by Hossein Roshan et al. [21]
The conduction and valence bands in PbS nanocrystals (NCs) exhibit a 4.4 eV and 4.9 eV,
energy levels, respectively and Fermi energy of PbS is close to its valence band. However, the
work function of graphene falls within the range of 4.9 eV. Consequently, there will a transfer
of the holes present in the rGO nanosheets to the lead sulphide NCs, leading to the equalization
of Fermi levels, band bending of energy levels, and the expansion of a hole accumulation layer
within the PbS NCs. Consequently, in a clean air environment, ionized oxygen is adsorbed on
the surface of the NCs leading to the formation of the first accumulation layer, while the second

accumulation layer is caused by the PbS/rGO heterojunction.[21] When exposed to a methane

31



environment, the desorption of ionized oxygen atoms results in the return of electrons to the
conduction band of PbS. Consequently, the concentration of holes decreases. Mechanism is

illustrated in Figure 17.
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Figure 17. Band diagram of p-type PbS and p-type rGO before contact (left), rGO/PbS heterojunction in clean air (centre) and
in CHy (right). Er is the fermi level, E. is the conduction band, E,is the valence band, purple circles are holes and @ is the working
function.

The preparation method consists of one batch containing lead precursors (lead (1)
nitrate) and graphite oxide. Then, 2-mercaptoethanol, acting as the capping agent, is slowly
added to the mix solution. Eventually, the sulphur precursor (sodium sulphide) is added to the
mixture dropwise for several hours under vigorous stirring and the solution is eventually
washed, dried, and recovered. Afterwards, GO is hydrothermally reduced. In other words, PbS
NCs/ GO is first synthetized followed by the reduction of GO, in situ. The resulting PbS/rGO
nanocomposite methane sensor exhibited favourable sensing properties, including
reproducibility, room temperature operation and the device composed of 3.5 % rGO exhibited
the best results with high sensitivity to methane (up to 45% resistance change in 6% methane

concentration), rapid response (90s), and a wide detection range (from 1000 to 60 000ppm).

Roshan et al. demonstrate that the more rGO added to nanocomposite, the smaller the
electrical conductivity in the fabricated sensor. The electrical resistance reduced from 10 MQ

(in pure PbS sensor) to about 500 kQ (in 3.5 wt% rGO sensor) as shown in table 2. [21]
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Table 2 — PbS and rGO/PbS sensors properties

Sensor  Components Average Electrical Best Response/recovery Detection Reference
size of resistance sensitivity time range
PbS atRT (ppm)
NPs
Pure PbS 0.1M 2- 40 nm 10 47.6 % 180s/85s 10000- [74]
mercaptoethnaol MOhms 50000
0.1M Pb(NOs3)2
0.1M NazS
PbS/rGO Identical 40 nm 500 45% 92s/65s 10000- [21]
(3.5%wt * kOhms 60000

I’GO) 1.05mg GO

1.8 Aim and challenges of the Master Thesis
The aim of the Master Thesis is to provide a solid-state methane gas sensor based on

lead sulphide nanocrystals on top of reduced graphene oxide flakes and eventually combine
these two materials by using an ink-jet printer to print them on interdigitated electrodes (IDES).
The whole device is expected to provide an effective sensitivity to methane gas while involving
simple, easy synthesis protocols and processes of the sensing materials. Moreover, despite the
inherent toxicity of lead components [96] and organic solvents like NMP [97], deliberate efforts
are being made to prioritize the environmentally friendly aspect of the process employed in this

work.

As mentioned earlier, graphene-based materials are a promising material for sensing and
adsorbing molecules due to their good adsorbing properties and reactive functional groups on
their area. Reduced graphene oxide recovers the electronic properties by recovering sp? carbons
and thus can act as a conductive layer. On the other hand, PbS is a cheap component and its
PbS nanocrystals, with their large surface-to-area ratio, are sensitive and selective to methane.
[74] The most interesting aspect of the synthesis technique used in this Master Thesis is that it
allows to tune and characterize each material separately before the printing and therefore,

allowing an infinity of combinations.

The main focus of the Master Thesis is on the synthesis of PbS nanoparticles which
must display a pure surface, a well-controlled size and a good dispersion. The synthesis protocol
for the reduction of graphene oxide is meant to be easy to reproduce, simple, the least polluting
as possible and fast. The concrete goal is to have as much PbS nanocrystals as possible to cover

the rGO flakes and hence to get a good dispersion on flakes. This part of the work is done in
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the MOST research unit at UCLouvain where the role of the Prof. Sophie Hermans laboratory
is first the size and purity-controlled preparation of the nanoparticles and their characterization
via multiple analysis techniques such as XRD or Raman spectroscopy for example. Both
materials are expected to be integrated on the IDESs, deposited on an oxidized silicon substrate
via a manual deposition technique of adequate dispersions of both materials. These deposited
materials on IDEs are investigated through resistance measurements. This part of the work is
done in the NAPS (Nanoscopic Physics) research unit at UCLouvain where the role of the Prof.
Benoit Hackens laboratory is the analysis of the resistance and gas sensing properties of the

integrated devices.

Eventually, the focus of this project is to unravel the methane sensing mechanism,
which poses a significant challenge due to the multitude of factors that affect the resistance
variations. One of the key difficulties that has been explored in the literature is the ability of
methane to react with or absorb ambient moisture [98] and its cross-sensitive sensitivity to other
analyte gas such as VOCs, NO2, and CO which are typical interfering gases. [99] Moreover,
several factors such as the morphology, dispersion, purity, and crystallinity of lead sulphide
nanoparticles can impact the conductivity. Additionally, rGO must act as a conductive layer

and is not expected to be the sensing material. [8]

Overall, this study looks at the capacity of PbS nanoparticles, combined with rGO, to
detect methane gas molecules efficiently and selectively. In practice, it investigates the
morphology, dispersity, size, and purity of PbS nanoparticles and how its combination with the
most reduced graphene oxide is playing on the resistance behaviour and on the methane sensing.
Ultimately, the perfect combination could be used with an ink-jet printer to deposit sensitive

materials on IDEs.

1.9 Methodology
To accomplish the research goals and address these scientific inquiries, the experimental

work has been partitioned into three primary stages.

The first stage was the synthesis of reduced graphene oxide and lead sulphide nanoparticles

as well as their respective characterization.

First, the reduction of the commercial graphene oxide coming from Graphenea was performed
either with deionized water at 80°C and at 90°C, either with the organic solvent N-Méthyl-2-
pyrrolidone at 80°C and at 200°C to evaluate the efficiency of the reduction process. In addition,
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vitamin C is utilized as the reducing agent, and two distinct concentrations are tested to assess
the reduction rate. To compare the reduction rate of the different rGO, each sample undergoes
analysis with both FTIR and Raman spectroscopy. Since these two characterization methods
are qualitative, we utilize a combination of them to ensure the precision of our findings and
XPS analysis is performed to calculate the O/C ratio as well as the sp?/sp® carbons ratios.
Additionally, TGA analysis was conducted on various rGO samples to study their thermal
behaviour and DFT calculations were performed to study the DOS and bandgap of pristine
graphene, graphene with hydroxyl, graphene with epoxy and graphene with epoxy and hydroxyl

groups.

The second step of this first stage is the synthesis and the characterization of PbS
nanoparticles. The method was an injection method and consisted of the injection of a sulphur
precursor solution (sodium sulphide in DI water) into a lead precursor solution, (lead (I1) nitrate
in DI water) at different dripping speeds using an automatic syringe. Synthesis of the
nanoparticles was carried out with and without the use of 2-mercaptoethanol as a capping agent,
and a comparison was conducted between the two methods. All synthesis were performed under
inert atmosphere and all samples were washed and dried. A second synthesis method was
performed, consisting of one batch of lead and sulphur precursors in the presence of sodium
borohydride as the reducing agent. This second method is expected to synthesize nanoparticles
with a different shape than the 1%t protocol described above. X-ray diffraction (XRD) and X-
ray fluorescence (XRF) were utilized to characterize the PbS nanoparticles and ensure their
crystallinity and molar ratio, respectively. Inductively coupled plasma (ICP) has been used as
a second method to measure the molar ratios. Subsequently, Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM) were conducted to verify the dispersion,

size, and shape of the nanoparticles.

The second stage consisted in the selection of rGO samples and PbS samples to be
deposited on the interdigitated electrodes for the sensor. Four PbS samples were chosen based
on the molar ratios determined by XRF and ICP analysis. Additionally, these four PbS samples
were examined with DR-spectroscopy to determine the bandgap energy. On the other hand, the
most highly reduced graphene oxide sample is selected according to its FTIR, Raman
spectroscopy and XPS analysis to ensure the highest reduction rate compared to the other
samples.
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The third and last stage was the deposition on the sensing layer followed by resistance
tests and gas sensing measurements. One of the chosen PbS samples was initially deposited
onto four IDEs on a die by using drop-casting. Before that, the electrical resistance of this
chosen PbS was measured while dropcasting and data was gathered at that moment. This
preliminary dropcasting session aimed to determine the number of droplets of PbS dispersion
required per electrode. While the number of droplets of rGO that will be deposited on IDEs, is
chosen arbitrarily because no preliminary dropcasting session was performed.

Next, resistance, and corresponding IV curves, of one of the four selected PbS samples and
one rGO sample were collected with a four-point probe technique, the PM8PS probe station, to
verify that the values did not exceed hundreds of Mega Ohms. Subsequently, the remaining PbS
and rGO samples were individually drop-casted and their resistance were measured by using
PM8PS. Ultimately, the two PbS samples with the lowest resistance, since the highest
conductivity within the sensor is required, were selected and their dispersions were deposited
onto dies where rGO was already deposited. Furthermore, one PbS sample, one rGO sample,
and a rGO/ PbS mixed sample were analysed to study the variation of resistance with
temperature and to investigate the conductivity regime through the materials.

The two rGO/PDbS die as well as a PbS die and a rGO die are bonded on a DIL-16 package (as
shown in Figure 23) and are analysed under a methane calibration gas containing 2.5 volumetric

% of methane, 20.9% O in N2 for a preliminary gas sensing.

The last step is the gas sensing measurements with different concentrations of methane to

determine the degree of sensitivity of the sensor’s devices.
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II. EXPERIMENTAL METHODS

This section provides an overview of the chemicals employed in the study, along with the
characterization methods utilized. Additionally, detailed descriptions of the synthesis protocols
for reduced graphene oxide (rGO) and PbS nanoparticles are provided. This section also covers
the preparation of sample dispersions, cleaning and preparation of the dies, deposition

technique, and explanation of resistance and gas sensing measurements.

2.1 Chemicals
Multiple chemicals were used in this work and are shown in Table 3. Milli-Q water, deionized

water and N-Methyl-2-pyrrolidone were used as solvents. Lead(l1) nitrate, sodium sulphide and
2-Mercaptoethanol were utilized as lead source, sulphur source and capping agent, respectively.
For the 2" protocol, lead chloride, sulphur, and borohydride were also used as reagents.
Chemical reduction was performed with L(+)-Ascorbic acid dissolved in NMP or in milli-Q
water. The graphene oxide source comes from Graphenea and was then reduced in this work
to obtain rGO.

Table 3 - Chemicals employed in this work

Chemical Chemical formula  Supplier Additional
information
Sodium sulphide NazS Sigma-Aldrich 98% pure
Water soluble
Lead(ll) chloride PbCl, Sigma-Aldrich >98.0 %
Powder
Lead(ll) nitrate Pb(NOs)2 Sigma-Aldrich 99.999% trace metals
bases, Water soluble
2-Mercaptoethanol C:Hs0S Sigma-Aldrich 14.3 14.3 M (pure liquid)
M (pure liquid), Reagent grade
Graphene oxide - Graphenea Powder
L(+)-Ascorbic acid CgHsOs VWR Chemicals 99.0-100.5% USP
(Vitamin C)
Sulphur S Sigma-Aldrich 99.998% trace metals
basis, Powder
N-Methyl-2-pyrrolidone  CsHgNO Acros Organics HPLC Solvent
Methanol CHsOH VWR Chemicals Technical
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Sodium borohydride NaBH. Sigma-Aldrich Reagent Plus 99%

Absolute ethanol CH3CHOH VWR Chemicals AnalaR
NORMAPUR®
Reag. Ph. Eur

Ink solution

Cyrene CsHsO3 Sigma-Aldrich Biorenewable

(Dihydrolevoglucosenone)

Isopropanol (CHs3),CHOH VWR Chemicals >97%

Milli-Q Water H.O VWR Chemicals Milli-Q® 1Q 7000

Milli-Q water H.O VWR Chemicals Milli-Q® 1Q 7000

Acetone CsHgO Fisher Chemical Extra dry, for
synthesis

2.2 Reduction of graphene oxide

2.2.1 Water-based solvothermal reduction of GO
40mL of deionized water is degassed with Argon. Then, 7.0505g of L-ascorbic acid is added to

the degassed water for stirring under gentle heating for solubilisation.

GO powders provided by Graphenea were dispersed in Milli-Q water with a concentration of
20.4 mg/mL. Then, to break the clustered GO, to improve the dispersion of GO sheets and to
reduce the dimensions of the biggest GO flakes, ultrasonic treatment (USC1200D, VWR
International) at 45 kHz and 60 W was performed for about 15-30 minutes. After, the GO
dispersion was added into the Vitamin C solution and left under stirring for 1h. To remove the
byproducts and residuals, the mixture was centrifugated (6000 rpm for 15 minutes) and washed
with milli-Q water, acetone, methanol, and milli-Q water once again. One centrifugation cycle
was carried out between each washing to recover the solid product by decanting the supernatant.

The product is eventually dried in a vacuum oven at 50°C overnight.

2.2.2 NMP-based Solvothermal Reduction of GO
7.0505¢g or 3.525¢g of L-ascorbic acid (vitamin C) is added to 40 mL of N-methyl-2-pyrrolidone

(NMP) and the solution is stirred under gentle heating (around 30-35°C) for solubilisation. GO
powders provided by Graphenea were dispersed in Milli-Q water with a concentration of 20.4
mg/mL. Then, to break the clustered GO and therefore to improve the dispersion of GO sheets,
an ultrasonic treatment (USC1200D, VWR International) at 45 kHz and 60 W was performed
for between 15 and 30 minutes. Afterwards, the GO dispersion was added into the mixture
NMP-Vitamin C (0.8M or 0.4M) and left under stirring for 1h. To remove the byproducts and
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residuals, the mixture was centrifugated (6000 rpm, 15 minutes) and washed with milli-Q water,
acetone, methanol, and milli-Q water once again. One centrifugation cycle was carried out
between each washing to recover the solid product by decanting the supernatant. The product
is eventually dried in a vacuum oven at 50°C overnight. All conditions tested are summarized

in Table 4 below.

Table 4 - Details about the tested GO reductions

Sample Solvent Temperature (°C) Vitamin C

NMP 80 (full) N-methyl-2- 80 Yes (0.8M)
pyrrolidone

NMP 200 (full) N-methyl-2- 200 Yes (0.8M)
pyrrolidone

NMP 200 N-methyl-2- 200 No
pyrrolidone

Waterbased 80 Water 80 Yes (0.8M)

Waterbased 90 full ~ Water 90 Yes (0.8M)

Waterbased 90 half ~ Water 90 Yes (0.4M)

2.3 Synthesis of the PbS nanoparticles
Lead sulphide nanoparticles were synthetized following two different synthetic routes to

investigate the impact of the precursors, the injection method, the temperature and the solvent

on the morphology and the chemical and physical properties of synthesized nanoparticles.

2.3.1 Protocol n°1
PbS nanoparticles were prepared as following: 250mL of deionized (DI) water is degassed for

about 30 minutes. In the meantime, a triple-neck glass flask is purged with argon to be put into
inert atmosphere. 1.57g of Pb(NO3)> is dissolved in 50mL DI water, giving a concentration of
0.1M, and poured into the triple-neck flask under stirring (350 rpm) at room temperature. Then,
0.7mL of 2-Mercaptoethanol is dissolved in 99mL of deionized water, forming a 0.1M solution,
and is dripped slowly into the lead nitrate solution during one hour with an automatic syringe.
360 mg of sodium sulphide is dissolved in 50 mL of DI water, giving a concentration of 0.1M,
and stirred for about 5 minutes. Afterwards, the sodium sulphide solution is slowly dropped
into the mix 2-mercaptoethanol/lead nitrate solution for a certain time with an automatic
syringe. Dripping times tested are shown in Table 11, Section 3.2. When the sulphide was
totally added, the mixture is put under stirring for approximately one hour for ripening. To
remove the by-products and residuals of the organic capping agent, as the presence of organic

residues on the surface of NPs may be detrimental to the gas sensing properties, the mixture
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was centrifugated (6000 rpm for 15 minutes) and washed with milli-Q water, acetone, methanol,
and milli-Q water once again. One centrifugation cycle was achieved between each washing to
recover the product. The product is eventually dried in a vacuum oven at 50°C overnight. The
theoretical yield of the reaction is 1.11 g of lead sulphide. PbS NPs are synthesized following

this equation:

Pb(NO3)2 + NazS > PbS (s) + 2 NaNO3

Lead(IT) nitrate 2-Mercaptoethanol Sodium sulphide
(Pb(NO),) HOCH,CH.SH (Na,S)
‘ ! ‘
1.53 g of Pb(NO,). dissolved in 50 0.70 mL of HOCH,CH,SH 360 mg of Na,S dissolved in 50 mL
mL of degassed Milli-Q water diluted in 50 mL of degassed of degassed Milli-Q water
Milli-Q water
v
Lead(Il) nitrate, sodium sulphide
> and 2-mercaptoethanol ~ [@k=ecccscmsesesnmencaened
solution

Dripping with an

v automatic syringe

Precipitate formation

v

Washing and drying of precipitate

PbS Nanocrystals

Figure 18. Flow chart of the PbS nanocrystals synthesis using the 1st protocol [100]

2.3.2 Protocol n°2
PbS nanoparticles were also prepared from lead chloride, sulphur powder and varying the

chemical reagent sodium borohydride in two different molar ratios, namely 1:1:1 and 1:1:3.

In case of 1:1:1 ratio, 60 ml ethylenediamine was poured in a beaker together with 2.78 g PbCI2
, 0.32 g S and 0.37 g NaBH4 and kept under stirring at 40°C for 4 hrs. Then the solution was
centrifuged, washed with milli-Q water PbS, acetone then with milli-Q water once again and
the solid was then dried in a vacuum oven at 50°C. The nano powder was collected after drying.
This same procedure was followed for the ratio 1:1:3, adapting the amounts of reactants as

shown in Figure 19 below. PbS NPs are synthesized following this equation:
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PbCl, + S + 2 NaBH4 > PbS (s) + 2 NaCl + BoHg + 2H™ + 2¢°

1:1:1 PbCL, : S : NaBH,

Ethylenediamine: 60mL
Lead chloride: 2.78¢g
Sulfur powder: 0.32g

Sodium borohydride: 0.37g

In a beaker under stirring for
4h at 40°C

Centrifugation
Washings with water and acetone

Drying (vacuum oven 24h 50°C)

1:1:3 PbCl, : S : NaBH,

Ethylenediamine: 60mL
Lead chloride: 2.78¢g
Sulfur powder: 0.32g

Sodium borohydride: 1.11g

In a beaker under stirring for
4h at 40°C

Centrifugation
Washings with water and acetone

Drying (vacuum oven 24h 50°C)

Figure 19. Flow chart of the PbS nanocrystals synthesis using 2nd protocol

2.4 Sample dispersions
The best PbS samples (the selection method is explained in Section 1.9) and the most reduced

rGO sample were dispersed in an appropriate solvent as described below.

2.4.1 PbS sample dispersions
PbS samples were dispersed in milli-Q water at a concentration of 5 to 15 mg/mL and were

sonicated with an ultrasound tip (Fisherbrand™ Model 120 Sonic Dismembrator) for 10 min at
120W, 20 Hz, pulsed mode, full power. Just before the dropcasting, each PbS sample was stirred
30s with a Vortex (VWR international, Bio-Chim tuber shaker VWR, 2014 EQ142 at the

maximal speed) and then was left to rest for one or two minutes.

2.4.2 GO dispersions
2.5 mg of rGO sample was dispersed 25mL of an ink solution to form a 0.1mg/mL dispersion.

The ink solution is composed of 50mL of Cyrene, 40mL of IPA and 75mL of MQ water and is
a well-suited solution for ink-jet printer as its viscosity perfectly matches the printer
requirements. Therefore, it allows an optimal printing. The rGO suspension was sonicated with
an ultrasound tip (Fisherbrand™ Model 120 Sonic Dismembrator) for 10 min at 120W, 20 Hz,

pulsed mode, half power. Just before drop-casting, the rGO sample was stirred 30s with a
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Vortex (VWR international, Bio-Chim tuber shaker VWR, 2014 EQ142 at the maximal speed)

at the maximal speed and then was left to rest for one or two minutes.

2.5 Preparation and cleaning of the dies
The CMOSEnNviI™ dies were created by VOCsens, by using an oriented silicon layer that is

380 um thick and N-doped with phosphorus to have a resistivity of 2-3 Q-cm. A layer of silicon
oxide, 300 nm thick, was grown on top of the silicon layer. The dies were coated with a
protective blue layer then Ti:Au (200:2000 A) metallic lines were patterned on top of the
insulating layer with a 2 ym width and a 5 + 1 um gap between them. Afterwards, the protective
blue layer was removed by soaking them in an 80°C acetone bath. The dies were then washed
with methanol and then deionized water to ensure a clean surface. These CMOSEnvi™ dies
(patented VOCSens) were, in this work, mainly utilized as substrates to produce the final
devices. A schematic drawing of the dies is shown in Figure 20 and their dimensions are detailed
in Table 5. The two electrodes situated in front of the VOCsens logo are referred to as the big
and small electrodes “S”, while those located in front of the other logo are named big and small
electrodes “M". All electrodes are designed for deposition of sensing layers, but these eight
“M” and “S” electrodes (and the skinny electrode, but not used in this work) are designated for
the dropcasting as well as for the ink printing, while the other electrodes are used for electro

polymerization.

2.6 Deposition technique
Both reduced graphene oxide and lead sulphide nanocrystals dispersion were deposited on dies

by drop casting are described below.

Table 5 — Details about the interdigitated electrodes (IDEs) [100]

Electrodes Number of fingers Length (L) [um] Height (H) [um]

(a) 150 500 1050
(b) 50 250 350
© 50 50 350
(d) 50 200 250
(e) 15 50 60
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Figure 20. Schematic view of the IDEs used in this work. Big (a), Small (b) Skinny (c) Electro-polymerization Electrodes (d)(e)
[100]

The dropcasting station is shown in Figure 21 and is provided with a bench stereomicroscope,
a sample platform and two lamps, along with a ceramic heating element. On top of the latter,
the die was sticked or not, with a small amount of conductive silver paste, if necessary. A power
supply unit (RSPD 3303C) and a digital multimeter (DMM) (RSPD 3303C), were connected
to the heating element together with a thermocouple. The syringe used to drop cast the solution
is a 0.3 mL insulin syringe with sterile interior, with a straight cut needle of 0.25 mm in

diameter. The produced droplets can have a volume between few pL to hundreds of nL.

For each PbS sample, 180 drops were deposited on big electrodes (electrode a) and 160 drops
on small electrodes (electrode b). For each rGO sample, 25 drops were deposited on big
electrodes (electrode a) and 16 drops on small electrodes (electrode b). For the dies made of
both PbS and rGO, the rGO flakes were first deposited, 25 drops on big electrodes (electrode
a) and 16 drops on small electrodes (electrode b), then PbS nanoparticles were added on top of
the rGO flakes, 180 drops on big electrodes (electrode a) and 160 drops on small electrodes
(electrode b). Each die was eventually dried at 110°C for one hour, to remove any trace of

solvent.
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Figure 21. Schematic view of the dropcasting station. Stereomicroscope (1), lamps (2), ceramic heating element (3) die (4).
[100]

2.7 Characterization methods
In this section, the characterization techniques will be discussed. First, FTIR and Raman
Spectroscopy were used to investigate the structural properties and the defectivity the reduced
graphene oxide flakes. Carbon/oxygen ratio and degree of graphitization were studied through
X-ray photoelectron spectroscopy. Thermal behaviour of reduced graphene oxide and PbS
nanoparticles was studied through Thermogravimetric Analysis (TGA). Also, density of states
and band structures of reduced graphene oxide were calculated with density functional theory
(DFT). Then, X-ray fluorescence spectroscopy (XRF), Inductive coupled plasma (ICP) and
powder X-ray diffraction (XRPD) were utilized to check the composition and verify the
crystallinity of the lead sulphide nanoparticles, respectively. Finally, resistance and gas sensing
measurements were achieved with point probe measurement and a gas sensing station,

respectively.

2.7.1 Fourier-Transform Infrared Spectroscopy (FTIR)
Samples were analysed with a Nicolet™ iN10 MX Infrared Imaging Microscope expanded

with the Thermo Scientific Nicolet iZ10 FTIR Module to work with standard sample-
compartment accessories and full spectrometer capabilities. The equipment allows for the
analysis of samples down to 10 microns with the onboard spectrometer. Samples (in pellet form
with KBr) were analysed with high-resolution, in a cooling mode (provided by liquid nitrogen)
in transmission mode with a detected signal by an MCT-A detector, an ultra-fast mapping that

can collect 10 spectra per second.
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2.7.2 Raman Spectroscopy
Equipment n°1 (Boltzmann Building)

Raman analyses were carried out with a DXR3xi Raman Imaging Microscope (Thermo
Scientific™), in the dark. The sample in powder form is spread on a glass plate and placed
under the microscope. The incident light, having a wavelength of 532 nm, is sent on the sample
with a 5mW power and an exposure time of 1s, automatically exposed 15 times to enhance the

signal to noise ratio.
Equipment n°2 (Welcome Area in Maxwell Building)

Raman analyses were also done with Horiba Jobin Yvon Technology, Raman Division,
LabRam HR 2013 EQ 103 instrument, in the dark or in the light. The sample in powder form
is spread on a glass plate and placed under the microscope. The incident light, having a

wavelength of 514 nm, was used at 10% of power and an acquisition time of 20s.

2.7.3 Scanning electron microscopy (SEM)
SEM images were obtained with a Zeiss Auriga FIB-SEM providing a high-resolution. The

SEM features Schottky field emission Gemini electron column operating between 100V and
30kV, capable of resolutions of 1.0nm at 15kV and 1.9nm at 1kV. The system is fitted with a
standard in chamber ET detector, and two in column detectors, in the form of an in-lens SE
detector and an energy selective backscattered electron detector. In practice, the solid-state dies

are introduced in the SEM equipment and analysed as such.

2.7.4 X-Ray Fluorescence (XRF)
Dried lead sulphide powders have been analysed on a SPECTRO XEPOS energy dispersive

X-ray fluorescence (ED-XRF) spectrometer by Dr. Koen Robeyns, provided with a palladium
and cobalt anode in the X-ray tube, to evaluate the ratio between lead and sulphur (1 was the
target ratio, corresponding to the molar ratio between lead and sulphur in the asymmetric PbS
unit). The XRF spectrometer detector was kept at -30°C. Data were acquired between 0 keV
and 70 keV. It is worth noting that organic traces are difficult to be identified through X-ray
fluorescence spectroscopy. The spectrometer was calibrated using a commercial pure PbS

sample, following instructions from the supplier of the instrument.

2.7.5 X-Ray Photoelectron Spectroscopy (XPS)
XPS analyses were carried out by Pierre Eloy at room temperature with a SSI-X-probe (SSX

100/206) photoelectron spectrometer from Surface Science Instruments (USA), equipped with

a monochromatized microfocus Al X-ray source. A few milligrams of each sample were stuck
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onto small sample holders with double-face adhesive tape and then placed on an insulating
ceramic carousel (Macor®, Switzerland). Charge effects were avoided by placing a nickel grid
above the samples and using a flood gun set at 8 eV. The binding energies were calculated with
respect to the aliphatic C-(C,H) component of the C1s peak fixed at 284.8 eV. Data treatment
was performed using the CasaXPS program (Casa Software Ltd., UK). The peaks were
decomposed, after subtraction of a Shirley-type baseline, into a sum of GL(15)
Gaussian/Lorentzian components with the A(0.35,0.35,20)GL(50) specific asymmetric shape

in the case of the aromatic C-(C,H) component.

2.7.6 Transmission Electron Microscopy (TEM)
TEM images were recorded by Dr. Fabien Drault on a LEO 922 OMEGA Energy Filter

Transmission Electron Microscope operating at 120 kV. Samples are dispersed in absolute
ethanol and sonicated with an ultrasound bath for 10 minutes, then they are dried overnight.
Afterwards, samples are deposited on C-flatTM thick grids (Standard 20 nm Carbon, 1.2 um
hole diameter and 1.3 pum hole spacing with a 200-mesh copper grid, Protochips).

2.7.7 Optical Microscopy
Optical Images of the sensing materials deposited on IDEs were obtained with the Zeiss Axio

Imager Vario A2, a research microscope with a wide range of incident light techniques and
equipped with a CCD camera. 10X, 20X and 50X objective magnifications were applied and
their specifications are listed in Table 6.

Table 6 — Specifications of different objective magnifications of optical microscope [101]

Objective magnification Max. capture range in pm Maximum precision of focus  Minimum size of the object to
(reflective, bright surface) position (accuracy) (~0.3 times be brought into focus, in pm

the objective’s depth of field),
in pm

1.25x =>12,000 ~170.00 ~2,000

2.5x% =>10,000 ~42.00 ~1,000

ox >10,000 ~8.90 ~500

10x =8,000 ~2.50 ~250

20x =4,000 ~0.60 ~125

30 =700 ~0.23 ~50

100 =150 ~0.20 ~25

2.7.8 X-Ray Powder Diffraction (XRPD)
By Koen Robeyns (analyses done for all PbS samples of this work, except Section 6.3)
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X-ray diffraction patterns of powders were recorded by Koen Robeyns on a D8 Advance
(Bruker, USA) diffractometer with a Bragg Brentano geometry using a power of 1200 W (40
kV, 30mA), equipped with a copper source (Ao = 1.5409 A) and a LynxEye XE-T detector.
About ten milligrams of each sample were deposited on a PMMA sample holder. Data were
collected in the 26 range from 5° to 80°, with a step of 0.015° and a time/step of 0.15 s at room
temperature. The obtained 2D diffractograms were analysed using DIFFRAC.EVA software
(Bruker, USA). The PbS particles sizes (dxrp) were extracted from XRPD measurements by

using the Scherrer equation [102]
dxrp = k A/(B cos 8) (Equation 1)

where k is a constant taken as 0.9 here, ) is the wavelength of X-ray radiation (Akq= 1.5409 A),
0 is the diffraction angle and B is the line width at half maximum height. The (111) diffraction

line of lead sulphide crystallites was used to determine the B and 6 values.
By Timothy Steenhaut (analysis done for the PbS sample shown in Section 6.3)

Lab PXRD analyses were performed using a MAR345 diffractometer with X-rays generated

by an Incoatec Microfocus Source HIGHBRILLIANCE (IuS HIGHBRILLIANCE) Mo
ELM47 operating at 50 kV and 1000 pA (A= 0.71073 A). Powdered samples were loaded in
glass capillaries (0.7 mm, Hilgenberg GmbH) and diffraction data were integrated using the
Fit2D software (a 0.1 mm diameter capillary filled with LaB6 was used as a calibrant).

2.7.9 Thermogravimetric Analysis (TGA)
Thermograms were recorded using a TGA/SDTA 851e instrument from Mettler Toledo.

Samples (2-10 mg) in alumina containers were heated at 10 °C/min under an air flux (100
mL/min) from 25 to 850 °C.

2.7.10 Density Functional Theory Calculations (DFT)
Density of states and band structures of rGO were calculated by Prof. Fouad El Haj Hassan

Director of PRASE from the Lebanese University — Doctorate School for Science and
Technology. DFT was carried out by using Quantum espresso program. Quantum espresso is a
suite of computational codes, for electronic structures and materials modelling, based on density

functional theory, plane wave basis and ultrasoft conserved norm pseudopotentials.

2.7.11 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
ICP analyses were done one PbS samples with a Varian Vista MPX ICP-OES system by

MEDAC LtD analytical, a chemical consultancy services company in the UK. MPX megapixel
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detector, provides over 1.1 million pixels in a CCD array detector design and the technique has

full wavelength coverage.

2.7.12 Diffuse Reflectance UV visible Spectroscopy (DR-UV-vis)
PbS samples were analyzed, in a powder form, by the spectrophotometer UV-3600i Plus UV-

Vis-NIR by Shimadzu, in absorbance mode with wavelengths ranging from 200nm to 800nm

and detected by a photomultiplier tube as the detector in collaboration with Dr Fabien Drault.

2.7.13 Resistance measurements

After the deposition of the dispersions on the IDEs,
resistance measurements were performed, on each of
the four interdigitated electrodes. The measurements
were carried out with the B1500 semiconductor
analyser and the four-point prober PM8PS, (Low
Signal probe station with Probeshield) provided with
thermal chuck (300°C) for IV and CV measurements.
The probes are shown in Figure 22. All IV

measurements were done with a voltage from -1V to
Figure 22. Die with deposited materials and probers

placed on gold contacts (on the right) 1V and a current compliance of 10mA. Resistance

measurements as a function of temperature were carried out with the thermal chuck.

The dispersions of the least resistive PbS dies (PbS 4 and PbS 14) were deposited on new dies
and measured again, to check the reproducibility of their resistance values (PbS 4b and PbS
14b). All mixed dies (with both PbS and rGO on it) were first measured with the rGO flakes
only (rGO 3 and rGO 4) then measured again when PbS nanoparticles were deposited on top
(becoming rGO 3b and rGO 4b).

Also, measurements of resistance as a function of temperature (25°C up to 200°C, with steps
of 25°C) were performed for some of the samples. To avoid any undesirable oxidation effects
(as explained in section 3.2.4 ) of the materials, these samples were not chosen for the final
sensor’s devices. The achieved resistance measurements are listed in Table 7 and selected

samples for subsequent gas sensing are highlighted in grey.
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Table 7 - Resistance measurements

Sample Composition Resistance test in
temperature

PbS 4 PbS 4 Yes

PbS 4b PbS 4 No

PbS 6 PbS 6 No

PbS 10 PbS 10 No

PbS 14 PbS 14 No

PbS 14b PbS 14 No

rGo f rGO NMP 200 Yes

rGo1 rGO NMP 200 No

rGo 2 rGO NMP 200 No

rGo 3 rGO NMP 200 No

rGo 4 rGO NMP 200 No

rGoO 3b rGO 3 + PbS 4 No

rGoO 4b rGO 4 + PbS 14 No

rGo 1b rGO 1+ PbS 4 Yes

2.7.14 Gas sensing measurements
Gas sensing measurements were done with the setup gas KEYSIGHT, DAQ970A for data

acquisition and were performed on the four selected samples (rGO 3b, rGO4b, rGO 2, PbS
14b). The dies were bonded on DIL-16 package (see Figure 23) and connected to the board for
gas sensing (see Figure 24).

i Preliminary gas sensing
After the bonding (Figure 23), the dies were placed on the board (Figure 24) and then were

measured with the gas sensing station under a flow of oxygen calibration gas composed of
20.9% O2 in N2in a 110L canister (69 bars), produced by © 2023 Air Products and Chemicals,
Inc. Then, a methane calibration gas composed of 2.5% Methane and 20. 9% O2in N2 ina 110L
canister (69 bars) produced by Air Products, is applied on the sensor. Protocol is a flow-through

technique [103] and is described in Figure 25.
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QLINIE

Figure 24. Board for gas sensing measurements a) bottom view b) top view
with the die bonded to DIL-16 package in the centre

2 minutes scanning without any gas flow (stabilization)

9

8 minutes under synthetic air (oxygen + nitrogen)

9

8 minutes under a mixture air/methane (2.5% vol% of methane)

A

2 minutes under synthetic air (oxygen + nitrogen)

Figure 25. Protocol for preliminary gas sensing measurements

ii. Gas sensing
Gas sensing aims to test the four sensors sensitivity with different volumetric percentages

concentration of methane. The set-up includes three standard gas cylinders — Oz, N2/CH4 (2%)
and N2 — mass flow controllers (MFC), a humidifier (Cellkraft, P-10), a sealed chamber and a
data acquisition system. The output electrical resistance of the sensor is monitored by a
DMM7510 7 ¥ Digit Graphical Sampling Multimeter (Keithley). The set-up is illustrated in
Figure 26.
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Figure 26. Schematic representation of laboratory gas sensor measurements set-up [100]
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I11. EXPERIMENTAL RESULTS AND DISCUSSION

In this chapter, results of the experiments conducted on reduced graphene and lead sulphide
nanocrystals will be analysed and discussed. The first section will treat the graphene oxide
reduction results. Through FTIR, Raman, TGA and deconvoluted XPS spectra reported in this
section, the reduction rate is investigated. DFT calculations are evaluated to investigate the
electronic properties of rGO. The second section is dedicated to the analysis of the lead sulphide
nanocrystals synthesis results. XRD & XRF results are analysed to determine the crystallinity,
size, and the purity of the nanocrystals, respectively which is then confirmed by ICP. SEM,
TEM, and Optical Microscopy imaging investigates the morphology and dispersion of the
nanoparticles. Data obtained from resistance measurements and gas sensing performances
carried out on reduced graphene oxide and lead sulphide nanocrystals samples are finally
described after description of the deposition techniques on IDEs.

3.1 Reduced graphene oxide production from GO

3.1.1 Reduction rate
Reduced graphene oxide samples were analysed through FTIR, Raman scattering and

eventually by XPS. The thermal behaviour of rGO was investigated by thermogravimetric

analysis. Details about the different synthesis conditions tested are summarized in Table 4.

3.1.1.1 Raman analyses
Raman spectra were acquired for each of the reduced graphene oxide samples considered in

this work. Curve fitting for the Raman data was carried out in OriginPro 8.5 software with an
appropriate Gaussian fit for each peak. The fits are in relatively good agreement with the
experimental data, providing an adjusted R? greater than 0.9 for each peak. The spectra of each
reduced graphene oxide sample showed two main peaks, defects peak (D) at 1360 cm™ and
graphitic peak (G) at 1580 cm™ . The D peak, corresponds to the first allowed Raman mode
Ay, indicating the degree of defects present in graphene oxide flake by analysing the sp®
hybridized carbon. On the other hand, the G peak stems from sp? graphitic carbons that form
the crystal lattice and corresponds to the first order allowed Raman mode E24. Raman analysis
is qualitative by nature, but by comparing the intensity ratio of the two primary peaks (Ipo/lg)
from various samples, the reduction level can be investigated. Some samples Ip/lg ratios are
listed in Table 8 and their corresponding Raman spectra are shown in Figures 27-30. The rest
of the Raman spectra are shown in Section Appendix. In general, the reduction of graphene

oxide increases the corresponding Ip/lc ratio as reported many times in the literature. [104]
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[105] [106] This behaviour is shown in Table 8 where all samples display a higher ratio than
commercial GO except for NMP 200. This one sample exhibits a lower ratio, and this trend is
typically associated with a healing process that may have taken place after the reduction process
due to the higher treatment temperature in this case. [107] The ratio for water-based reactions
at 90°C with a full concentration of Vitamin C appears lower compared to those with half

concentration. However, this difference could potentially be attributed to a margin of error in

the analysis.
Table 8 - Ip/ls ratios of multiple GO reductions tests

Sample (solvent, T°) Ip/lG ratio
Commercial GO 0.96

rGO NMP 200 without Vitamin C 1.34

rGO Water 80 (full Vitamin C) 1.28

rGO NMP 200 (full Vitamin C) 0.66

rGO Water 90 full Vitamin C 1.2

rGO Water 90 half Vitamin C 1.7

250 ~

—— Commercial GO
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Raman shift (cm™)

Figure 27. Raman spectrum of Commercial GO
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Figure 29. Raman spectrum of NMP based GO reduction at 200°C

54



200 - D
— GO Waterbased 90 FULL

180

160

140

120

100+

80 4

Intensity (a.u)

60

40

20

T T T T T 1
1000 1500 2000 2500 3000 3500

Raman shift (cm™)

Figure 30. Raman spectrum of water-based GO reduction at 90°C with full Vitamin C (0.8M)
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Figure 31. Raman spectrum of water-based GO reduction at 90°C with half Vitamin C (0.4M)
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3.1.1.2 FTIR analysis
FTIR, another qualitative analysis method, was achieved for each rGO sample as well as for

the commercial GO and showed multiple peaks. The graphene oxide (GO) of this work exhibits
an intense absorption band at 3408 cm™, which is attributed to the stretching vibration of the —
OH group from carboxyl and hydroxyl groups. The absorption peak around 1603 cm™
corresponds to the bending vibration of the OH group. Additionally, a broad range of absorption
peaks from 3000-3700 cm™ appears due to the presence of oxygen-containing functional
groups introduced during the oxidation process of graphene oxide. The C=0 stretching
vibration of the carbonyl group is observed at 1728 cm™1, while the C-O stretching vibration of
the carboxyl group is seen at 1380 cm™2. Finally, the absorption peak at around 1045 cm™ is
attributed to the stretching vibration of C—O of the hydroxyl group. These peaks wavelengths
can be compared with those reported by Yang et al. [108] The aromatic C=C is at 1600 cm™*
and the COy is the tiny peak around 2300 cm™. The intensity of the stretching vibration of the
—OH group varies significantly depending on the reduction rate of the rGO samples. It is
important to note that since all baselines are created “manually” on the original data by using
the Origin Pro program, a margin of error needs to be considered and a combination with the
other analysis techniques present in this work, is essential. One can observe that GO
commercial has the broadest -OH peak and this peak decreases in the wb 80 reduction sample,
followed by wb 90 and finally NMP 200 which has the smallest peak (Figure 32). Overall,
according to FTIR analysis, rGO NMP 200 is then the most reduced graphene oxide.

—— GO NMP 200
——rGO wb 90
rGO wb 80
—— Commercial GO
1,0 4 s -1,0 1,0
NIM‘WVV‘\IH“W(‘,“M% '“
0,8 o8 0,8
_. 06 0,6 0,6
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2 04 Vi : P P 04 04
G 04 Vi : P I > M
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Figure 32. FTIR spectra of GO and different rGOs produced in this work
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The impact of temperature on NMP-based reductions can also be observed, as indicated by the
significantly lower peak compared to rGO NMP at 80°C in Figure 33. Additionally, the
influence of Vitamin C is well pronounced in the case of NMP 200 compared to NMP 200
without Vitamin C, as seen in Figure 34. However, when comparing the half and full
concentrations of Vitamin C, in the case of wb 90, the observed effect is relatively smaller, as

depicted in Figure 35.

—— rGO NMP 200
rGO NMP 80
10 Tty N F1.0 L 1,0
0,8 \/ 0,8 L 08
S 06 0.6
s 06
2
2 04+ L 0,4
Q
§ 0,4
0,2 0,2
0,2
0,0 0,0
T T T T T T -0,0
4000 3500 3000 2500 2000 1500 1000

Wavelength (cm™)

Figure 33. FTIR spectra NMP-based reductions of GO at 200°C and at 80°C
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Figure 34. FTIR spectra of NMP-based reductions of GO with 0.8M Vit. C (black) and without Vit. C (red)
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Figure 35. FTIR spectra of Waterbased rGO reductions at 90°C with full (red) and half (black) Vitamin C amounts

3.1.1.3 XPS analysis
XPS was employed to assess the reduction rate of some rGO samples. XPS is a semi-

quantitative analysis technique that allows for the deconvolution of spectra (Figures 35-38),
showing C 1s peaks with sub-components corresponding to C-O, O=CO, O-C-O, CCH sp?,
CCH sp® (Figure 36) as well as the O 1s peak, enabling the precise calculation of the O/C ratio
as well as the sp?/sp® ratios as shown in table 9. The O/C ratio should decrease as the reduction
rate increases. However, the corresponding sp?/sp® ratios are not directly proportional to O/C

ratios since carbons from the basal plane can be damaged as explained in Section 3.1.1.1.

Table 9 - O/C ratios obtained by XPS for various rGO samples.

Sample O/C ratio sp?/spd ratio
Commercial GO 0.65 0.49

Water based 90°C full 0.20 0.5
concentration of Vitamin C

Water based 90°C half 0.22 0.53
concentration of Vitamin C

Water based 80°C 0.45 0.50

NMP 200 °C 0.28 0.54

NMP 80°C 0.40 0.50
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GO has two main peaks in its C 1s spectrum (Figure 36) while rGO should exhibit a single
peak which is also characteristic of graphite. Therefore, it would be confirming the good
restoration of C=C bonds. [109] rGO NMP 200 exhibits indeed a C = C bonds dominating
peak, as shown by one single peak with small tails at the higher-binding energy region (Figure
38) while rGO wb 80 (Figure 39) shows two peaks, which is a sign of its much lower

reduction rate. The other XPS spectra are shown in Section 6.2.

10
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Figure 36. C 1s XPS deconvoluted spectrum of commercial GO.

N}
°

Intensity (103 counts/s)
a

H
°

——— T T
540 536 532 528 524
Binding Eneray (eV)

Figure 37. O 1s XPS spectrum of commercial GO.
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Figure 38. XPS deconvoluted spectra of rGO reduced with NMP at 200°C. C 1s (left) and O 1s (right).
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Figure 39.XPS deconvoluted spectra of rGO water-based reduced at 80°C. C 1s (left) and O 1s (right).

3.1.1.4 TGA analysis
TGA analysis was conducted under an air flux at 10°C/min, to examine the behaviour of

moisture, oxygen groups, and carbon contents present in the graphene flakes. The analysis
revealed various decomposition steps, including (1) the removal of moisture from interlayer
adsorption of graphene oxide, followed by (2) the removal of oxygen-containing functional
groups before concluding with (3) the decomposition of the carbon component itself as the
analysis is conducted in air (Figure 40). As the oxygen-containing groups are removed, the
second weight percentage step of the (r)GO samples decreases progressively.[107] Figure 40-a
illustrates a reduction of 40% in weight for commercial GO and a reduction of 35% for NMP
80 as shown in Figure 40-b. Water-based reductions at 90°C and NMP 200°C exhibit a
relatively comparable decrease, resulting in a loss of approximately 5% in weight as shown in

Figure 40-c and 40-d respectively. These decreasing weight losses may be attributed to
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hydroxyl and epoxy groups [110] and align with the decreasing O/C ratios analysed by XPS
observed for the same samples, as shown in Table 9 above. After the first removal of oxygen
containing groups, Figure 40 shows a slow and steady mass loss is observed and may be

ascribed to desorption of more stable oxygen functional groups such as carbonyls. [53]

Afterwards, the decomposition of the carbon component occurs, and one can observe an
increasing of the decomposition temperature for Commercial GO (~460°C) < NMP 80°C
(~625°C) < wb 90°C half (~660°C) < wb 90°C full (~670°C). The increase observed is
proportional to the O/C ratios analysed by XPS in these samples, indicating that the removal of
oxygen-containing groups involves also some stabilization of the carbon content. Surprisingly,
rGO NMP 200°C, which has similar O/C ratio than wb 90°C, and that exhibits the highest
sp?/sp® ratio (Table 9), has the lowest carbon decomposition temperature (~550°C) compared
to the other rGOs. This could be due to a higher removal of oxygens, and bonded carbons,
meaning that oxygen as well as carbon atoms are expelled during the heating. This carbon plane
alteration could be caused by high temperature. [110] Therefore, there is a need for compromise
when selecting the temperature of the reaction. Low temperature causes a partial removal of
oxygen function groups with lower damages to the carbon basal plane and requires longer
annealing times (not achieved in this work) to obtain sufficient reduction rate while high

temperature allows the full deoxygenation of GO but altering the carbon plane. [110]

min a) 0 5 10 15 20 5 30 £l 40 45 50 55 &0 a5 70 75

- b)
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Figure 40. TGA profiles under oxygen flow at 10K/min, of commercial GO (a) NMP based GO reduction carried out at 80°C( b) Water-based GO
reductions at 90°C half (red) and full (black) Vit. C (c) and NMP based GO reduction at 200°C (d)

Eventually, all these mentioned reduction syntheses give more reduced materials than
commercial GO, meaning that both water and NMP have succeeded to reduce graphene oxide
someway. The reduction synthesis tested with three different concentrations: 0.8M Vitamin C
(full concentration), 0.4 M Vitamin C (half concentration), and without any Vitamin C revealed
that the full concentration in Vitamin C improved the reduction rate and therefore was the best
option. This difference is much more significative for reductions in NMP, when comparing
with (full) Vitamin C and rGO NMP without any Vitamin C, than for Waterbased 90 with full
and half concentration of Vit. C, as shown in Figure 35, where the full concentration yielded in
a slightly smaller OH FTIR peak. Based on these results, it can be inferred that Vitamin C acts
as a reducing agent in the reaction where its efficiency is just slightly better going from 0.4M
to 0.8M.

When putting all data from different techniques together, NMP seems to be the best synthesis
medium for rGO. The initial indication of the effect can be observed through the smallest OH
peak in the FTIR analysis, followed by the prominent peak of C = C bonds in the XPS spectra.
This leads to the highest ratio of sp?/sp® carbons, which aligns with the decreasing Io/lc ratio
compared to commercial GO, suggesting a sign of healing. However, the lower carbon
decomposition temperature (T°) observed in the TGA analysis for NMP 200 indicates that this
particular sample experienced potentially carbon loss, resulting in a higher concentration of C

sp? and the disappearance of C sp°.

62



E (eV)

3.1.2 Electronic properties
Electronic properties of reduced graphene oxide have been investigated to predict its behaviour

in contact with methane gas. As reported many times in the literature [36], [104], rGO shows a
p-type semiconducting behaviour and this characteristic appears to be beneficial for better
tunability of the sensor. It is important to note that while the sensing of methane gas is reported
to be carried out by lead sulphide nanoparticles, rGO is expected to function solely as a
conductive layer and not as the sensing material, as reported in [21]. DFT calculations were
performed on GO and the resulting band structures indicated a zero-bandgap for pristine
graphene (Fig. 41), which is consistent with previous findings. [36] The bandgap remained zero
even when the graphene crystal lattice was modified with epoxy groups (Fig. 41), although
there was an increase in the Fermi level (see Table 10). In contrast, when pristine graphene was
functionalized with hydroxyl groups, the bandgap became nonzero, and the Fermi level
decreased significantly. Finally, when graphene was modified with both hydroxyl and epoxy
groups, a non-zero bandgap was observed, and the Fermi level increased slightly compared to
graphene with only hydroxyl groups. These findings indicate that GO functionalized with epoxy
and hydroxyl groups, is a semiconductor material. The resulting non-zero bandgap is expected
[3] and can range from > 0eV to values exceeding 2.5 eV. [111] Further analyses must be

conducted to assess the semiconductor-type when GO is reduced in rGO.

pristine graphene graphene with epoxy groups
- T e T T e T
— -_;_:-a'-""d‘ e . -\‘%‘ . T e
30 ] -~ Ny . .
- - T e 0 - —
- - . o Al e e
20 S T — "..{"/ P TS e P I .
I - e o e — - L I e . -
- =+ e e .. -
1.0 | . |
. — wl . T
0.0 =
T Y T R B S
=]
-1.0 |
- -1.0
e ™
0] - - — -
T T I R I ant e SN . S ~
T Rt el " e U = -
30 e ~~ AT R an= R =
T ~ o ] 30 0 i - =
r K M r r K M r

63



E (eV)

E (eV)

Figure 41. Chemical (up) and band structures (down) of various graphenes

Table 10 - Details about the band structures of pristine and functionalized graphenes calculated by DFT

Fermi Level (eV)

Bandgap (eV)

Total energy
(Rydberg, where

1Ry =13.6¢V)
Pristine graphene  -1.7578 0 -579.72
Graphene with -1.9113 0 -620.68
epoxy groups
Graphene with -2.0417 0.5 -621.91
hydroxyl groups
Graphene with -2.0244 0.5 -662.9

hydroxyl and
epoxy groups

3.1.3 Deposition and morphology characterization

As mentioned in Section 3.1.1, the most reduced graphene oxide — corresponding to the

synthesis with NMP as solvent at 200°C with Vitamin C - has been first dispersed in an ink

solution and then deposited on the IDEs by manual drop casting method (methodology is

explained in Section 2.6). The deposited rGO was observed by Optical Microscopy and by SEM

imaging.
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SEM images of the deposited material reveal a variety of shapes and sizes of dispersed rGO f
flakes, including flat, folded, and sandstone-like slabs (refer to Figure 42). These flakes range
in size from a few micrometres to tens of nanometres which is similar to the commercial GO

(see Figure 43).

EHT = 500 kV Signal A= inLens Date :30 Mar 2023 EHT = 5.00 kv Signal A= InLens Date :30 Mar 2023
WD = 6.5mm Mag= 518KX Time :15:56:59 — WD = 6.5mm Mag= 26.77 KX Time :16.03:38

EHT= 5.00kV Signal A= inLens Date :30 Mar 2023 EHT= 500kV Signal A= inLens Date :30 Mar 2023
WD= 6.5mm Mag= 9.97KX Time :16:08:12 '_{ wD= 4.1mm Mag= 533KX Time :16:32:56
; I 4 v =30 -

EHT= 500 kV Signal A= inLens Date :30 Mar 2023
WD= 4.1mm Mag= 127KX Time :16:36:07

Figure 42. SEM images of rGO f flakes deposited on interdigitated electrodes
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Figure 43. SEM image of 0.5 mg/mL water dispersion of Graphenea GO [112]

Optical images show dispersed black spots on the IDEs. Interestingly, the small electrodes
exhibit a phenomenon known as the "coffee ring effect” where flakes naturally concentrate
more towards the periphery of the electrode rather than the centre (Figure 44). This effect could
be attributed to three factors: the small size of the electrodes (Table 5), the viscosity of the ink
solution, and the manual nature of the drop casting process. Indeed, in this case, all the drops
were deposited at the same central location, while for larger electrodes, several drops were
added at different positions. Therefore, it can be concluded that rGO flakes can be deposited by

this technique, but further work would be necessary to obtain optimal layers.

Figure 44. Optical microscopy images of rGO f deposited interdigitated electrodes
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3.2 Synthesis of Nanoparticles of PbS and Characterisation

3.2.1 PbS synthesis

Lead sulphide nanoparticles were synthesized using various protocols as explained and

illustrated in Section 2.3. The various PbS samples are listed in Table 5 and the four selected

ones are highlighted in grey. Their crystallinity and S:Pb molar ratios were initially evaluated

using XRD and, XRF and ICP analyses, respectively. In some instances, ICP analysis was

conducted on the samples. SEM and TEM were employed for visual morphological analysis

of the particles that were roughly deposited on dies.

Table 11 - Details about the PbS nanoparticles syntheses — Protocol 1

Sample NazS dripping time Capping agent (2-
mercaptoethanol)

PbS 2 8h Yes

PbS 3 4h Yes

PbS 4 1h Yes

PbS 5 2h Yes

PbS 6 2h No

PbS 9 3h20 Yes

PbS 10 1h No

PbS 11 50 min Yes

PbS 12 1h Yes

PbS 13 40 min Yes

PbS 14 30 min Yes

All PbS samples showed fortunately peaks in agreement with peaks corresponding to PbS

crystalline phases (Figure 46). Lead sulphide’s XRD pattern displays nine characteristic
diffraction peaks corresponding to crystal planes (111), (200), (220), (311), (222), (400), (331),
(420) and (422) that are located at 26.03 degrees, 30.15 degrees, 43.16 degrees, 51.10 degrees,
53.55 degrees, 62.68 degrees, 69.06 degrees, 71.12 degrees and 79.14 degrees, respectively.

Standard XRD pattern is shown in Figure 45 as reported in [113].
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Figure 45. Standard XRD pattern of PbS nanocrystals [113]

Their dispersity, morphology, and shapes of the obtained PbS nanoparticles were collected

imaged with SEM and TEM microscopy.

First, one can notice the similarity of the peak’s broadness for the samples prepared by the 1st
protocol, for PbS 3, 4 and 6. For example, XRD pattern PbS 10 (1h dripping time), PbS 14 (30
min) then PbS 2 (8h) which appears to correspond to a more crystalline sample than the others.

Other XRD patterns are shown in Section 6.4.

The XRD patterns obtained in the 1% protocol case reveal a higher background intensity, which
arises due to the presence of an amorphous phase. The asymmetry in the background shape may
be attributed to stacking faults, which are planar defects occurring in crystalline materials.
Specifically, errors can occur in the arrangement of these layers. [102] In the case of PbS 4 and
PbS 6, the observed increase in background intensity is particularly notable at low angles. This
can be attributed to two main factors. Firstly, it suggests that the sample surface is not
adequately flat, resulting in the laser beam encountering the amorphous sample holders.
Secondly, the presence of an amorphous phase within the powder indicates the probable

presence of uncrystallized lead and sulphide compounds.
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Figure 46. XRD patterns of different PbS synthetized nanoparticles. a-f) 15t protocol, g- h) 2 protocol
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The Debye-Scherrer formula, as mentioned in Section 4.7, was used to calculate the crystallite
sizes and the results are shown in Tables 12 & 13. One can observe a narrow distribution of
sizes for the synthesis of the nanoparticles using the first protocol. It appears that the dripping
time didn’t have that much impact on the size of the obtained particles. It should be noted that
the value obtained by the Debye-Scherrer equation is typically considered to be a lower bound
estimate for the size of nanoparticles. Indeed, XRD pattern can suffer from broader peaks due
to various other factors that particle sizes, such as defects, stress, dislocations, twins or stacking
and inhomogeneous strain in the crystal lattice[102]. Moreover, the Scherrer approach assumes
a homogeneous size distribution of monocrystalline domains. This can result in inaccurate
results for crystallite sizes if a broad distribution of crystallites ranging from small to large sizes
is present within a sample.[102] These facts could explain the sizes observed in SEM images
that show larger spherical particles, even though it is quite hard to have a sufficient resolution
to distinguish single particles. When the size is systematically observed as larger by microscopy
compared to XRD, it definitely means that the particles are poly crystalline. Also, particles tend
to aggregate, as confirmed by TEM images (Figure 49). In agreement with the microscopy

images also, the second protocol gives much larger nanoparticles (Table 13).

Table 12 — PbS crystallite sizes using Scherrer equation — 1st protocol

Crystallite size (nm)

Sodium sulphide dripping time With capping agent Without capping agent

30 min 8.61 /

40 min 7.56 /

50 min 8.46 /

1h 8.31 10.83

2h 7.3 9.85

3h20 7.9 /

4h 9.81 /

8h 8.25 /

Table 13 — PbS crystallite sizes calculated Scherrer equation — 2" protocol

PbCl2:S:NaBH4 Crystallite size (nm)
1:1:1 35.98
1:1:3 41.78

When characterizing the morphology by electron microscopy, particles synthetized with the

protocol n°1 appear to be spherical and with different sizes - the most distinguishable ones
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range from 10nm to 20nm in diameter (see Figure 47). By contrast, particles from the second
protocol show big cubes - the most distinguishable one measures 40nm - as shown in Figure
48. Other cubes fall within the micrometre range. The disparity in size between the samples
obtained using the first and second protocols is evident in the XRD analysis, as depicted in
Figure 46. XRD patterns of the 2" protocol (Fig. 46 g-h) displays extremely sharp peaks and a
high degree of crystallinity, indicating a well-defined crystal structure. Conversely, XRD
patterns from the 1% protocol (Fig. 46-a-f ) demonstrates much broader peaks and lower

crystallinity, signifying a smaller particle size or a less organized crystal lattice.

Signal A= InLens Date :30 Mar 2023
Mag= 15000K X Time :14:52.02

Wo= 44mm Mag= 100KX Time :14:55:38

EMT= 500&V Signal A= InLens Date :30 Mar 2023 ZEISS|

Signal A = InLens Date :30 Mar 2023 f— 2 EHT = 500 kV Signs! A= IntLens Date :30 Mar 2023 —
Meg= 100K X Time :15:12:19 H WO = 44mm Mag = 300.00 K X Time :15:15:50

. | (
& 5 » »
EHT= 500KV Signal A = inLens Date 30 Mar 2023 m

EHT= 5,00 %V Signal A= inLens Date :30 Mar 2023 ZFIsS|
— WD= 4.3 mm Mag= 10.00K X Time :15:19:59

wo= 43mm Mag = 150.00 K X Time :15:25:17

71



P EHT= 5004V Signal A= InLens Date :30 Mar 2023 ﬁ

EHT= 500kV Signal A= InLens Date :30 Mar 2023 oy
WD= 43mm Meg= 139.55 K X Time :15:51:43

WD = 4.3 mm Mag= 613X Time :15.37:28

EHT= 500 kV Signal A = SESI Date :21 Mar 2023
WD= 50mm Mag= 210KX Time :17:22.08

EHT = 500 kV Signal A= SES/ Date :21 Mar 2023
— WD= 50mm Mag= 11.90KX Time :16:56:02

= SES! Date :21 Apr 2023 Tum EHT= 500 kV Signal A= SES! Date :21 Apr 2023
Mag= 7.15KX Time :14:56:44 WD = 48 mm Mag= 9.57KX Time :15:02:05
9 — 9

%

Figure 48. SEM images of PbS 7 (top) and PbS 8 (bottom), prepared using the second protocol. The smallest cube is encircled
in red.
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Figure 49. TEM images of PbS 4 and PbS 8 samples prepared by the second protocol

The temperature involved in the 1% (RT) and 2nd syntheses (40°C) syntheses might have had a
role on the obtained PbS NCs shapes. The intrinsic surface energy of {111} facet of PbS is
higher than that of its {200} facet. [114] It is reported that at higher reaction temperatures the
growth of atoms on the {111} facets are favoured. [115] This kinetically controlled formation
of cubic nanocrystals [116] and nanostructures [117] makes the nanocrystals expose {100}
facets more likely [115]. Additionally, the 2" protocol may be considered as following a hot
injection approach, in the case of diffusion-controlled reactions, as explained in Section 1.3.
The immediate nucleation that occurs after injection leads to a rapid increase in the average size
of the particles.

The theoretical weight percentages of Pb:S is 86.6% of lead and 13.4 % of sulphur in a perfectly
pure PbS material. The synthesized samples were analysed by XRF and ICP to determine their
Pb and S weight percentages and the different S:Pb molar ratios that can be calculated from
these experimental values. The goal obviously is to have a S:Pb molar ratio as close to 1 as
possible. The obtained weight percentages of lead and sulphur are close to their theoretical
values, meaning that the nanoparticles have a quite high purity. However, all PbS samples,
according to XRF analysis, exhibited an excess of sulphur, because they display S:Pb molar
ratios ranging from 1.1 to 1.3. It should be noted that XRF suffer from matrix and interelement
interference issues. With XRF, the standard and sample must be matrix matched with respect
to both the matrix and the particle size. We have tried to use a reference sample that matches
closely our synthesized samples, but the particle size was not identical. On the other hand, ICP-
OES can give very accurate and precise results. In addition, ICP is carried out after sample
dissolution so it can be considered as a bulk analysis, while XRF has a certain penetration depth

but will be influenced more by surface effects. The excess of sulphur seen by XRF might be
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located at the surface of the particles. Therefore, ICP results will be considered more decisively

for the following discussion and conclusion of this work.

It can be noticed that the absence of capping agent during the synthesis did not change the molar
ratios obtained that much, as can be seen for the molar ratio obtained for sample PbS 6 (see
Table 14) which was obtained with 2h dripping time of sodium sulphide PbS without 2-

mercaptoethanol, as compared to the others.

In the case of the second protocol (Table 15), one sample showed a much lower S:Pb ratio,
0.52. In that case, the lower S:Pb ratio in that sample, 0.83, was also visible by ICP. This could
be explained by a lower amount (1:1:1 PbCl,:S:NaBH4) of the reducing agent, sodium
borohydride, compared to PbS 8 (1:1:3 PbCl>:S:NaBH4). Sulphur compound reacts with
protons released by the borohydride and the produced hydrogen sulphide then reacts with lead
to produce the lead sulphide, as shown in the following equation [118] :
PbCl, = Pb2* + 2C1-
2NaBH, + 2Cl™ = 2NaCl + ByH¢ + 2HY + 2e~
2H* + S?~ = H,S

H,S + Pb?* + 2e~ = PbS + H,

Table 14 - S:Pb weight percentages and molar ratios in PbS samples synthetized by the 1° protocol.

Sample Sodium XRF XRF ICP ICP
sulphide wt.%Pb S:Pbmolar wt.%Pb S:Pb molar
Dripping time  wt.%S ratio wt.%S ratio
PbS 2 8h 84.96 1.12
14.76
PbS 3 4h 84.38 1.18
15.41
PbS 4 1 86.23 1.02 81.22 0.99
13.58 12.45
PbS 5 2 82.78 1.32 82.03 1
16.97 12.70
PbS 6 2 82.44 1.36 81.96 0.98
17.34 12.36
PbS 9 3h20 83.27 1.28
16.55
PbS 10 1 83.85 1.23 81.21 0.96
15.99 12.10
PbS 11 50 min 83.88 1.23
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15.93

PbS 12 1h 83.76 1.24
16.09

PbS 13 40 min 83.41 1.26
16.33

PbS 14 30 min 82.77 1.32 80.91 1
16.98 12.56

Table 15 — weight percentages and molar ratios in PbS samples synthetized by the 2" protocol.

Sample Duration XRF XRF ICP ICP
W1t.% Pb S:Pb molar W1t.%Pb S:Pb molar
Wt.% S ratio Wt.%S ratio
PbS 7 4h 92.06 0.52 82.77 0.83
7.35 10.60
PbS 8 4h 84.71 1.15 84.12 0.96
15.07 12.53

3.2.2 Electronic properties
DR UV visible analyses were carried out on PbS samples to calculate the bandgap but

unfortunately, it appears that all PbS samples absorb too strongly, and absorption saturation
appears around 240 nm, which is the wavelength at which the first peak should appear(See
Section 6.5). This method proved unsuccessful to determine the bandgap of our synthesized

samples, unfortunately.

3.2.3 Thermal behaviour
Thermogravimetric analysis was performed on a PbS sample, and it appears that the material is

losing mass until 200°C, probably due to solvents and/or organic impurities losses. After
reaching that temperature, one can notice a 14% weight gain between 200°C and 450°C and
eventually, a steady behaviour until 800°C. This weight increase is probably linked to lead
sulphide oxidation since TGA is performed under ambient air. The very small amount of
powder that was remaining in the crucible at the end of TGA analysis was hardly recoverable
but still taken to be tested with XRD analysis. Unfortunately, XRD results (see appendix) give
un-processable data, probably due to the too small amount. However, an oxidation of PbS
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leading to the oxidized forms PbSO3 and PbSOs is suspected according to the XPS analysis
reported in [119].
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Figure 50. TGA thermogram of PbS 4

3.2.4 Deposition and morphology of PbS dies

This section discusses the deposition of PbS following the deposition procedure and the

dropcasting station illustrated in Section 2.6.

Due to the relatively similar characteristics in terms of crystallinity, crystallite size, and particle
shapes observed in all the samples, distinguishing between them becomes challenging.
Moreover, the analysis conducted using ICP and XRF techniques revealed distinct S:Pb ratios
for each sample. To showcase various possible scenarios, the samples PbS 4 (1h), 6 (2h without
capping agent), 10 (1h without capping agent), and 14 (30 min, the shortest time dripping) were
specifically selected for further investigation. The four samples are first dispersed in Milli-Q
water and then deposited (as described in Section 2.4 & 2.6, respectively) on the IDEs by

manual dropcasting method.
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Figure 51. Optical Microscopy images of PbS NPs deposited on IDEs: PbS 4 (a)
PbS 6 (b) PbS 10 (c) PbS 14(d) with 10X magnification. PbS 14b with 20X (e), PbS
14b with 50X (f)

The deposition of 180 drops on large electrodes and 160 drops on small electrodes resulted in
a black, dark coating. Compared to the three other samples deposited, PbS4 exhibited the

darkest appearance, possibly because it was the first die to be prepared and the drop size might
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have been larger due to better control over the manual drop casting method over time. One can

clearly see the particles being well dispersed on the IDEs in Figure 51 e-f.

3.2.5 Deposition and morphology in the case of mix: PbS on top of rGO

When PbS nanoparticles are deposited on top of rGO flakes, Optical Microscopy images show
coatings (Figure 52) that appear darker compared to rGO flakes alone (Figure 44). SEM images

show dispersed PbS nanoparticles on top and beside rGO flakes (see Figure 53).

181 R = O ; P S I K
EHT= 500kV Signal A= SES! Date :21 Apr 2023 EHT= 500V Signal A = SESI Date :21 Apr 2023

WD = 4.7 mm Mag= 208X Time :14:49:27

WD= 47 mm Mag= 253KX Time :14.52.49
o E A< 2 = e




P4 il
EHT= o0 KV Signal A= InLens g Date :21 Apr2023 EHT = 500 kV Signal A= InLens
5 Mag= 21.25Ka# Time :13:04:19 WD= 5.1 mm Mag= 11.27KX

PbS NPs

Signal A= SESI Date :21 Apr 2023
Mag= 6.84KX Time :13:05:56

Figure 53. SEM images of rGO 3/PbS 4 a-b) rGO 4/PbS 14 c-e) deposited on IDEs.
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3.3 Resistance Measurements

3.3.1 Materials deposited separately
Firstly, to assess the resistance of both materials separately and the effect of the addition of PbS

nanoparticles on top of rGO flakes, resistance measurements and IV curves (Figure 54) have

been recorded using the four-point prober PM8PS (a picture of the die with probes is shown in

Figure 22) and the B1500 semiconductor analyser. The measurements were done at room

temperature as PbS/rGO chemiresistor sensor is expected to work at RT.[21] Resistance

variations are then discussed to try to understand the sensing mechanism.
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I-V curves show mostly linear behaviour of the current as a function of voltage in all cases, and
this shows resistive behaviour of the devices, within the applied biasing range. It should be
noted that reversing the voltage polarity of power supply influences only a little the devices
current, showing a relatively symmetric electrical behaviour, again in all cases. [74] Indeed,

hysteresis shown in Fig. 54 is insignificant.

Resistance values listed in Tables 16-18 are resistance values corresponding to the average of
resistance values within -0.7V, 0.5V, 0.5V and 0.7V voltages. These points were chosen
arbitrarily. However, since |-V curves are nearly linear, results obtained by this manner are
considered as reliable. One can observe that PbS 4, followed by PbS 14 show the lowest
resistance results, between 25kOhm and 430kOhm, respectively (see Table 16). The better
results obtained with PbS 4 may be attributed to a higher amount of material deposited on the
electrodes compared to the other PbS samples, leading to a darker appearance as shown in
Figure 51-a in Section 3.2.4. Additionally, smaller electrodes consistently exhibit increased
resistance, possibly due to less homogeneous material deposition resulting from a smaller
surface area and coffee ring effect. Consequently, PbS particles may have reduced dispersion,

leading to limitations in charge carrier transportation and therefore, to an increasing resistance.

PbS 4 and PbS 14 showed the smallest resistance values, as mentioned before, and were
therefore chosen for the final devices to be tested as gas sensors. Both were deposited a second
time on new dies and the resulting values are reported in Table 16 as PbS 4b and PbS 14b.
Unfortunately, obtained resistance values are significantly higher compared to those from the
1st dropcasting session. Unsurprisingly, the drop casting method used in the experiment may
not have been reproducible. However, despite this inconsistency, the shorter range of resistance
values observed, ranging from 1.7 MOhms to 61 MOhms for PbS 4 and PbS 14 respectively,
suggests that when the drop casting method could be better mastered, it can result in more

consistent coatings. This change does not displace the two samples from the top positions.

Table 16 - Resistance values for PbS samples as extracted from I-V curves

Resistance Electrodes PbS4 PbS 4b PbS 6 PbsS 10 PbS 14 PbS 14b
(kOhm)
BigS 25 0.17*104 3.16*10° 5.22*10° 432 2039
BigM 233 0.22*10* 192.02 *108  2.92*10° Short-cut Short-cut
Small s 1.25*106  1.71*104 281.91*10° overload 22.52*108 2.46*104

Small m 8.4*108 6.11*104 359.4*108 overload overload 3943
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As shown in Table 17, rGO flakes show, as expected, lower resistance values compared to PbS
nanoparticles. The same rGO sample (obtained by GO reduction with NMP at 200°C, as
explained in Section 1.6) was deposited on several dies. In general, the resistance values for the
samples are in the range of a few hundreds of kOhms, except for the first dropped reduced
graphene oxide (rGO) sample, which exhibits resistance in the megaohm range for one of the
electrodes. This discrepancy could be attributed to the drop casting method not being well
mastered at the beginning of the experiments, like the situation with PbS drop casting.

Table 17 — Resistance values of the rGOs as extracted from I-V curves

Resistance Electrodes rGOf rGO 1 rGO 2 rGO 3 rGO 4
(kOhm)
BigS 1.2 *10* 361.35 610.09 735.66 3.99
BigM 38.68 345.94 148.28 8.02 529.95
Small s 286.28 190 * 1068 29 * 108 525.66 30.36
Small m 2.6 *10° 307 * 108 Short-cut 298 6.82

3.3.2 Materials deposited together
When lead sulphide (PbS) nanoparticles were deposited on the reduced graphene oxide (rGO)

flakes, there was a general increase in the resistance values observed, as shown in Table 18,
when compared to rGO alone. However, there were two electrodes that showed the opposite,
these are indicated by being highlighted in colour. As a result, the main part (75%) of the
electrodes exhibited higher resistance values in the presence of PbS nanoparticles, which was

the expected outcome.

Table 18 - Resistance data of rGOs and rGO/PbS mixed samples calculated from I-V curves

Resistance (kOhm) Electrodes rGO 3 rGO3 + PbS 4 rGO 4 rGO 4 + PbS 14
BigS 735.66 5.699 3.99 57.82
BigM 8.016 1.55*10* 529.95 28.47
Small s 525.66 22*108 30.36 1.28*10°
Small m 298.27 5.28*10* 6.82 2.23*10°
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Resistance (kOhm)

3.3.3 Resistance as a function of temperature
Resistance tests of rGO f, PbS 4 and rGO 1/PbS 4 samples were carried out at 25°C up to

200°C with 25°C steps. (Fig. 55). The general decreasing resistance as a function of temperature
might be a characteristic of semiconductor materials [114] and this non-linear behaviour could

be explained by several phenomena.
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Figure 55. Resistance as a function of temperature for a) rGO f b) PbS 4 c) rGO 1/PbS 4

In the case of rGO, Baleeswaraiah M. et al. [120] explained that the nonlinear behaviour of
resistance with temperature was a sign of two consecutive different temperatures regimes. At
high temperatures (180K - 400K), it turns out to be a bandgap dominating transport behaviour,
where a 70 meV energy bandgap is calculated. This is highlighted by a linear fit with Arrhenius-
like temperature dependence of resistance. [121] While the second regime, observed at lower
temperatures (50K - 180K), relies on a conduction mechanism consistent with Mott’s two-
dimensional variable range hopping (2D-VRH). [122] It means that the carrier transport is via
electrons hopping between localized states and that the increasing temperature would increase
the hopping distance of carriers.
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The first regime, occurring at high temperatures, is supported by the linear fit to the Arrhenius
temperature dependence R ~exp(Ea/ 2 k T), [120] where Ea is an activation energy (which can
be the band gap), k is the Boltzmann constant, and T is the temperature is shown in Figure 56.
As expected from [120], a linear fit (Fig. 57) to the Arrhenius plot (Fig. 56) appears at high
temperatures — between 100°C-200°C in our case — and it might be linked to the bandgap
dominating transport behaviour. The calculated activation energy (Ea) is 1.77 eV and is
considered plausible because it falls within the expected range, which can span from 0 eV for
pristine graphene to values exceeding 2.5 eV. [111] Nevertheless, to confirm that the calculated
Ea is related to the band gap between CB and VB, it would have been interesting to corroborate
Ea behaviour with the degree of reduction of rGO by using XPS analysis-generated O/C ratios.
It is worth noting that as the reduced graphene oxide becomes more reduced, the bandgap

energy decreases. [111]

The second regime, occurring at lower temperatures, is supported by the best fit to 2D-VHR.
This fit helps to determine the characteristic T° of the regime and its density of states at the
Fermi level. [120] Unfortunately, the three experimental data points in this work are insufficient
to fully confirm this fitting (see Figure 57). A bigger range of temperature should have been
achieved. However, at low temperatures (25°C to 100°C), a linear relationship can still be
observed in the Arrhenius plot and the calculated activation energy is 254 meV. The decrease
in activation energy as temperature decreases indicate carrier transport occurring through
electron hopping between localized states, characterized by the second regime. [120] At 100°C,
a transition in conduction regime of rGO occurs and is likely due to water removal causing rGO

flakes aggregation and a decrease in contact resistance at the electrode/graphene interface.
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Figure 56. Arrhenius plot of resistance as a function of temperature of rGO f

To obtain a more accurate estimation of the transition temperature, a linear regression analysis

was conducted on the two temperature ranges. The fits obtained from this analysis were
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extrapolated, ensuring that the two fitting lines intersected. The point of intersection represents
the transition temperature, while the slope extracted from the fitting lines provides the activation
energy. Fig. 57 exhibited clearly distinguishable curves, enabling the extraction of a reliable

crossing point and consistent activation energy.
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Figure 57. Arrhenius plot of resistance as a function of temperature of rGO f. Blue and orange linear fitting curves are
extrapolated until the crossing point.

In the case of PbS alone, Fig. 55-b shows two suspected regimes with a transient occurring at
150°C. Two distinct transport mechanisms are reported in [114] for PbS with conductivity

plotted as o0 = o, exp(— kE—“T) where oo IS a constant, Ex is the thermal activation energy, ks is
B

the Boltzmann constant, and T is the temperature. In this work, the conduction mechanism from
25°C to 150°C could be attributed to the variable range hopping (VRH) followed by the nearest
neighbour hopping (NNH) conduction mechanism. At higher temperatures (in our case, from
150°C to 200°C), the conduction path might be caused by the hole excitation into the valence
band from the acceptor level (conduction band) involving inter-grain conduction in the
nanospheres due to the coalescence of the NPs. [123] Ea is a combination of both activation
energies associated with both hole excitation and inter-grain conduction. Additionally, there is
an increasing acceptor carrier concentration as temperature increases, bringing the Fermi level
nearer to the valence band edge. For this reason, the overall activation energy (Ea) will decrease.
[114] Unfortunately, the linear fit applied to our PbS curve is insufficiently precise (see figure
58). Therefore, calculation of the bandgap energy is unfeasible. Moreover, as mentioned in
Section 3.2.2, DR UV visible analyses were done on PbS samples to calculate the bandgap but
unfortunately, all PbS samples seem to have a too strong absorption (see Section 6.5) and these
calculations were also therefore impossible. Overall, three successive conduction mechanisms
are suspected for PbS as temperature increases: VRH, NNH and then hole excitation into the

valence band from the acceptor level.
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Figure 58. Arrhenius plot of resistance as a function of temperature of PbS 4

For the rGO/PbS mixed sample, resistance behaviour (Fig 55-c) at first seems to show a PbS-
QDs dominated transport. Indeed, one can observe a transition occurring upon annealing from
150°C as for the PbS system. This behaviour could be related to a reduction on the interdot
spacing involving an inter-grain conduction as mentioned above. However, very low resistance

values from 150°C also suggest the bandgap dominating transport of rGO.
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Figure 59. Arrhenius plot of resistance as a function of temperature of rGO 1/PbS 4
The linear regression (see Section 6.6) from the Arrhenius plot of rGO/PbS (Fig. 59) analysis
is inadequate, making it impossible to determine the transitional temperature that could be

related to two distinct regimes.

In general, it might be quite hard to precisely determine the conduction mechanism since both
rGO and PbS nanoparticles are reported to be p-type semiconductors, and both may
simultaneously play a role by limiting charge carrier transportation in the mixed rGO/PbS
sample rGO/PbS, in addition to coupled effects, such as charge transfer in the heterojunction of

PbS and rGO. The basic mechanism is illustrated in Section 1.7.1.
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3.4 Preliminary gas sensing measurements
The selected samples were analysed for a first preliminary gas sensing measurement as

explained in Section 2.7.14. Unfortunately, none of the devices showed any sensitivity to the

calibration gas of air/methane (see Figure 60). An example of a typical response to the methane

gas molecule is shown in

Figure 61 as reported in [21]
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Figure 60. Normalized curves of the resistance response to methane atmosphere under the conditions mentioned in Section
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Figure 61. Gas sensing and recovery test of PbS/rGO sensor with 3.5 wt% rGO toward 1% methane [21]
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Reduced graphene oxide alone does not show any sensitivity to methane (Fig. 60-b), but this
behaviour was expected since rGO is supposed to act as a conducting network with excellent
electron-transfer efficiency. [21] On the other hand, PbS nanocrystals were expected to function
as reaction centres but do not show any sensitivity to methane. This might be linked to the sort

of competition in the charge transport mechanisms occurring in rGO/PbS sensors.

Other hypotheses have been proposed to explain this absence of sensitivity. Hybrid
nanomaterials based on rGO are usually prepared by an in-situ method meaning that
nanostructures are directly prepared in the presence of graphene solution, or two previously
prepared solutions are directly mixed.[48] The present work presented PbS nanoparticles and
reduced graphene oxide synthesised separately, and which were never in contact with one
another before the deposition on the IDEs. This must have obviously had consequences on the
dispersion of rGO and PbS NPs on the surface of the electrodes. Also, one must remind that
rGO and PbS were dispersed in different solvents (milli-Q water and ink solution, respectively)
and the difference in viscosity might have increased the disparity in the resulted materials
dispersion. Furthermore, the literature reports that the NCs synthesized using the exact same
reactants and concentration as in this work (refer to Table 2 in Section 1.7) have a size of 40nm,
whereas the NCs produced in this work are smaller, measuring around 10nm. It is therefore
likely that this notable size difference has been caused by the presence of GO flakes during the
NPs formation. in the published results. As sensing occurs on the surface, particle size effects

might exert a strong influence on the obtained results.
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IV. CONCLUSIONS & PERSPECTIVES

4.1 General conclusion
In conclusion, as outlined in the Introduction, the main goal of this Master thesis has been

achieved, namely reduced graphene oxide and lead sulphide nanocrystals have been synthesized
separately and deposited on IDEs. To reach this goal, each step has been studied separately and

the following conclusions can be reached as detailed below.

First, concerning the reduction of GO, the experimental parameters connected to temperature,
Vitamin C concentration, organic and aqueous solvents natures have all impacted the reduction
rate of the graphene oxide flakes. Increasing the temperature of the reduction process led to a
general improvement in the reduction rates. Vitamin C, as expected, worked well as a green
reducing agent as much for 1-methyl 2-pyrrolidone (NMP)-based as for water-based reductions.
The resulting rGO displayed a few micrometres to tens of micrometres flakes, as well as good
suspensions rate in water and in ink-solution which is useful for further depositions. When
considering all the results collectively, it appears that the reduction using the organic NMP at
200°C has given the most reduced graphene oxide sample, as confirmed by FTIR, XPS, TGA
and Raman analyses. Despite its convenient high boiling point and its adequacy with rGO, NMP
remains a toxic compound. The good news is that the water-based reduction of GO at 90°C
resulted in a similar removal of oxygen-containing groups as the rGO NMP reduction at 200°C.
This was confirmed through TGA, XPS and FTIR analyses. Additionally, it appeared that the
water-based 90°C caused less damage to the carbon base planes as indicated by TGA, although
it also led to a lower sp?/sp? carbon ratio compared to rGO NMP 200. Using aqueous solvents,
known for their eco-friendliness, could be a good option for eco-friendly sensor devices

elaborations in the future.

Second, regarding PbS synthesis, according to XRD patterns, all the resulting nanoparticles
prepared by the first protocol, are crystalline but still have some amorphous phase compared to
the second protocol. According to calculations using the Scherrer equation, the crystallites have
an average size of approximately 10nm. The SEM and TEM images reveal spherical NPs, with
the most distinct spheres measuring around 20nm in diameter. In contrast to the first protocol,
the second method, considered as a hot injection method, produced larger cubic NPs ranging
from 40nm to micrometres in size. The crystallites within these nanoparticles have an average
diameter of approximately 35nm, as determined by the Scherrer equation. In general, PbS
nanoparticles are polycrystalline and tend to aggregate and precipitate as confirmed by SEM

and TEM. Therefore, they need hard sonication to make homogenous dispersions for further
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deposition. Also, lead sulphide nanocrystals arising from the 1% protocol with lead nitrate and
sodium sulphide as precursors, exhibited suitable S:Pb molar ratio and high purity — with a lead
percentage higher than 82% — regardless of the sodium sulphide dripping time and of the
presence of the capping agent 2-mercaptoethanol or not. XRF showed S:Pb ratios around 1.2,
thus with an excess of sulphur, while ICP revealed a better stoichiometry with ratios around
0.99, thus with a slight excess of lead. The general higher weight percentages of S:Pb observed
with XRF indicate some possible surface S enrichment. Both XRF and ICP analyses are

relevant, and they provide complementary information.

Finally, the mastering of the deposition method as well as the electrodes surface areas turned
out to be very impacting for the resulting morphologies of the deposited materials. Indeed,
resistance measurements tended to give higher values for small electrodes, which were more
victims of the so-called coffee ring effect, shifting the materials on the sides of the electrodes.
Deposited reduced graphene oxide, due to its exceptional crystal lattice, showed a significant
higher conductivity, as expected, compared to PbS nanoparticles. Moreover, when these
nanoparticles were added on top of rGO, resistance increased for most of the electrodes, as

expected.

The most difficult task was to determine the sensing and conduction mechanisms. When the
four devices selected were tested under the methane calibration gas, none of the devices were
sensitive. However, it was observed that the resistance decreased as a function of temperature
and based on this behaviour, two conduction regimes may occur within the materials. As the
temperature increases, rGO goes from Mott’s two-dimensional variable range hopping regime
to a bandgap dominating transport regime. Calculated activation energies of first and second
regimes go from 254 meV to 1.77 eV. These values could be related to the bandgap energy,
but it still must be corroborated with degrees of reduction of rGO. By contrast, PbS NPs start
with a variable range hopping (VRH) followed by the nearest neighbour hopping (NNH)
conduction mechanism and end with an inter-grain conduction in the nanospheres due to a
coalescence phenomenon. Unfortunately, UV-visible analysis of PbS as well as linear fit of
Arrhenius plot of PbS and rGO/PbS were inconclusive. Therefore, it was impossible to
determine the corresponding bandgap energies and thus to confirm the intrinsic semi-
conductivity of these devices. Interestingly, rGO/PbS seems to show a combination of the
conduction mechanisms of both materials. Therefore, both may simultaneously play a role by
limiting charge carrier transportation of rGO/PbS, in addition to coupled effects, such as charge
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transfer in the heterojunction of PbS and rGO whose mechanism were suggested and detailed
in Section 1.7.1.

The gas sensing measurements were unsuccessful for rGO f, PbS 14 as well as both rGO 3/PbS
4 and rGO 4/PbS 14. rGO flakes were not expected to act as sensing material but surprisingly,
PbS nanoparticles did not show any reactivity even in the presence of rGO flakes. Three
hypotheses are raised to explain this lack of sensitivity: (1) the possible limitation of the charge
carrier transportation in rGO/PbS, (2) the preparation of rGO and PbS hybrids that was not
achieved in situ and (3) the intrinsic low polarizability of methane. In this regard, further
investigation about the preparation and the dispersions of both reduced graphene oxide and lead

sulphide nanoparticles, separately and together, should be conducted.

4.2 Perspectives
This work could be improved in many different ways; thus, this section will briefly discuss

how one can put these propositions for future work in practice.

Gas interaction depends mainly on effective surface area available on the materials. Graphene
sheets provide outstanding surface area due to the low number of stacked layers and their
dispersion. A higher number of staked layers increases the adsorption energy required for
methane detection. [124] Nevertheless, when graphene-dispersion solutions are dried, graphene
sheets tend to re-aggregate due to van der Waals and n-n stacking interactions among the sheets.
It is reported that the incorporation of nanostructures, such as nanoparticles, prevents this
agglomeration to occur and moreover it helps to achieve a good distribution of these
nanostructures. [48] Therefore, a deposition “stack by stack” — alternance of rGO and PbS —
might be a good compromise to create an efficient incorporation as just explained. This stack-
by-stack process could be achieved with an ink-jet printer to get rid of the drawbacks of a
manually deposition method as used in this work and to obtain a better reproducibility.
Moreover, both materials could be dispersed in an ink-solution and therefore exhibit the same

Viscosity.

Furthermore, testing the gas with the 35 nm and 40 nm cubic nanoparticles obtained by the
second protocol will help to assess the relevance of size, considering that the only reported
rGO/PbS sensor [21] so far presented a crystallite size of 40 nm. This investigation would also
explore the potential relationship between NP shapes, surface interactions, and methane
adsorption. Also, as the sodium sulphide dripping time and the presence of capping agent did

not seem to play an important role regarding the shapes, crystallinity, and purity of the NPs
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prepared by the first protocol, one can now play on the temperature since this parameter directly

impacts the favoured exposed facets of the NCs during their formation. [115]

Eventually, gas sensing measurements could be tested with 90°C water-based rGO as its
reduction rate appears to be close to the efficiency of NMP 200°C rGO. The latter needs carbon
restoration due to its carbon loss. An interesting approach for repairing sp? carbons involves
using ethanol as a carbon source [125] which could be considered additionally. Ethanol, when
interacting with etch holes and carbon dangling bonds at 200°C, effectively promotes the
formation of new hexagonal carbon rings within the reduced graphene oxide.[125] This
enhances the degree of graphitization and reduces the risk of defect enlargement caused by the
migration of epoxides and hydroxyls. The combination of graphene oxide reduced in NMP with
Vitamin C and ethanol would be an interesting option to test, as well as a combination of
graphene oxide reduced in water at 90°C, with Vitamin C and ethanol.
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V1. APPENDIX

6.1 Raman Spectra
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Figure 62. Raman spectra of rGOs
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6.2 XPS Spectra
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Figure 63. XPS spectra of rGO NMP 80 a-b) rGO 90 full Vit. C c-d)
rGO 90 half Vit. C. All spectra display C 1s (left) and O 1s (right)
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6.3 XRD diffractograms of PbS samples from the 1% protocol
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Figure 64. XRD patterns of different PbS samples
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6.4 XRD Spectra of TGA residue of PbS sample
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Figure 65 XRD pattern of suspected oxidized PbS 4 after TGA

PbSO4 has multiple peaks located at 21°, 23°, 28°, 29°, 44°, 49°, 51°, 58°, 64° and 71°. [126]
The peaks of PbSO3 are located at 22.61°, 26.46°, 54.24° and 67.18°. [127] Fig. 65 shows
distinguishable peaks at 12°, 13°, 14° 18°, 19°, 22°, the others are not interpretable.

6.5 DR — UV-visible Absorbance Spectra of the four selected PbS samples
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Figure 66. DR UV-vis absorbance spectra of PbS samples. Absorbance saturates around 200 nm
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6.6 Arrhenius plot of the mixed rGO/PbS sample
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Figure 67. Arrhenius plot of resistance as a function of temperature for rGO 1 /PbS 4 sample
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