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Abstract

Methane is a potent greenhouse gas with significant, yet largely unknown, emissions occurring
across gas distribution networks and mining/extraction infrastructure. The development of low-
cost, low-power electrochemical sensors could provide an inexpensive means to carry out
distributed and easy sensing over the entire network and to identify leaks for rapid mitigation. In
this work, a simple and cost-effective approach is proposed for developing electrochemical
methane sensors which operate at room temperature with the highest reported sensitivity and

response time.

Laser-induced graphene (LIG) technology, which selectively carbonizes commercial polyimide
films using a low-cost CO> laser cutting and patterning system is utilized. Interdigitated LIG
electrodes are infiltrated with a dilute palladium (Pd) nanoparticle dispersion which distributes
within and coats the high surface area LIG electrode. A pseudo-solid state electrolyte ionic liquid
(IL)/polyvinylidene fluoride was painted onto the flexible cell resulting in a porous electrolyte
structure which allows for rapid gas transport and improved three-phase contact between methane,
IL and Pd. By subjecting the resulting sensors to methane in a gas flow cell, with off-gas analysis
analyzed by Fourier transform infrared spectroscopy, the performance of the sensor over a wide
range of operating conditions can be determined and the methane oxidation mechanism can be
investigated. The optimized system provides a rapid response (less than 50 s) and high sensitivity

(0.55 nA/ppm/icm?) enabling a ppb-level detection limit.
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Chapter 1: Introduction, Research Objectives and Outline

1.1 Introduction

Methane is the major constituent of natural gas. As a result of mining and various defects in the
natural gas pipeline network, methane emissions occur throughout the oil and gas industry. This
leads to the largest anthropogenic source of the hazardous greenhouse gas (25 times more potent
than CO.) and causes a significant loss in revenue for the industries. Almost 60% of methane loss

is due to fugitive release, out of which a large percentage is due to transmission lines (pipelines).[1]

However, these leaks at this point are challenging to identify or detect due to the expansive
nature of the distribution network. The currently available sensing technology that includes optical
and combustion based sensors are expensive and not viable for detecting minor leaks.[2] The
sensors require higher temperatures and also have a slow response time and typically must be
monitored manually. Gas pipelines that are spread throughout a country’s terrain covering
thousands of miles of distance, makes it impossible to find and address all leaks using the currently
available portable detection systems. Plant and facility configuration involve numerous potential
valve, flanges and potential leakage points. Moreover considerable skilled manpower is required

to accomplish such a task.

The focus of this research is to develop an electrochemical sensor with methane sensing
capabilities. The research aims to fabricate, low power and inexpensive methane sensor, which

can detect any fugitive emissions or leaks occurring in and around the natural gas pipelines.

1.2 Motivation

Methane is a significant climate change forcing greenhouse gas with a short-term impact 25
times greater than carbon dioxide.[3] According to data from Canada’s United Nations Framework
Convention on Climate Change (UNFCCC), oil and gas methane accounts for approximately 6%
of Canada’s total GHG emissions when the 100 year global warming potential of methane is

considered.[3]



In addition to natural gas exploration and transmission, methane is released and extracted during
oil sands mining and processing activities. It is estimated that these activities release about 10%
of the greenhouse gases (GHGS) generated in the extraction sector.[3] In addition to being a potent

GHG, methane build-up in enclosed spaces also poses a significant safety concern.

Although Canada only accounts for approximately 1.6% of the world’s GHG emissions, it is
among the top 10 countries for absolute emissions. Standing firmly in the top three for estimated
emissions per capita, Canada comprises 0.5% of the world’s population, but emits three times its

population share.[1]

It is projected that a 45% reduction in methane emissions can be achieved by monitoring
unintended emissions through implementation of currently prevailing technologies. As reported in
the Pembina Institute’s report, “A 45% reduction of oil and gas methane is equal to 27 million
tonnes of CO> (56 Bcf of methane), and is achievable with existing technologies and techniques.
This reduction comes at a net cost of $2.76 CAD per ton CO> reduced.[1] If the natural gas is
valued at $5.00 CAD per Mcf. The methane reduced results in recovery of gas worth
approximately $251.10 million CAD ($200.80 million USD) per year.”[1]

Canada played an active role at the Paris COP21 (21st Conference of the Parties) which led to a
global agreement on mitigation, adaptation and financing of climate change action.[3] The current
government policy indicates that Canada will seek to fulfill its global responsibility in reducing
GHGs.

In May of 2015, the government submitted its Intended Nationally Determined Contribution
(INDC) to the UNFCCC indicating an economy-wide target of reducing GHG emissions by 30 %
below 2005 levels by 2030.[3]

Reduction in current methane emissions will be a major step towards meeting the GHG reduction
goals of the country. Methane sensor technology will play a vital role in this direction as it helps
to detect fugitive emissions which account for a major part of the current emissions. The benefit
of this technology is to detect the emission of GHG’s. “In Alberta, the oil and gas sector is the

largest source of methane emissions. Methane emissions in 2014 from Alberta’s oil and gas sector
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were 31.4 mega tonnes of carbon dioxide equivalents. This accounted for 70% of provincial
methane emissions and 25% of all emissions from the upstream oil and gas sector”[3]. Methane
sensor technology will also help Canada to fulfill its pledge of reducing its emissions to below
30% of 2005 levels by 2030.

There are also economic benefits for using methane sensor technology in detecting and thus
reducing emissions from an economic perspective; the industrial segments of ownership such as
oil and gas production can grow by making money by reducing gas losses. This is also true in some
other segments. Most midstream companies (gathering, processing, and storage) are paid a fixed
fee for gas lost and consumed during their operations; a reduction in loss would result in a direct

monetary profit.

1.3 Research Objectives

This thesis work aims to develop a new, cost-effective electrochemical methane detection
technology to help reduce the methane emissions through distributed monitoring and thus
providing tools for the government and industry to meet their emission standards. Accomplishment

of these objectives would lead to a fully developed functional electrochemical methane sensor.

1. To understand the importance of methane sensing for fugitive emissions and comprehend
the different methane sensors that are available, their advantages and shortcomings. In
addition, this work will investigate the feasibility of an electrochemical methane sensor
and understand the mechanism involved in the preparation and running of the sensor.

2. Development of electrochemical sensor materials, an effective sensor geometry and
methods to configure a thin film, conformable sensor which can sense methane at room
temperature.

3. Prototype testing of sensor in dry conditions. Investigate the operating conditions of the
sensor and develop ways to optimize the performance and reduce the cost. Design
experiments to figure out the sensitivity response at different concentrations of methane,
signal noise ratio, response time. Finally, initiate cost analysis, modeling and design studies

for sensor commercialisation.



1.4 Thesis Outline

Chapter 2 will highlight the important research that has been conducted in field of methane
sensing. More specifically, it will examine the different categories of methane sensors, their
properties such as sensitivity, cost, range etc. It will also provide a brief overview of
electrochemical methane sensors and their advantages and disadvantages compared to other
sensors. Finally a comparative analysis of different sensors will be done based on a variety of

parameters.

Chapter 3 will dwell into the experimental methods used in fabrication of electrochemical
methane sensor. The methods involved in fabrication of interdigitated electrodes, nanoparticle
synthesis, solid polymer electrolyte development, deposition techniques and various setups for

testing the sensor for sensitivity towards methane will be discussed in detail.

Chapter 4 discusses the results obtained during the preparation and testing of the sensor. The
characterization and results obtained from laser induced graphene electrodes will be discussed.
The morphology of Pd nanoparticle and solid polymer electrolyte obtained from techniques such
as SEM and the reaction mechanism that has been established with various methods will be
discussed in depth. The sensitivity response of the sensor at various concentrations will be looked
into, while parameters such as response time, and signal to noise ratio will be presented. Finally,
electrochemical impedance spectroscopy results, effect of interference gases and life time analysis

of sensor will be discussed.

Chapter 5 entails a model developed in COMSOL that dwells into leakages across a flange in a
natural gas pipeline. The model is based on a pin-hole leak and is an early attempt in modelling
the gas leakage. It tries to develop efficient approaches to minimize the usage of sensor by placing

it optimally on a flange. At the end cost estimation of the sensor will be discussed.

Finally, Chapter 6 will present the conclusions of this research and discuss possible future work.



Chapter 2: Literature Review and Background

This chapter will provide a review of the theoretical background applied in this research. It will
first introduce the current methane detection technologies available. This will be followed by a
discussion on the different type of methane sensors such as electrochemical sensors, optical
sensors, catalytic combustion sensors, pyroelectric sensors and semiconducting oxide sensors. The
discussion includes their detection mechanism, properties such as sensitivity, selectivity, cost,
detection range, fouling issues and current technology readiness. Finally, electrochemical methane
sensors with a focus on the current detection challenges will be addressed.

2.1 Sensor classification categories:
The methane sensors can be broadly classified as:

Optical Sensors
Catalytic Combustion Sensors
Pyroelectric sensors

Semiconducting oxide sensors

o~ L NP

Electrochemical Sensors

2.2 Optical sensor

Optical sensors use absorption spectroscopy to detect certain chemical compounds such as
methane gas.[4] Infrared absorption spectroscopy is the most commonly used form of spectroscopy
for optical methane sensors because it can be used to qualitatively analyze molecules by measuring
the wavelength and intensity of the absorption of mid-infrared light.[5] Certain chemical bonds
have specific absorption band wavelengths making it possible to identify the composition of a
given sample. For example the atmospheric transmission of methane has a wavelength of 2.3 um
and 3.26 um.[6]

A typical optical methane gas sensor is composed (shown in Figure 2-1) of a light source to
provide the mid-infrared light, a tube to hold the gas sample being tested, an optical spectrum
detector and a spectral filter. During operation mid-infrared light is emitted from the light source
and reflects along the inside walls of the tube as it passes through the sample gas. As the light

passes through the sample gas the gas molecules that vibrate within the infrared frequency range



would absorb the infrared radiation provided from the light source. After passing through the gas
the infrared light would reach the optical spectrum detector which would produce a measurement
of the output intensity of the emitted light. Using both the initial intensity of the light source and
the length of the sample which are known quantities along with the output intensity, a value for
the effective absorption coefficient of the gas can be determined. The effective absorption
coefficient would be used to identify whether methane was present in the sample gas by comparing
measured and literature values. The use of a spectral filter improves the measured value of the
effective absorption coefficient because it blocks spectral regions that are not greatly affected by
the sample gas allowing the detector to focus on the regions of high absorption.[7]
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Figure 2- 1: Gas Detection by IR Absorption Spectroscopy [21]

The technology applied in the operation of optical methane sensors is already at the point where
it is viable for industry. Currently there are multiple optical methane sensors on the market that
are based on infrared laser spectroscopy. The optical sensors available on the market belong to one
of two categories, either they are in situ (on-site) sensors or they have remote sensing capabilities.
The more common of the two are the in situ sensors which require physical sampling of the air to
be tested for methane detection. An example of an in situ optical methane sensor on the market
would be the mobile methane leak detector manufactured by Health Consultants Incorporated.
This methane sensor was developed to detect methane along natural gas distribution, transmission

and gathering pipelines and is mounted to a vehicle during operation. If methane is detected
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through infrared spectroscopy as the vehicle drives along the pipeline, both an audio and visual
signal is sent to a display inside the vehicle alerting the operator. Similarly, Lechtzer Incorporated
manufactured an optical methane sensor that is also attached to a vehicle and detects methane as
one drives. [8] There are also hand-held detectors that are used detection of methane leaks along
pipelines. The remote sensing methane detectors still detect methane by infrared spectroscopy but
don’t require physical sampling of a gas; instead the detector surveys a specific area and relays a
signal through an optical fibre network when methane is detected. Applied Optoelectronics is an
example of a company that manufactures remote sensing optical methane detectors for various

industries.[8]

Even though there are many operational optical methane sensors on the market there are still
lab-scale experiments that continuously try to optimize the design. Typically the focus of these
experiments is to improve the sensors selectivity, sensitivity and response time as these three fields
are vital for sensing operations. Selectivity is important because there are many hydrocarbons at a
similar wavelength as methane so the more sensitive the sensor is the more accurate it will be at
detecting methane. Sensitivity is important so that the sensor will be able to detect methane
concentrations at low levels and response time is important because in industry quickly detecting

methane leaks is critical.

An innovation that focuses on increasing the sensitivity of the sensors is the use of a long period
fibre grating (LPFG) optical sensor with a polycarbonate/ cryptophane A overlay deposition.
LPFGs (shown in Figure 2-2) are used to couple light from a guided node towards forwards
propagating cladding modes and can have their sensitivity increased through the use of
overlays.[9] In one experiment a polycarbonate/ cryptophane A overlay was used as an overlay
due to its high refractive index. Altering the overlay thickness caused the resonant wavelength to
shift and at optimal thickness there was found to be a drastic shift in resonant wavelength that
resulted in a great increase in the sensor’s sensitivity.[2] Through the use of the polycarbonate/
cryptophane A overlay the optical sensor was able to achieve a minimum methane detection limit

of 0.2% on a volume be volume basis.[10]
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Figure 2- 2: Basic Design of a LPFG Optical Sensor [2]

The detection of methane gas leaks is very important for many industries and results in a large
demand for precise but low cost sensors. Optical methane sensors are good for these industrial
applications because of their low cost when compared to other methane sensors due to the fact that
the main working principle behind optical methane sensors is absorption spectroscopy. Absorption
spectroscopy requires much lower costs than other forms of analysis such as mass spectroscopy or

gas spectroscopy but have very high operating costs when used for detection in a larger setting.[11]

Optical methane gas sensors and calorimetric gas sensors have similar low operating costs but
where calorimetric sensors are non-selective, optical methane sensors have the advantages of being
highly selective like gas spectroscopy based methane sensors which have high costs.[12] One of
the main reasons that optical methane gas sensors have low costs is because they have a low cost
of ownership or in other words optical sensors are non-destructive.[7] Since absorption
spectroscopy is a physical process not a chemical reaction during operation the actual sensing
apparatus is not damaged and does not require replacing unlike other methane sensors that use
chemical reactions to detect the methane gas. The bulk of the cost associated with optical methane
sensors is the manufacturing (capital) cost itself. The cost of production would increase if there
was a need to increase the sensitivity of the methane sensor as more individual components would
be needed, for example having two detectors in the sensor instead of one. Also the cost of
production would also increase if there was a need to increase the selectivity of the sensor by

adding a spectral filter or narrowing the bandwidth and tolerance of a spectral filter already in
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use.[7] These capital cost for precise detection makes optical sensors less desirable when detecting
minor gas leakages in pipelines which are spread in hundreds of miles.

Optical methane sensors are useful for many industrial applications because they provide many
advantages with few disadvantages when compared to other methane sensing technologies. One
of the biggest advantages of optical methane sensors is that absorption spectroscopy is a physical
analysis method not a chemical reaction which makes optical sensing a non-destructive method of
detecting methane. This means that the components do not get degraded after repeated operation
which in turn reduces any maintenance costs that other methane sensors would have to deal with.
Another important advantage that optical methane sensors have is that they are immune to any
electromagnetic interference which in other sensing techniques would impair the sensor from
operating properly.[2] Also optical methane sensors are very versatile and can be adapted to fit the
requirements of various applications. There are portable designs available allowing for use in
different environments and whether the application is detecting a possible leak or monitoring a
specific area the sensors can be designed to be manual or remote sensing. Some other advantages
include the ability to operate in the absence of oxygen, have fast response time, does not require
any pre-treatment or build-up of gas sample, low cost and have good selectivity and sensitivity.

The table below lists the sensitivities of various optical sensors currently available.

Table 2- 2: List of sensitivity of optical sensors

Method IR Source Wavelength Sensitivity
Fabry-Perot Cavity[10] 1650 nm 0.7-2.9 ppm-m
Interband Cascade Laser[11] 3291 nm 1.0-2.1 ppm-v

QEPAS[6] 2300 nm ~ 15 ppm-v

Infrared LED[7] 1660 nm ~ 100 ppm

LPFG[2] 1550 nm ~100 ppm

The main disadvantage of optical sensors is that to be effective the target gas should have a
significant and distinct optical absorption region. The problem is that methane has absorption

bands in the same spectral region as many other hydrocarbons.[7] This issue can be easily



overcome by increasing the selectivity of the sensor by adding a spectral filter, however this would
lead to an increase in the production costs of the sensor.

2.3 Catalytic combustion sensor

Catalytic bead sensors have been in use for almost a decade and are primarily used to detect
combustible gases, more generally in industrial safety instruments. They were initially used for
the detection of methane and other gases in coal mines.[13] Combustible gas mixtures will burn
once they reach their ignition temperature but in the presence of a particular chemical process,
these mixtures can ignite at lower temperatures. This process is known as a catalytic combustion.
Many metal oxides and compounds have these catalytic properties to help the combustion process

such as platinum and palladium.

The basic principle of catalytic sensors is based that the oxidation of combustible gases to release
heat. A "pellistor” (catalytic pallet resistor) is used as the major sensing mechanism in catalytic

OUTPUT
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Figure 2- 3: A Wheatstone bridge configuration for catalytic bead sensor.

sensors. This pellet usually consists of a platinum wire embedded within a ceramic bead. A surface
layer of noble metal is utilized as a catalyst for the combustible gas oxidation reaction. Pellistors

are manufactured in pairs where one acts as the detector while the other acts as a reference
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resistance to remove the potential effects of environmental factors.[14] The oxidation of
combustible gas when in contact with the catalyst is an exothermic reaction and releases heat.[15]
This results in a temperature change within the coil and causes the resistance of the coil to change.
An electrical circuit called a Wheatstone bridge, as seen in Figure 2-3, is used to measure this
resistance.[13] During the burning of the gas of interest, it causes an imbalance of the bridge
circuit. The offset voltage is measured as the signal and can be used to measure resistance,

capacitance, inductance, impedance, and concentration.

The catalytic gas sensor is a popular due to its simplistic design, ease in manufacturing, and
being inexpensive. Environmental factors such as temperature, exposure to water vapour and
pressure will influence both pellistors. Since these pellistors are similar in nature, they will be
influenced similarly and as such, the Wheatstone bridge will not become unbalanced.[14] This

property makes it possible for the catalytic gas sensor to operate in harsh environmental conditions.

The calorimetric gas sensor measures the heat released during the exothermic combustion
oxidation reaction on the sensor surface. These devices are also known as pellistor, catalytic bead,
catalytic gas sensor, combustible gas sensor, or thermometric gas sensor.[16] Platinum, palladium,

and rhodium [17] are the most used catalysts in calorimetric gas sensors.

Gas calorimeters are used in steel mills, petrochemical furnaces, and power plant turbines.
Calorimeters for natural gas and coal gasification are used for measuring the exothermic heat
during the combustion of fuels in burners and turbines in industrial settings. Typical calorimeters

are large monitoring units for industrial-scale systems.[17]

New Cosmos — BIE offers a catalytic combustion sensor that utilizes a platinum coil. SRI
Instruments Europe’s catalytic combustion detector consists of a coil of platinum wire embedded
in a catalytic ceramic bead to detect hydrocarbons and H» gas.[14] Finally, Figaro Engineering

Inc. offers various catalytic sensors to detect methane, propane, and iso-butane.[18]

The original catalytic sensor was a coil-shaped platinum wire which gave a compact geometry
resulting in efficient heating. Unfortunately, at high temperatures, platinum starts to evaporate,
causing a reduction in the platinum area and increases resistance, making it more difficult for the

detection of combustible gases. Additionally, the platinum wire can become soft above 1000°C
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and can warp the geometry of the wire. Treating the surface of the wire by applying a coating of
metal oxides of palladium or theoria compounds improves the stability of the sensor and reduces
the temperature issues. The reference wire should ideally be identical to the active wire, with
similar geometry and properties but remain inert. While it is not actually possible to make them
exactly the same, various compromises have been considered. Lowering the operating temperature
of the reference wire and treating the reference wire with gold to modify the material's properties
are examples of ways to accomplish this. Using a fine diameter wire will reduce the size, increase

the signal of the sensor, and reduce the power consumption.[13]

A method to optimize a sensor is to cut the bead more deeply to create larger channels for the
gas diffusion to the active sites of the sensor. This is particularly useful for detection of large
hydrocarbon molecules which will be able to easily diffuse in the sensor. Since the heat produced
from the reaction will cause the heating of molecules which will escape more easily, there is less
attenuation in the atmosphere, resulting in a higher relative response of the sensor.[18] There are
several calibration strategies to prevent incorrect readings due to the loss of sensitivity to methane.
One method is to calibrate the sensor to a known concentration of methane which uses the relative
response factor to determine if there is a less of sensitivity.[19] This can then be used to calibrate

the instrument to make up for the sensitivity variation.

The catalytic combustion sensor was initially used for the detection of methane and other gases
in coal mines. Nowadays, applications include detection of combustible gases in industrial safety
instruments, controlling heat inputs in various furnaces and turbines, and to monitor the

combustion reaction of fuels in burners and turbines in the industrial setting.

The general cost can range from $1-$3 USD for individual sensor units up to $100-$1000 USD
for prebuilt-incased sensors.[20] Prebuilt-incased infrared gas sensors can range from $300-$2000
USD.

Catalytic combustion sensors have various advantages including a low cost, low replacement
cost, ability to detect a wide variety of combustible gases and vapors, simplistic design and easy
to manufacture. Additionally, it can be very portable and has a good selectivity for methane and

other volatile hydrocarbon vapors.[21] Compared to the infrared technology, it is much cheaper if
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operated in the correct setting as the lifespan can be drastically shorten if contaminated or

poisoned.

The disadvantages include not being able to operate long-term, requires elevated temperatures,
susceptible to catalyst poisoning, sensor inhibitors, and cracking.[20] Poisoning compounds can
deactivate the sensor by permanently reducing sensitivity until eventually completely damaging

the sensor, resulting in the sensor becoming nonresponsive to gases.
2.4 Pyroelectric sensor

Pyroelectric sensors involves the conversion of thermal energy into electrical energy. To do this
pyroelectric sensors employ the use of a dielectric substrate and a pyroelectric detector that is
sandwiched between two electrodes. In pyroelectric sensors the dielectric substrate is an electrical
insulator that when an electric field is applied becomes polarized and typically has a high thermal
conductivity to minimize any heat loss.[22] The detection process for pyroelectric sensors can be
divided into a few main stages, the first stage being the generation of the thermal energy or wave
that will propagate through the substrate which is typically caused by either a resistive heater or

infrared light source.

The resistive heater generates the thermal energy by passing an electrical current through a highly
resistive material, as the current flows it generates heat at a steady rate that can travel through the
substrate. The thermal wave travels through the gas of interest until it reaches the pyroelectric

detector located across from the resistive heater. When a pyroelectric material undergoes a

;'H-TQJ ‘ IR detector
/
Chopper controller —| Preamplifier
‘
Dynamic signal analyzer a— Lock-in amplifier
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Figure 2- 4: Basic Design of Pyroelectric Sensor based on Infrared Heating [40]

temperature change it produces an electrical current that can be measured.[23] This current has a
corresponding voltage which can be used to find the composition of the gas of interest because
both the voltage and phase of the output signal are a function of the gas’s thermal conductivity and
diffusivity.[24] The other method causes a temperature change in the pyroelectric material by
focusing an intense infrared light source on a pyroelectric thin film.[24] Once the pyroelectric
material changes temperature the sensor operates in the same way as the electric heater method

mentioned previously.

The technology used in the operation of pyroelectric methane sensors (shown in Figure 2-4) is
already past the experimental phase of development and can be found on the market. There are
multiple pyroelectric sensors used to detect gases including methane available that are based on
the pyroelectric effect. An example of this is the pyroelectric detector developed by InfraTec that
uses single-crystalline lithium tantalate as its think film pyroelectric material.[25] This pyroelectric
detector is very versatile as it can be used for methane detection as well as many other applications
such as motion detection and flame detection. For gas sensing applications there are specific filters

that can be used to target the detection of specific gases such as methane.

Even with pyroelectric methane sensors already on the market there are still many experiments
being run to improve the design by increasing the overall sensitivity and reducing the sensor’s
power consumption. Sensitivity is always important quality for gas sensors to have because the
target gases are typically in very low concentrations so the sensor must be able to pick up these
minuscule readings. Also low power consumption is an important factor since many applications
require the pyroelectric sensors to be portable, for example they might need to be taken to the

location of a possible methane leak from a pipeline.

According to the pyroelectric effect that states when a pyroelectric material undergoes a
temperature change it produces a current, therefore the thicker electrically active area of the lithium
tantalate would undergo a larger temperature change and produce an increased output signal
compared to that of a simple thin film sensor. From this study it was found that altering the
structure of the pyroelectric material in this way could increase the sensitivity/responsivity of the
sensor by 150%.[26]
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Due to their characteristic pyroelectric sensors are applicable for a variety of industries. Since
they provide high responsivity and excellent detection pyroelectric sensors are used in applications
such as fire alarms[27], laser detectors[24][27], thermal analyzers[25][27] and gas analysis.[27]

Pyroelectric sensors are used for environmental applications such as gas analysis and pollution
control because there is a need to quickly detect leaks and accurately determine the composition
of the leak itself. This makes them a good choice for the oil and gas industry, water treatment
plants and landfill sites where the detection of methane is a large safety and environmental
concern.[28] Also another reason why pyroelectric sensors are used for these applications is that
they can be designed to be a portable or remote-sensing sensor depending on the situation.
Typically pyroelectric sensors that are based on infrared heating are used for applications that
require remote sensing such as gas monitoring in coal mines. Detection of gases in coal mines can
be very dangerous which is why it is beneficial if monitoring can be done from a remote location
and infrared pyroelectric sensors make that possible.[26] Portable pyroelectric sensors are useful
for applications where there is a need to check for possible leaks and can be based on electric

heater or infrared principles.

As previously stated there are many applications that pyroelectric sensors can be used for but to
have any practical use there are certain criteria that have to be met. For pyroelectric sensors to be
an effective method of methane detection in industry they must be low cost to allow for easy

availability and widespread use.

The main cost benefit of pyroelectric methane sensors as opposed to some other sensors such as
photon sensors is that they do not require any cooling.[28] Pyroelectric methane sensors that use
infrared light detection methods work well at room temperature unlike other sensors types that
require a form of constant cooling. This eliminates the need to have any additional equipment to

cool the sensor which in turn greatly reduces operational costs.[27]

Pyroelectric methane sensors can be very useful in industrial applications because they provide
many advantages that distinguish them from other sensor types. One main advantage is that
pyroelectric sensors are able to operate at room temperature.[28] As mentioned previously this
reduces operating costs by eliminating the need for cooling equipment but it also enables

pyroelectric sensors to be used in a variety of environments and climates. To add to its versatility
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pyroelectric sensors can function in environments absent of oxygen as well as inert atmospheres.
Another advantage of pyroelectric sensors is that the technology they are based on is a physical
process. The pyroelectric effect is a thermal process and does not involve any chemical reactions
like some other sensor types which could lead to degradation. Some other advantages that
pyroelectric methane sensors have are high sensitivity, easy miniaturization, wide measuring range

and excellent responsivity. The table lists the sensitivities of the sensor currently available.

Table 2- 3: List of sensitivity of pyroelectric sensors

Method Material Sensitivity
NDIR[29] Mgg lamp (6004-10) ~1 ppm
Thermal Wave organic polycyclic molecular
Pyroelectric Film[23] crystalline substance ~50 ppm

Pyroelectric sensors also have some disadvantages, the main one being the high power
consumption compared to other sensors. As stated previously the power consumption is a result of
a need for a constant current or constant infrared light source to provide the thermal energy
required for methane detection.[28] Some other minor disadvantages would be slow degradation

of components due to repeated heating and the potentially high operating costs.

2.5 Semiconducting oxide sensor

Semiconducting metal oxides (SMO) are electrical conductivity sensors that detect gas by a
REDOX reaction when a gas of interest comes in contact with the sensor. The gas of interest will
absorb onto the sensor’s active sensing layer which causes a change in the resistance; the
concentration of the gas can be determined from this resistance change.[30] They are inexpensive
compared to other sensing technologies, lightweight, robust, and long lasting.[31] SMOs are well-

suited for a wide range of applications and for a variety of reactive gases.

A SMO sensor possesses an electrical resistance made of a porous assembly of tiny crystals of
n-type metal oxide semiconductors, such as SnO2 or WO3.[32] When heated to a high temperature
in the absence of oxygen, electrons will flow through the grain boundaries of the SMO film. On

the other hand when oxygen is present, the oxygen molecules will absorb onto the SMO surface
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to form a potential barrier. This forms ionic species including O>", O- and O%, which trap electrons
from the bulk of the material. This will also repel other electrons from the bulk of the film, to
create a region with a reduced amount of electrons; thus resulting in an increased potential barrier
at the grain boundaries. Due to this interaction, it will reduce the flow of electrons which will
increase the resistance. When exposed to an atmosphere containing a reducing gas such as CHs
and H2S, the gas molecules will absorb onto the SMO surface and lowers the potential barrier, thus
increasing the concentration of electrons at the surface while reducing the electrical resistance.[33]
In the case of oxidizing gases such as NO2 and COz, the electrical resistance will increase. Several
researchers have reported that the conductivity response is highly affected by the presence of a
catalyst, which will increase the surface reactivity.[34] Figure 2-5 is a schematic of a SMO sensor
design during a study conducted for the United States Environmental Protection Agency’s

Environmental Monitoring Systems Laboratory.[35]

Figure 2- 5: Schematic of a metal oxide semiconductor sensor.
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In the case of SMO sensors for CH4 gas, a number of metal oxide materials have been studied as
seen in Table 2-2[33]:

Table 2- 4: Gas sensing properties of unloaded/loaded metal oxide semiconductors for methane

gas.
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Sensing Material

Method

Gas Concentration

Sensing Response

7 wt% Sb/ZnO[34] Screen printing 1000 ppm ~25 to 1000 ppm at
360°C
SnO,[31] Thin films on 1%/room ~23 at 500°C to 1%
micromachined SOl | temperature — 700°C | Response time: 5-10
wafers ms
Sn0,-ZnO (0-15 Thick films 50 ppm/170-330°C | ~1 (10% ZnO loaded

Cu/Sn02[33]

by CVD

wt% ZnO)[36] Sn0Oy) at 300°C to 50
ppm
Response time: ~2s
Unloaded WO3[30] | RF-sputtering 1000 ppm < 0.5t0 1000 ppm at
(sensors) 300-500°C
Unloaded SnO., Thin films on 1000 ppm/450- 0.4,0.72, 1.03,1.50 to
Pt/SnO2, Mo/SnO2, | alumina substrates 500°C 1000 ppm, at 500°C

respectively

Response time: ~5s

Conductometric semiconducting metal oxide sensors have been widely used in various
domestic, commercial, and industrial gas sensing systems. They currently constitute one of the
most investigated groups of gas sensors due to their low cost and flexibility in production, wide
variety of detectable gases, and lightweight.[33] In addition, SMO sensors tend to be long-lived
and resistant to poisoning. For these reasons, they have grown rapidly in popularity to become the
most widely used gas sensors available. They are used in environmental monitoring and gas
detection, carbon monoxide sensors, and breath analyzers. Most common detected gases include
nitrogen oxide gases (NOx), H2S, NHz and amine sensors, hydrogen, ozone, carbon monoxide,

and methane gas. [34]

Researchers have determined that the interaction of the gas with the surface of the material is a

characteristic of semiconducting metal oxide gas sensors. The reaction can be influenced by many
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factors such as natural properties of base materials, surface areas and microstructure of sensing
layers, surface catalyst, temperature and humidity, etc. The principle of the classical
semiconductor gas sensors is well known since the development of the “Taguchi-type”

sensors.[37]

Doping the metal oxide layer will enhance the sensing characteristics of the oxide
semiconductor. For example, doping SnO2 with Sb, Cl, and F increases the conductivity.
Depositing SnO, on Ti presents high over potentials for the oxygen generation reaction, giving
good anodes for the electrochemical oxidation.[38] The addition of noble metal additives can be
used to modify or control the surface properties of semiconductor metal oxides. The most
important aspects of the additives are to increase the maximum sensitivity and rate of response, as

well as lowering the temperature of maximum sensitivity.

Semiconductor gas sensors can be used for a wide variety of applications, ranging from safety
equipment (explosion, leakage, fire, contamination, and poisoning protection), air quality
monitoring, quality assurance, and measurement technology. Unfortunately, they are susceptible
to contaminants and changes due to environmental conditions. Non-linear response will cause
complexity in the readings. Additionally, solid state metal oxide semiconducting gas sensors can
be susceptible to background gasses, or have cross-selectivity, and are sensitive to changes in
humidity. There are options and configurations to help mitigate the sensitivity but it is an inherent

characteristic of the sensing technology.

2.6 Electrochemical Sensors
2.6.1 Aqueous electrolyte based electrochemical sensor.

Electrochemical gas sensors generally operate upon the principles of differential electric double
layer capacitance (DEDLC), amperometry and potentiometric to name a few.[39] A typical sensor
design is modelled after the conventional three electrode system: a working electrode where the
substrate will undergo a redox reaction, a counter electrode which balances the current at the
working electrode, and a reference electrode with which to measure the working electrode
potential against. In practice, most sensor designs compartmentalize the reference electrode to its
own cell while being in contact with the electrolyte, also the working and counter electrodes must

be connected by an electrolyte to maintain charge neutrality in the system. Aqueous electrolytes
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(AEs) are routinely used to fulfill this role since they are widely available, relatively cheap, and
simple to use. Some examples of common AEs are sulfuric acid (H2SO4) and sodium hypochlorite
(NaClO).

sensing Electrode

Reference Electrode

Counter Electrode

Electrolyte

Figure 2- 6: Typical electrochemical sensor setup [39]

Despite their widespread use, aqueous electrolyte-based sensors (AESS) introduce a variety of
problems in gas sensor design. First and foremost, AESs suffer from limited working lifespans
primarily due to the volatility of the AEs used; evaporation of the AE requires that sensors of this
design must be replaced more frequently than would be desired, translating to increased
maintenance costs for the projects that employ them (mining, natural gas transportation, etc.). Of
additional concern is the potential for interference through the electrolysis of water; in the practice
of voltammetry, the potential range in which water is not electrolyzed is referred to as the “water
window”, and overpotentials outside of this range (1.5 V — 3.5 V) will cause considerable loss of
accuracy in the sensor. AESs also often require extreme process conditions to carry out the redox
reactions required to sense certain analyte gases. For example, methane oxidation can require
process temperatures ranging from 775 °C down to 50 °C, depending on the type of electrolytes
and catalysts used (i.e. yttria-stabilized zirconia[40], lanthanide ruthenium oxide[41], Nafion-
sulfuric acid[42], etc.). Additionally, methane oxidation is kinetically slow; this in turn has led to
the design of systems utilizing hot acid electrolytes and platinum (Pt) catalysts, which give a
reasonable oxidation rate. However, aside from the safety hazards associated with such a system,
these designs also suffer from side-reactions which produce CO by-products, poisoning the

catalyst and reducing the lifespan of the sensor[43]. Another issue is that AESs generally suffer
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from significant signal interference from other common gases such as Ho, CoHe and CsHs.[44] It
is clear that while AEs are convenient and cheap to use, their associated drawbacks prevent AESs

from reaching widespread commercial viability.

2.6.2. lonic Liquid (RTIL) based electrochemical sensor.

Room temperature ionic liquids (RTILs) are commonly defined as the salts which happen to be
in a liquid state under laboratory conditions.[45] They generally consist of a large and bulky
organic cation (e.g., tetraalkyl-ammonium, pyrrolidinium, pyridinium, 1-alkyl-3-
methylimidazolium) and an organic/inorganic anion (e.g., bis(trifluoromethylsulfonyl)imide,
tetrafluoroborate, trifluoromethanesulfonate, or tris(pentafluoro-ethyl)trifluorophosphate). The
huge difference in the sizes of the two anions and cations hinders the formation of an ionic lattice,
moreover the ions are mostly disorganised which lets the salt remain in the liquid state at room

temperatures.[45]
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Figure 2- 7: Molecular structure of ionic liquid ([Campy][NTf.]) [45]

RTILs have unique set of properties that includes very low volatility, a greater electrochemical
window, high thermal stability, and good intrinsic conductivity.[46][47][48] These properties and
high structural variability make ionic liquids intriguing and promising materials for use in
batteries, fuel cells and electrochemical capacitors [49][50], in medicine [15][16], and in
electrochemistry for the electrodeposition of numerous metals and semiconductors [49], [53] and
also for separation and extraction techniques [54]. An interesting application is the use of RTILs
for the electrochemical detection of various substances in gaseous or liquid phase [55][56]-[58].
Recently, electrochemical sensors based on different ionic liquids have been used for the detection
of methane [59], ozone [60], ammonia [60]-[62], oxygen [63], [64], nitrogen dioxide [60] and
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ethylene [65]. In particular, room temperature ILs (RTILs) have found an increasing common use
in modern gas sensor designs since they can circumvent the rigid process conditions required for
certain oxidation pathways of methane analyte.[59], [66] Moreover, because of their ionic nature
RTILs are effectively non-volatile at moderate temperatures; this inherent property overcomes the
difficulty of dealing with solvent evaporation as is the case in AESs, making them an ideal
electrolyte for sensor designs aiming to increase the device life-span. Unlike many other solid
state electrolyte systems, RTILs do not suffer from electrical contact loss, and do not need
significant pre-processing to get integrated into the sensor design. Lastly, RTILs are less
hazardous than the common acid electrolytes used in AES systems, making them ideal candidates

for widespread production and use in industry.

Although the IL based devices has gaseous detection capabilities, their use in electronic devices
requires a specific design and an extra fabrication of a micro-chamber for the storage of the
electrolyte in order to prevent its leakage from the sensor package. Stetter et al. [60], [62] used
this approach, for the fabrication of ionic liquid-based amperometric sensors. Another approach
used by Kubersky et al [67] for using gas sensors with ionic liquid is the use of solid polymer
electrolyte (SPE) in which the ionic liquid is immobilized in the polymer matrix [68]-[70]. Among
other advantages, this approach allowed the fabrication of a low cost, fully printed, and flexible

gas sensor on a polyimide substrate.

Xiaoyi et al have recently shown the usage of room temperature ionic liquid to successfully
develop a methane sensor for human health and safety monitoring.[59] In their research they have
been able to utilize RTIL for methane detection by overcoming its disadvantage of slow diffusion
by printing electrodes on a porous polytetrafluoroethyene (PTFE) substrate and passing the gas
through the polymer instead of passing it through the ionic liquid. With this technique they were

successfully able to utilise the advantages of RTIL while overcoming its limitations.
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Figure 2- 8: a) Conventional sensor structure; (b) New technique used to bypass limitations of
RTIL.[59]

1 —butyl — 1 — methylpyrrolidinium bis (trifluoromethylsulfonyl) imide, more commonly known
as [Campy][NTf,], is one of the more frequently used RTILs in current methane sensor designs
due to its good stability and conductivity. Relative to other RTILS, [Campy][NTf,] features lower
viscosity and higher chemical stability[59]; RTILs are already known to suffer from low gas
diffusion rates due to their inherently higher viscosity when compared to AEs which, when
compounded with the low kinetic favorability of methane oxidation, result in extremely slow
methane oxidation rates. This makes [Csmpy][NTf2] more tolerable than other RTILs as an
electrolyte. Additionally, as [Csmpy][NTT.] is hydrophobic, it reduces the potential for sensor
interference due to water splitting due to water’s low solubility which acts to increase the

overpotential associated with these reactions.

One convenient feature of [Campy][NTf] is that it changes the oxidative pathway of
methane.[66] Wang et al. [66] showed in their experimental design that by using [Campy][NTf]
interfaced with a Pt electrode, they were able to cross-validate their methane sensing platform in
situ via an oxygen reduction reaction; since the oxidation of methane and reduction of oxygen
occur at two distinct potentials, this system of reactions provides a validation platform unique to
the [Campy][NTT,]-Pt system that is not available in an AE-Pt system. In their paper, they propose

the following redox pathway for their sensor design:

CH, +20, - CO, + 2H,0 (1)
2CH, + 30, - 2C0 + 3H,0 (2)
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0,+e—- 0y (3)
2C0,+ 205, - C,0~+0, (4)

The side reaction (2) produces CO that would eventually poison the Pt catalyst, as is the case in
most AES systems. However, due to the presence of superoxide from (3), CO can be further
reduced to CO, and then finally to C0¢? via (4). It is shown in their results that the final product,
C206% has insignificant interference with the methane signal and removes CO, and CO from the
system cleanly. Speculation holds that it is the IL’s ability to stabilize the superoxide which gives
rise to this unique reaction pathway, as it is not found in any AES systems. Indeed, it can be seen
that RTIL-Pt systems hold many advantages over the traditional AE-Pt systems.

2.6.3 Solid electrolyte sensor

A variety of polymer electrolytes[68][19], metal oxides[71] and inorganic salts[19] have shown
significant ionic conductivities over a good temperature range. lonic conductors can be defined as

solid electrolytes (SEs), when their electronic conductivities can be neglected.

Narayanan et al. developed a phosphate based proton conducting SE hydrocarbon sensor.[72]
The use of sodium phosphate solid electrolyte along with a hydrogenation catalyst helps detect
methane at 600 °C. The sensor was developed using a two compartment cell with gold electrodes
painted with Pt/CeO, and H> gas, where the solid electrolyte behaves as a proton conducting

material exhibiting Nernst behavior.[72]

Zhu et al. have utilized alkali orthophosphates as solid electrolytes for methane sensing at higher
temperatures.[73] One such solid electrolyte is sodium orthophosphate which according to Hooper
et al acts as a versatile host for solid solution formation.[74] This solid electrolyte has the
capability of functioning at room temperatures and thus can sense hydrocarbon gases like methane
under ambient conditions.[74] Alberti et al have also successfully developed a methane gas sensor
using proton conducting zirconium phosphates.[75] This solid electrolyte also shows promising

results of precise and sensitive detection.[75]
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There are many limitations that have been discussed in this section that motivates to continue
working towards an improved sensor design. The inability of sensors to detect low concentrations
at room temperatures without the loss of electrolyte and degradation is the biggest motivator for
this research. Although research has progressed in the field of ionic liquid based sensors for
different gases, not much has been done in the field of miniaturized electrochemical sensors for
methane detection that have a longer shell life and the capacity to detect methane at ambient

conditions.

2.6.4. Carbon based nanomaterials and Graphene

There has been a heavy investment in carbon based nanotechnology research in recent years
thanks to the discovery of carbon based nanomaterials such as carbon nanotubes[76],
fullerenes[77] and recently graphene[78]. The extensive study of carbon nanomaterials have
resulted in knowing their exceptional mechanical, physical, electrical, chemical and optical
properties.[76] These properties of carbon nanomaterials have garnered interest in their use in
many applications such as storage devices, transistors, chemical and biological sensors and various

nanocomposites.[76]

Graphene can be simply defined as a single atom thick sheet of carbon atoms which are
beautifully arranged in a honeycomb type lattice.[79] Graphene, since its discovery in 2004 has
proven to have plethora of application value in the fields of physics, chemistry and material
sciences. Thanks to its unique crystallographic and electronic structure, it displays a multitude of
exceptional properties that includes high surface area (2630 m? g !)[80], high carrier mobility
(250,000 cm?-V~!.s71)[81], thermal conductivity (about 3000 W-m™!-K1)[82], high transmittance
(visible light and near infrared light absorption 2-3%)[83], excellent mechanical properties (a
Young’s modulus of 1 x 102 Pa and intrinsic strength of 130 GPa)[80], good chemical stability
and biocompatibility.[80]

To utilize the complete potential of these properties for various applications, a variety of
different morphologies and derivatives of graphene have been developed over the years, such as
graphene oxide (GO)[84], graphene nano-ribbons[85], vertically aligned carbon nanotubes[77] to
name a few. The production of these derivatives from in-expensive precursors using economical

processes is desirable for industrial production and applications. Recently, Tour group has
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developed a technique to make porous graphene from commercial polyimide sheets. The studies
conducted by the group has resulted in the formation of what is now called laser induced graphene
(LIG) that contains a few layers of graphene with high electrical and thermal conductivity as well
as high thermal stability.[86] Interestingly, the laser induced graphene has also demonstrated
exceptional wetting properties from being super hydrophilic to super hydrophobic by using the
laser in different controlled conditions.

Prior to the research on laser induced graphene, the carbonization of Pl was reported to have a
porous structure by exposing it to ultraviolet light[87], but unfortunately graphene could not be
disclosed and no studies on the exact parameters required to sustain the various different
morphologies have been conducted. It was realized that a critical fluence point of ~5 J/cm? was
needed to begin the carbonization process when changing the total radiation per unit area on the
P1.[77] It was also found out that when a commercial CO- laser raster mode was applied, a vertical
growth with a height of about 1 mm of a forest of laser induced graphene fibres was obtained.[77]
This led to further variation and modifications in the conditions and settings that led to

development of laser induced graphene.

2.6.5. Electrode Fabrication Techniques

An important part of studies based on electrochemical sensors focus on fabrication techniques
and their optimization. It is expected to achieve a few deliverables by the fabrication method; lower
costs, simple and rapid processing, and accessibility of the technique. The fabrication process can
be categorized into two major techniques; the direct and indirect deposition of electrode material

on the surface of a substrate.

2.6.5.1. Photolithography Technique

Photolithography is widely studied as a micro fabrication method for electrochemical
sensors.[88], [89][90] The electrode material is fabricated onto the photo-resist material, and the
patterned design of electrode is achieved through lifting off the photoresist material from the
design. This technique is cost effective in compared to the general lithography technique and is
somewhat straightforward. Although it is simple, it requires an extra step to remove the photo-
resist material. Therefore it is not an ideal fabrication method for simple, cost effective generation

of electrodes. A lot of micro-scale components can be fabricated by deposition of material layers,
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photolithographic patterning, and etching to create the desired profiles. MEMS is generally based
on micro-fabrication using photolithographic technique which is made up of components between
1 - 1000 micrometers in size, resulting in MEMS devices with the size ranging from 20
micrometers to millimeters. [90] Many actuators and sensors such as micro-motors, micro-pumps,
temperature and humidity sensors are applied to micro-device for implementation of their

functions.

2.6.5.2. Screen Printing Technique

Screen printing technology is one of the most usable and highly developed technology given its
existence for a thousand years and the years of research that has led to this technology being
utilised for electrode printing and other electronic applications. The biggest revolution in this
technology came with the advent of screen printing techniques on flexible substrates by the
development of polymer based inks which allow low curing temperatures to be compatible with
plastic substrates.[91]

This technology has created new and exciting opportunities that can be applied to
electrochemical techniques for various analysis and detection at a commercial scale. Due to their
cheap and mass production capabilities with consistent chemical performance, screen printed
electrodes may be most useful for electrochemical sensors for in situ analysis because of their low
power needs, linear output, fast response, high sensitivity and the ability to operate at room
temperatures.[91] Also, it is quite easy to change the surface of screen printed electrodes to fit
multiple purposes as required according to the use. Already many different modifications of screen
printed electrodes exist for various environmental analysis such as noble metals, inorganic

nanomaterials, DNA sequences and enzymes to name a few.[91]

2.6.5.3. Inkjet Printing Technique

Inkjet printing has been widely used for printing electronic systems recently. Low viscosity inks
can be used with the help of this technique. This is important as it negates the use of binders and

allows for the formulation of polymer inks that only contain active material and solvents.[92]

This technology has seen an extensive growth in the last three decades not only due to the growth

in printer requirements at office, home and industrial level but also due to an increasing interest

27



with using thin polymer films for coating[93], in the fabrication of solar cells[94] and three
dimensional structures including electrodes for sensors[93]. Some of the advantages of inkjet
printing are its easy access, cheap cost and compact sizes. By using this technology, conductive
ink capable of replacing carbon and colour dye ink solutions can be easily used to layer a
conductive film on a substrate such as paper or a polymeric/ metal sheet.

More recently, a lot of research has been done for development of conductive inks for inkjet
printing for metallic materials such as copper, silver and polymers.[94] Although most of them
have not been successful as they have limitations such as poor conductivity, surface oxidation and
not an efficient electro-migration. Carbon nanotubes based inks have recently gained traction as
they have been able to provide high conductivity without the issues of surface oxidation or the

need to replace polymers or use metallic pastes.[93]

2.6.6. Laser irradiation technique

Laser irradiation and patterning is a simple, and can be a faster technique for fabrication as an
alternate to the lithographic fabrication process. A laser source is utilized for source of energy to
ablate or remove the respective polymer material and create a desired patterned conductive surface.
More recently, laser irradiation has been experimented on carbon precursors and in the reduction
of graphene oxide on flexible substrates to cause graphitization.[95]-[97][98], [99][100]-[103]
This is a simple process as it only needs a laser source and an operational chamber for laser
irradiation in order to prevent any possible laser scattering. There are different laser that are
available and can be utilized for this process, for example femtosecond pulsed laser[104], nano-
and picosecond pulsed laser[100], continuous wave laser[99][101] and the laser irradiation have
demonstrated at a various range of wavelength laser, ultraviolet, blue light[104], infrared range
[99], [101] and visible range laser sources.[95][96], [97] The femto, nano and picosecond lasers
are standard available laser sources; the cost of the equipment is the biggest concern hindering the
use of this fabrication on a larger industrial scale as well as the low throughput. A better alternative,
CO: laser-based etching/cutting machines are inexpensive, widely available and can pattern in less
time due to the larger cross-section of the sample hit by the laser in a single pass due to rapid
photothermal heating. These lasers are widely used in many applications in industries for cutting
and marking wood, metal, and polymer materials. Hence, laser irradiation can become accessible

and scalable via this type of laser source.
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2.6.7. Materials for Laser irradiation Technique

One of the focus in this research has been to utilise laser irradiation technique for fabrication of
interdigitated electrodes for the electrochemical sensor. Several studies have promoted polyimide
as a promising carbon precursor because of its ability to carbonize easily through laser irradiation
and provide a high electrochemical performance compared to graphene oxide. Polyimide is an
amalgamation of many heterocyclic groups in its polymer structure. Therefore, it displays the
ability to be graphitized by laser irradiation. Similar characteristics are also observed in
polyetherimide (PEI), another imide group polymer.[86] However, laser irradiated polyimide has
been reported primarily with the use of an aqueous-based electrolyte, this shows the ion
accessibility of these carbon structures is limited or else large molecule electrolyte compounds
such as ionic liquid and organic electrolytes would perform similarly. Aqueous based electrolytes
are well known due to their smaller sized ions; however, they have a limited voltage window
between 0-1 V due to a water splitting potential around 1.2 V. On the other hand, organic and ionic
liquid electrolytes that includes room temperature ionic liquids can provide a wider voltage
window of 2.5 V and 4 V respectively[105]. The combination of polyimide via CO, laser
irradiation patterned into interdigitated architecture, and aqueous-based electrolyte in the gel
formed has resulted in one of the highest reported specific capacitance in recently studied
literature.[104] Literature has reported up to 31.9 mF/cm? at a 0.05 mA/cm? current density
following a plasma treatment which improved the contact between the pores and ions at the
interface of the electrolyte and the electrode. [104] Plasma treatment improves the surface
hydrophilicity of the polyimide after laser irradiation; polyimide tends to exhibit higher
hydrophobicity after laser irradiation.[106]
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Chapter 3: Experimental Methods

3.1. Preparation

3.1.1 Sensor geometry and Fabrication

The laser-induced carbonization of electrodes onto flexible Kapton tape substrates is done to
create an interdigitated design. This laser printing (using CO: laser) of electrodes is a flexible,
effective and inexpensive system. The interdigitated design is obtained via laser ablation of a
polyimide-coated Kapton film. This process is done using a BOSSLASER LS-1416 machine and
accompanying software. The laser induced graphene with controlled scribing with a computer
software, helps to etch desired geometries. An 18 x 21 mm interdigitated pattern is scribed using
the CO- laser (Figure 4-1 (a)). The fabrication is done at a speed of 25mm/s with an 11-12 % of
total power and at a scan mode with two scans done in X orientation. The fabricated geometry is
further analysed using SEM imaging (Zeiss FESEM Leo 1530, at 5 kV), optical microscopy and
Raman analysis conducted by a Horiba Raman Division Olympus BX 41 instrument with a 532.06

nm laser.

3.1.2. Palladium (Pd) nanoparticle (NP) synthesis and loading

A simple recipe is followed for synthesizing the Pd NP. The NP are formed from the Pd nitrate
salt using a technique followed by Azhari et al [107]. For this preparation, 5 mM sodium citrate
(Sigma-Aldrich) and 0.025 mM tannic acid (Sigma-Aldrich) were dissolved in 100mL of milli g
water. This solution was heated to 70 °C while continuous stirring. 8 mL of Pd2(NOs)3 (25 mM)
solution was then injected into the sodium citrate/tannic acid solution. After injection, the reactor
is maintained at the same temperature for 15 min to complete the reaction. The hydrodynamic
diameter of resulting Pd was examined by dynamic light scattering (DLS, Zetasizer Nano-ZS90,
Malvern) after diluting the dispersion to 0.1 mg/mL. During the synthesis it is realized that the
control of temperature is very important for formation of a homogeneous well dispersed nano size
particle formation and prevent them from aggregation. A temperature lesser than 70 °C leads to
formation of aggregates of Pd nanoparticles, which is not desirable, hence the preparation should

be conducted above this minimum required temperature.
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The Pd NPs are dispersed in an aqueous solution. Due to the hydrophobic nature of the
electrodes, the deposition of NPs cannot be done directly. The following technique is used to

deposit the NPs through a solvent exchange with isopropyl alcohol:

* The cell is immersed in isopropyl alcohol solution;

J

« After immersion, it is immediately dipped into the mono dispersed )

aqueous solution of Pd NP for 2 to 3 min;
« The cell is left idle for 12 hours for the Pd particles to get deposited into
the small cracks and pores on the electrode; D

~

* Finally it is baked on a hot plate at 60 °C for 10 min to evaporate the
remaining water molecules.

3.1.3. Application of lonic liquid using solid polymer

Non-volatility of the electrolyte is key to preventing the sensor from drying out during operation.
lonic liquids (IL) are salts which are liquids at room temperature and due to their strong ionic
bonding, they are not volatile. It was recently shown that methane is converted electrochemically
to CO2 and H»O at room temperature when an ionic liquid electrolyte is used[55]. The IL 1-ethy-
3-methyl imidazolium bis (trifluoromethylsulfonyl) imide is used as an electrolyte. Although, the
IL helps with the issue of non-volatility and detection at room temperature, one major issue
constraint is the issue of holding the electrolyte on a flat surface without losing or getting the IL
contaminated. To resolve this issue the IL is imbibed in a polymeric substrate. Polyvinylidene
fluoride (PVDF) is used for this purpose. A weight ratio of 1 part PVDF, 1.5 part IL and 3 parts
N-methyl 2 pyrrolidone (NMP) solvent is used to develop the IL electrolyte imbibed in a porous
solid polymer[70]. The mixture is heated at 75 °C for 2 min until a gel like material is formed

which is then applied onto the interdigitated array with the help of a glass rod. The system is
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allowed to dry at room conditions for 24 h where all the NMP solvent gets evaporated and a white
thin layer of polymer coated IL electrolyte is formed over the interdigitated network.

Gas Flow
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Figure 3- 1: Schematic of the fabrication process of the methane sensor. The image shows the
step by step process of the fabrication process. A 3 dimensional model shows the deposition of
Pd NP and the layering of the solid polymer electrolyte. A further insight shows the reaction and

assembly at the molecular level.

3.2. Test chamber design and setup

During the initial stages of this project, the biggest challenge was to create a setup that is able to
hold methane in a sealed space and can help detect any sensitivity response corresponding to the
sensor. The testing was achieved using a batch cell setup (Gen 1) where the sensor was placed in a
glass chamber with two inlets for air and methane, and a connection outlet connected to the
potentiostat for the measurement. This setup allowed to hold methane under partial vacuum for a
limited time period to detect any sensitivity response from the sensor. The image in Figure 3-2
consists of a plexi-glass chamber with dimensions 20 cm x 15 cm x 10 cm with two inlets on top
to maintain methane inlet. The chamber is filled with air, and a calculated volume of methane is
injected through one inlet using a syringe of volume 60 mL, whereas the other helps to remove the
excessive air due to increase in volume. A vacuum pump is connected to maintain the pressure.

The air entered is regulated using a flow meter. The concentration of methane is measured using
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simple volume by volume (volume entered using syringe over volume of entire chamber)

calculation to find the ppm of methane inside the chamber.

_—

; —— 7—\

Figure 3- 2: Gen | batch testing chamber

The Gen | setup design helped in initial study and analysis of the sensor and to determine whether
the sensor is responsive to different concentrations of methane. The major flaws with this setup
were that the exact concentrations of methane in the chamber at any given time could not be
determined accurately. Moreover, it is hard to control leaks and vacuum in a big setup like this. A
new testing chamber was required, where the concentrations could be easily controlled and
monitored. For this purpose a Gen 2 chamber was setup, which tested the sensitivity of methane
in a flow cell setup. The image in Figure 3-3 shows the flow cell setup. An air tight container is
used and fittings are created for inlet and outlets. Air from the pipeline is connected to the inlet
using a regulator and a flow meter to control the flow-rate of air entering the chamber. A syringe
pump is filled with methane and connected to the chamber using a non- reversible valve. The
volume and flow rate of methane can be accurately measured with the help of the syringe pump.
There are two outlets, one that connects the system to the potentiostat (BioLogic, VMP3B-100,
100A/5V) and the other that lets off the off gases. With the help of this setup the response at
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different concentrations of methane can be known with less error. Some disadvantages of this setup
are the manual handling of gases and control which induces error and uncertainty. Also, very small

quantities of methane cannot be measured accurately with the help of this setup.

Syringe pum istat
yringe pump To the potentiqstat 3\ o1 ol Inlet

Figure 3- 3: Gen 2 Flow cell chamber

A Gen 3 flow cell test chamber is setup which uses mass flow controllers to measure and inject
the gases. The off gases can also be analysed with connecting the setup to a FTIR (MKS, MultiGas
2030). The fabricated sensor is tested for sensitivity by injecting methane in a controlled and sealed
self-designed chamber. With the use of mass flow controllers the dry air (Praxair) and methane
(500 ppm in N2, developed by Praxair) is mixed and sent into the chamber. Concentrations varying
from 5 ppm to 100 ppm can be achieved using the mass flow controllers (as shown in Figure 3-4).
The system is first flushed with nitrogen with flow rate of 200 mL/min. The nitrogen flow is then
closed and the system is flushed with dry air with flow rate of 200 mL/min. After an interval of 5
minutes, the air flow rate and methane flow rate are adjusted using MFC MKS 2012 software to
provide the required concentration in the chamber (concentration date is available in Appendix C,

Table C-2). The mass flow controllers work within air flow rate range of 250- 10000 ml/min. This
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limits the experiments to a minimum methane injection concentration of 5 ppm + 0.1 ppm. After
the experiment is conducted, the system is again flushed with nitrogen for about 2 min and then
the same procedure is repeated for the ongoing experiments. The sensor is placed inside the
chamber, with contacts connecting the electrodes to a portable pocket potentiostat (pocketSTAT,
IVIUM Technologies), with a voltage input capacity of 5 + 0.2 V dc, maximum input current of
0.5 A and maximum power of 2.5 W. The outlet is connected to a Fourier Transfer Infrared
Spectroscope (FTIR) for further analyzing the off gases and to ensure the concentration levels
inside the chamber are maintained. For the FTIR analysis, the system is flashed for 1 hour with
500 mL/min of nitrogen prior to the experiment. The IR valve is closed and the system is allowed
to stabilize for 20 min. Air flow at 170 mL/min is passed while ensuring that the silica gel is
bypassed. The temperature is ramped from 25 °C to 150 °C. The system is now prepared for

analysis.

Temperature Controlled
- Test Chamber l l

<
Exhaust Gas

To ) -.‘ l

Potentiostat

Figure 3- 4: Gen 3 Flow cell chamber design sketch

3.3. Electrochemical Impedance Spectroscopy Experiment

To conduct the EIS analysis, the impedance analyzer was setup to collect data at 100 Hz to 100
KHz with a constant potential of 0.6 V. In order to infer the resistance values from the plots, a

fitting software to fit the curves was used and the approximate resistance (Rd2) was obtained. This
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was achieved by using Z-fit tool. It is commercially available to perform fitting analysis by
assigning the circuit elements that could possibly be the best circuit to represent the curve.

3.4. Lifetime Analysis Experiment

In order to conduct this experiment the sensors are subjected to 30 ppm of methane at a constant
potential and for a duration of 180 s. The current at the 90% interval of time is recorded as the
sensor response for the particular day. The sensor after testing is stored in a desiccator in order to
avoid contact with any interfering gases that might be present in the laboratory.

3.5. Materials

For Palladium nanoparticle synthesis, Pd2(NO3)s salt (Dihydrate, Sigma Aldrich, 40% Pd Basis),
Sodium Citrate (Sigma Aldrich) and Tannic Acid (Sigma Aldrich) are used. For solid polymer
electrolyte, PVDF (Sigma Aldrich), 1-ethy-3-methyl imidazolium bis (trifluoromethylsulfonyl)
imide (97%, Sigma Aldrich) and N-methyl 2 pyrrolidone (99.5 %, Sigma Aldrich) are used.
Commercial Kapton™ polyimide film (0.005” thick film, semi-clear amber) were obtained from
McMaster-Carr for interdigitated electrode fabrication. Gases, Air (Dry air supplied from
University of Waterloo), Nitrogen (99 %, Praxair), Methane ( 500 ppm methane, 99.5 % nitrogen,
Praxair, A3, 0.868 m? vol cylinder), Propane (500 ppm propane, 99.5 % nitrogen, Praxair, AS,
4.012 m® cylinder) and Ethane (500 ppm ethane, 99.5 % nitrogen, Praxair, AS, 4.012 m® cylinder)

were used.
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Chapter 4: Results and Discussion

This chapter is being prepared for publication. Most of the experimentation work in this section
has been conducted by me. The setting up of flow cell system, calibration of mass flow controllers
and in situ FTIR testing were done with the considerable help of Mr. Yichen Zhuang (PhD
candidate with Dr. David Simakov). Ms. Irene Lau (MASc candidate with Dr. Michael Pope)
assisted in doing SEM imaging.

4.1. Chapter Introduction

Methane is the primary component of natural gas. As a result of mining and defects in the
distribution network, methane emissions occur throughout the oil and gas industry. This
corresponds to the largest anthropogenic source of the potent greenhouse gas (25 times more potent
than CO>) and leads to a significant loss in revenue for the oil and gas industries: 60% of methane
loss is due to fugitive release, out of which a major percentage is due to transmission lines
(pipelines).[1] These leaks are currently challenging to identify or detect due to the expansive
nature of the distribution network using the currently available optical, semiconductor or
combustion based sensors. Such sensors are expensive and not viable for detecting minor leaks.[2]
Apart from natural gas pipelines, methane sensors also find applications in agriculture, waste
management, landfill monitoring, lab, hospitals and also at home for maintaining health and safety.
The widespread use and production of methane also increases its magnitude of being a hazard and

creating safety issues. The use of methane sensors becomes vital in these situations.

The development of inexpensive, low-power and selective electrochemical sensors could
provide a cost-effective means to carry out distributed sensing over the entire network. While high
temperature (> 500°C) solid-state electrochemical methane sensors have been demonstrated in the
past using Yttria stabilized zirconia as a solid-state electrolyte,[40] the requirement of high
temperature makes them impractical for use. More recently room temperature ionic liquids
(RTILs) have gained traction for use in gas sensor design due to their ease of processing and, more
importantly, their effective non-volatility;[108][109] Furthermore, the structured ionic phase can
solvate or complex with a variety of solutes including methane — opening up a room temperature
oxidation pathway for methane as discussed by Wang et al.[110][59] While promising results have

been demonstrated using RTILs, previous designs have run into challenges with slow diffusion of
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gases through the fully dense liquid films formed [111] or have been carried out by sparging the
gases through a bulk ionic liquid.[5] To overcome this problem, to some extent, Mason’s group
has come up with an electrode design where gold electrodes were patterned by photolithography
onto a porous polytetrafluoroethylene substrate (PTFE).[112] In this case, the methane could
penetrate through the membrane and to the RTIL/gold interface instead of diffusing through the
thin RTIL film covering the electrodes. Their sensor achieved a sensitivity of 0.31 uA/% methane
(31 pA/ppm) with a 0.28% (2,800 ppm) detection limit for an ~1 mm diameter working electrode.
This miniaturized system demonstrated improve performance over a previously reported organic
solvent/Pt-black based system with a sensitivity of 0.5 uA/% methane (50 pA/ppm) with a
detection limit of 0.5% (5,000 ppm). While promising, the detection limits of these
electrochemical sensors is far from the sub-ppm values desired by industry and achievable by more
advanced but expensive spectroscopic methods.[113]

One way to improve the sensitivity and detection limits of electrochemical methane sensors is
to create a higher surface area electrode/electrolyte interface which is accessible by the gas phase
analyte. It has been shown possible to create high surface area electrodes by techniques such as
screen or ink-jet printing of high surface area carbonaceous materials like graphene[114] or carbon
nanotubes.[115] More recently, a simpler approach to create patterned high surface area
carbonaceous arrays, compatible with rapid prototyping, has been demonstrated by Tour’s group.
They demonstrated that CO. laser cutting/etching system could be used to spatially convert
polyimide (Kapton) films into a material which they referred to as laser-induced graphene.[86]
These laser systems are inexpensive and used industrially for various laser etching and cutting
applications. Furthermore, each pass of the laser is capable of carbonizing ~100 um width lines
and is thus amenable to medium throughput manufacturing — creating a ~cm? device within
seconds. Over just the last few years, this technique has been used to create a variety of devices
including flexible supercapacitors,[116] water-splitting cells,[117][118][119] biosensors,[18][19]

piezo-resistive sensors,[122] and robust superhydrophobic surfaces and membranes.[123]

While electrochemical sensors for liquid-phase analytes have been demonstrated,[67] gas
sensors pose a challenge because liquid electrolytes typically fill the pore space and inhibit gas
diffusion to the electrode (and catalyst, if one is required). Since RTILs with

bis(trifluoromethylsulfonyl)imide (TFSI) anions have been shown to facilitate the room

38



temperature electro-oxidation reaction at Pt electrodes,[124] we strived to develop a porous and
pseudo-solid state system from such RTILs. Kubersky et al., recently demonstrated that a porous,
solid polymer-electrolyte (SPE) could be formed by casting a solution of polyvinylidene fluoride
(PVDF) with 1-ethyl, 3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIMTFSI) in N-
methylpyrrolidone (NMP) onto planar, patterned Pt electrode substrates. The morphology of the
SPE layer could be tuned from micron-sized fractal aggregates of SPE to larger, connected
spheroidal structures caused by differences in the nucleation and crystallization rates during
drying.[70] Aerosol-jet printing of a CNT film as a working electrode (WE) on top of the porous
SPE layer resulted in an NO2 sensor with high sensitivity and a low detection limit for NO> gas.

Building off of these advances in materials development and sensor design, herein, we
demonstrate an electrochemical methane sensor based on LIG electrodes decorated with a nano-
palladium (Pd) catalyst with the meso/microporous network formed by the LIG imbibed with the
SPE based on the PVDF/EMImBF,4 system. The porous electrolyte network that forms within the
porous electrode structure leads to fast response times of less than a minute and enables a high
contact area between electrode/electrolyte/methane. The flexible, planar device achieves a
sensitivity of 1.1 nA/ppm of methane which is only ~2 cm?. This is a six order of magnitude
improvement over previous approaches and enables a detection limit of ~ 500 ppb. The cell
operates at only ~0.5-0.6 V which minimizes power output and improves selectivity by avoiding
side reactions that might occur at higher voltages. We find the sensor is insensitive to nitrogen,
oxygen gases but the response is affected by relative humidity and similar gases like ethane and
propane. This is likely due to water being a reaction product, along with CO, which was verified
by off-gas analysis, confirming the RTIL-mediated oxidation pathway proposed by Wang et
al.[66] The fabricated sensor is inexpensive and amenable to medium throughput manufacturing
with a sensitivity and selectivity that might allow the technology to compete with laser-based
spectroscopic systems and making distributed pipeline/infrastructure monitoring an economically

feasible option.
4.1. Laser scribed electrodes

As shown in Figure 2, a flexible interdigitated electrode is formed upon laser irradiation of the

commercial Kapton™ film. The laser irradiation locally carbonizes the polymer resulting in
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porous, high surface area and conductive lines with some properties reminiscent of graphene. For
this reason, it has been termed laser-induced graphene (LIG) by Tour’s group [86]. As illustrated
in Figure 4-1a, interdigitated electrodes with dimensions of 21 x 18 mm were fabricated. Such a
pattern takes 1 min 20 sec to write using a simple system often marketed to industry and hobbyists
and highlighting its usefulness for rapid prototyping. The electrode geometry can be easily
changes with a few clicks, unlike techniques based on photolithography. The interdigitated
electrodes used for this work consists to two bus bars (side electrodes) with dimensions 21 x 1 mm
and 14 fingers with dimensions 13 x 0.4 mm. The overall surface area covered by electrodes on

the polyimide sheet is 2cm? with an error margin of 0.1 cm?.
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Figure 4- 1: (a) Image of the laser induced graphene interdigitated electrodes with dimensions;

(b) Image showcasing the resistance measurement along the electrode line.

The resistivity of the laser induced graphene electrode is estimated to be 0.04 Q cm (Analysed
from SEM image of the electrode with an error of 1 um shown in Figure 4-1b). The conductivity
of the material is estimated to be 23.75 S/cm which is similar to what has been reported by others
(20 — 26 S/cm) [86]. The high conductivity of the electrodes helps affirm the performance of the

Sensor.

The laser scribed electrodes have good flexibility. They can be easily conformed or flexed. The
flexibility of the structure has been tested with using cylinders of different radius and the electrode
strip being stuck around them as shown in the image in Fig 4-2. The image shows the ability of

the interdigitated structure to bend around the curvature of four different sized cylinders. This is
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important as most sensors currently in use (optical, catalyst combustion sensors) have a very rigid
structure, with the need to create a special structure to mount them. The flexibility of the sensor
could be vital in operations such as detection of fugitive emissions in natural gas pipelines.
Pipelines have a variety of shape and sizes. A sensor that can be easily attached to any structure
would be beneficial and cost effective as well.

Figure 4- 2: A demonstrative image showcasing the flexibility of the laser induced graphene

electrodes by flexing them around cylinders of different radii

Raman analysis was conducted by an Olympus BX 41 instrument with a 514 nm laser. The
Raman spectrum of the electrode material is shown in Figure 4-3. The characteristic D, G and 2D
peaks are observed at 1349.39 cm?, 1583.02 cm™ and 2699.80 cm™, respectively. The spectrum
obtained is consistent with the results of similar LIG work in published literature.[86], [99], [116],
[125] From the narrow G peak, it is clear that there is a significant graphenic region of sp? C atoms.
The specific position of the G peak is also highly sensitive to the number of layers present in the
graphene, ranging from single layer graphene at a peak position of 1587.1 cm™ and graphite
possessing a peak position of 1581.6 cm™. [126], [127] According to the following empirically

derived equation, the estimated number of layers is on average, 3.29:
11
Wg = 1581.6 + m ) [128]
where wg is the position of the G peak and n is the number of graphene layers.

The intensity of the D peak is reflective of the resonance due to scattering in the presence of a

defect, such as the bending of sp?. However, the ratio of Ip/lc suggests an abundance of
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nanocrystalline graphene domains. [126] The crystallite size was determined to be ~22 nm by the

relation,

b_@ [126]

Ig Lg ’

where C(A) is ~4.4 nm for a 514 nm laser and L. is the crystallite size of the graphenic domain.
This is by the assumption that in the variation of Ip/lg with L, the LIG lies in the regime of
nanocrystalline graphite as opposed to the regime of amorphous carbon [126].

The 2D peak can be fitted with one peak at 2700 cm™, similar to single layer graphene. Without
the splitting of this 2D peak, it is an indication that graphite is not present, but graphene. [129] The
peak has an intensity of approximately half of the intensity of the G peak, which suggests that there
are some stacking of layers of graphene, consistent with the calculated estimated layers of
graphene above.

The surface morphology of laser induced graphene electrodes are investigated by scanning
electron microscopy (SEM). The images (Fig 4-4 a, b and c) display the structure of the electrodes
and showcases the pores in the electrode structure. Figure 4-4(a) is an image of the finger
electrodes. From the image the pattern of laser being operated to fabricate the electrodes can be
observed. The laser runs from in a horizontal (x-direction) orientation rather than a vertical (y-
direction) orientation. The lines in the electrodes corresponds to re-run of the laser beam after first
round of laser ablation. The laser is run twice in order for smoother fabrication of the electrodes

as seen in the image in figure 4-4(a).
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Figure 4- 3: Raman spectra of the LIG film on Kapton substrate.

Figure 4-4 (b) is a 10x magnification of the electrode layer as seen under an optical microscope.
The image distinguishes between the polyimide sheet (golden yellow) and the LIG electrode

fabricated on it. The image helps to understand the smooth formation of the electrode lines.

Fig 4-4 (c) is an image of the macro and micro porous structure of the laser induced graphene
electrodes. The size of the macropores pores as measured with the help of SEM image is in a range
of 20 to 50 um while micropores and mesopores also exist, as confirmed by gas adsorption, leading

to surface areas as high as 150 m?/g.
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Figure 4- 4: Optical and SEM imaging of laser-induced electrodes. (a) Top view SEM image of
the electrode lines illustrating their uniformity. (b) Optical microscope image of one electrode
line showing laser induced graphene (black) on the Kapton™ sheet (yellow) (c) Image of the

porous electrode structure from the top view.
4.2. Characterization

Pd nanoparticles were chosen as the electrocatalyst for the methane oxidation reaction. As shown
in Figure 4-5(a) DLS was used to measure the approximately hydrodynamic radius of the Pd
nanoparticles to be 72 nm prior to imbibing the Pd solution into the porous LIG electrodes. As
shown in Figure 4-5(b), after imbibing the dispersion into the electrode by a solvent exchange
approach, the Pd nanoparticles were found by SEM to distribute within the porous network. While

some micron-sized aggregates are clearly visible as bright contrast in the backscattered electron
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(BSE) image, and likely an artifact of the drying procedure, many particles are sub-micron and
likely composed of single Pd particles supported by the carbon of the LIG. EDS was used to
confirm that these particles were indeed Pd and EDS mapping over the width of a finger was used
to demonstrate the uniform distribution over larger length scales as shown in Figure 4-5(c) The
mapping results indicated that the electrodes were composed of ~2 wt % of Pd. However, the total
amount of Pd expected to be deposited into the fingers is 0.108 mg/cm? of electrode area based on
the weight of concentration and mass of dispersion imbibed into the electrode. Thus, at the current
market price for Pd, the cost of Pd is expected to be less than 0.011 cents/sensor at such a low
loading.

The solvent exchange approach of depositing Pd nanoparticles onto the porous electrode has
proved to be an effective technique. The Pd nanoparticles as seen in the SEM images have
dispersed well due to the presence of sufficient pores in the graphene electrode. Although the
dispersion is present, the technique does not guarantee the exact reproducibility than compared to
some of the established techniques such as chemical vapour deposition [130]. The advantage of

this technique is that it is simple and cost effective.
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Figure 4- 5: (a) Statistical representation of the size of the nanoparticles which fall in 40-80 nm
size range. (b) SEM image showcasing the dispersed Pd nanoparticle on the electrodes. (c) EDX

analysis of the nanoparticles on the electrode (inset shows the mapping region).

After depositing the Pd nanoparticles, the next step of the design was to develop an electrolyte
system that is sufficiently ionically conducting at room temperature, non-volatile and permeable
to methane. In previous work, a PVDF/IL system has been used to create high performance sensors
for NO- detection by casting solutions of this solid polymer electrolyte (SPE) onto monolithic
electrodes.[70] Instead, we attempted to use the electrolyte system by painting it onto our porous
electrodes and allowing the PVDF/IL to penetrate and the PVDF to crystallize while confined
within the pore space. The preparation of this solid polymer electrolyte is derived from the work
done by Kubersky and group [70]. The porous morphology of the solid polymer electrolyte as
reported in their work has helped to create a porous network of polymer imbibed electrolyte for
our design of interdigitated electrodes. To help better understand the structure and properties of
this system SEM images have been taken (as shown in Figure 4-6). Figure 4-6 (a) is an SEM
backscatter image comparing electrodes with and without the electrolyte polymer layer from a
front view. As visible in the image the SPE layer completely covers the electrode surface forming
an uneven porous layer. The two surfaces are easily distinguishable by the non-appearance of

electrode lines on the electrode covered with electrolyte layer.

Figure 4-6(b) is a SEM image focusing on the solid polymer electrolyte layer above the

electrode. The image clearly shows the porous nature of the polymeric network of ionic liquid
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imbibed in PVDF. The pore sizes, measured with the help of the SEM images range from 5 to 40
um. These pores are important as they let the gaseous molecules pass through them and interact

with the electrode- electrolyte surface.

Figure 4-6 (c) helps to analyze the porous surface further. One of the pores on the surface is
mapped using EDX analysis (as seen in Figure 4-6 c (ii, iii, iv). C, S and F is mapped in this
elemental analysis. Carbon is scarcely dispersed everywhere in and around the pore. The carbon
represent the laser induced graphene, which is below this layer of SPE. The presence of carbon in
the porous region shows that the pores lead to the electrode surface. As expected fluorine can be
seen concentrated along the periphery of the pore showcasing that the PVDF is forming the porous
network of the solid polymer electrolyte. The presence of S in and around the pore with high
concentration in the pores shows the dispersion and proper imbibition of the electrolyte in the
polymeric network. The presence of S in the pore shows the ability of the electrolyte to come in
contact with the electrode while being held securely by the PVDF substrate.

WITH SPE

l

WITHOUT SPE

A 500 um
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Figure 4- 6: (a). SEM image of electrodes with and without solid polymer electrolyte; (b) SEM

image of the solid polymer electrolyte focusing the porous regions; (c)(i) EDX mapping image,

(if) EDX mapping of Carbon in the image, (iii) EDX mapping of Fluorine, (iv) EDX mapping of
Sulphur.

The SEM image in Figure 4-7 (a) shows a vertical cross-section of the electrode with solid
polymer electrolyte deposition on it. The inset in the image is a sketch of the top view. The top
view as seen in the SEM images helps to better characterize the morphology and understand the
penetration of the electrolyte. As seen in the image the polymeric layer can be clearly distinguished
by the globular PVDF substrate with IL stretches in it. The box labeled a) in the image in Figure
4-7(a) shows this region. The electrode region can be identified with a slightly raised up region
(the graphene electrode surface is slightly raised up due to the laser ablation that forms gas which
escapes during the electrode formation, creating pores and a raised up surface) with pores in the
region as seen in box (b). The region highlighted in box (c) is the carbon tape on which the sample

has been rested for taking the SEM image.

The image is Figure 4-7(b) is an attempt to better understand the morphology of the entire system
and also the reaction mechanism. The SEM sample in figure 4-7(b.i) is prepared by scrapping off
some of the solid polymer electrolyte deposited over the electrode. The scrapping helps to look
onto the electrode surface more closely and understand the elemental distribution on it. The EDX

mapping suggest the presence of elements like C, N, S, F and Pd. The carbon in image b (ii) is
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representative of the laser induced graphene electrode. The high density showcases the mapped
region as the electrode surface. The presence of N is due to the polyimide (KaptonTM sheet) on
which the electrodes have been formed. The image b (iv) shows the presence of fluorine which
corresponds to the PVDF. The image b (v) corresponds to sulphur which is well dispersed in the
image showcasing that the electrolyte is in contact with the electrode and has a good dispersion.
The scrapping off of some of the polymeric layer helps to map the small Pd nanoparticle as shown
in b (vi). The presence of dispersed Pd nanoparticle on the surface along with IL (S mapping) and
electrode (C mapping) helps explain the mechanism. The overlapping of these elements suggests
presence of numerous active locations (figure 2-1) where the suggested reaction happens when the
methane gas comes in contact with the electrolyte on the electrode surface by passing through the
porous polymer and the electrode surface.
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Figure 4- 7: (a) SEM of vertical cross-section of the electrode showcasing the electrode and
electrolyte (inset image of a sketch for the same); (b) (i) image of the region of scrapped off SPE
on the electrode on which EDX analysis has been performed, EDX mapping of (ii) Carbon, (iii)

Nitrogen, (iv) Fluorine, (v) Sulphur and (vi) Palladium.
4.3. Reaction mechanism

In order to investigate the chemistry behind the operation of the sensor, exclusion tests were
conducted. The exclusion test is a method to determine in what conditions is the sensor responsive.
Anarray of data is recorded with the help of a potentiostat by holding the sensor at various constant
potentials. By conducting various trials as shown in Figure 4-8 (a), a potential of 0.6 V is found to
give consistent results with different concentrations of methane. The results show that the sensor
is not responsive at voltages below 0.6 V. As the potential is increased further, the stable response
period reduces and the current eventually drops to zero. A consistent result can be defined as a
stable current value against a constant potential and concentration of methane for a limited time
period. A hypothesized oxidation—reduction mechanism is proposed for this reaction. To confirm
this hypothesis, the exclusion test is conducted. The sensor response is measured using a

potentiostat by holding it at a constant potential of 0.6 V. The current response is measured at a
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constant potential of 0.6V in a dry air atmosphere. The resulting current response can be seen in
Fig 4-8 (b). The current response shows a continuous reduction (degrading response) in current
over time down till reaching near zero level value when holding it at constant potential. This
response indicates that the sensor is not responsive in a pure air atmosphere. A similar test is
conducted by injecting 75 ppm of methane in air atmosphere. The response in Fig 4-8 (b) indicates
that the sensor is responsive to methane. A constant current is observed when methane is injected.
A similar experiment with and without methane in a nitrogen atmosphere (free of air (oxygen)) as
indicated in Fig 4-8 (b) shows exponential decay in degrading current. This is what is expected
for charging of the electrochemical double layer. These exclusion tests helps to determine that air
(oxygen) is vital to the process of sensing methane.
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Figure 4- 8: (a) Current response of sensor at constant methane concentration at four different
potential. (b) Current measured at a constant potential of 0.6 V at different conditions.

Operating at voltages much higher than 0.6 V or long time operation at 0.6V results in in the
pseudo solid-state electrolye changing in colour from white to a more translucent state as
illustrated in Figure 4-9 (a). We hypothesized that this could be due to water and accumulation at
one of the electrodes. According to Faradays law, basic mass calculation suggests a formation of
about 2.8 x 10°® g of water at a current of 0.102 mA and a time duration of 300 s. To understand
the reaction products from the electrochemical sensor, off-gas analysis using FTIR was carried
out. Figure 4-9 (b) showcases the results obtained when high ppm of methane is injected in the gas
chamber at two different concentrations (Figure 4-9 (b)). The results suggest the formation of
minute levels of water and carbon dioxide. The two products are observed only for a few seconds
due to the quick saturation of the sensor at high ppm of methane. Nevertheless, the results helps to
confirm the products of the reaction and corroborate to the study performed by Zhdanov, V.P. et
al [131], who suggested that methane oxidation occurs in two step kinetics with a low reactive
state with the surface covered by platinum or palladium oxide and a high-reactive state with the
surface covered by the chemisorbed oxygen. Thus, it can be rationalized that Pd-O is the
predominantly active site where methane oxidation takes place on this Pd oxide layer. The ILs can
provide a strong polar environment, wherein the C—-H bond in methane can be activated
electrostatically. Once H dissociated from CHa, further polarization of CH4 makes it even easier to
dissociate additional C—H bonds. Based on above rationalization, the following methane oxidation
mechanism in NTf, based ILs has been proposed. In step 1, oxygen is supplied from the gas phase

via irreversible dissociative adsorption on Pd vacant sites.
2Pd + 0, & 2PdO (ads) (1)

In NTf, based ionic liquid system NTf, could adsorb on the metallic oxide surface. NTf.
typically behaves as a weak or non-coordinating anion. However a weak Pd-NTf, coordinate
complex likely can occur in the absence of other ligands. The formation of Pd-NTf, would have

high catalytic activity

Pd—0+NTf2 >0 —Pd—NTf2+e (2)
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The reaction is limited by dissociative chemisorption of CHs occurring via Eley-Rideal
mechanism[132] by breaking of C-H bonds.

40 — Pd — NTf, + CH, < CO, + 2H,0 + 4Pd — NTf, , (3)
where H20 generated could adsorb on the electrode surface since IL is hydrophobic.

The overall reaction can hence be summarized as

Pd/NT fy—IL
CH4 + 02 _— C02 + 2H20 (4)

The proposed overall reaction helps to understand the chemistry behind this electrochemical sensor
and helps understand the working of this system.
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Figure 4- 9: (a.) Image of the sensor before and after testing it with methane at a constant
potential and constant methane concentration; (b) FTIR results showcasing the water and carbon

dioxide forming at two different intervals corresponding to two different methane concentrations.
4.4. Maximum Response Studies

4.4.1. Effect of Pd loading on the sensitivity of the methane sensor

The Pd nanoparticles play a vital role in detection of methane gas. The Pd helps to offset any
activation overpotential that develops. Our hypothesis is that a higher Pd loading would lead to a
more responsive sensor. An experiment to relate Pd loading to the sensitivity of the sensor was
performed. Three samples of different Pd concentrations were deposited on the sensor. The sensor
was then tested for sensitivity by subjecting it to a variety of different concentrations of methane.
The results however agreed to the hypothesis partially. The increase in concentration from 0 mM
to 25mM reciprocated in increase in sensitivity but a further increase in concentration to 30 mM
and 35 mM saw no such increase. The similar response seen after a concentration of about 25 mM
suggests that there might not be any significant performance improvement after a certain level of
deposition. The optimization results are depicted in Figure 4-10 (a). The plateau in performance
of the sensor with increase in Pd concentration can be attributed to the fact that the adsorption of
the Pd nanoparticles is limited to the porous structure of the laser induced graphene electrodes.
The Pd nanoparticles have occupied most of the active sites (pores) and hence increasing any

further concentration does not result in any further increase in the performance.

4.4.2. Effect of the amount of IL imbibed in the polymer on the sensitivity of the sensor.

The amount of IL used in the sensor also plays a major factor in the sensitivity of the sensor.
The IL facilitates the speed of the reaction. The higher the amount of IL on a given area, the higher
formation of O-Pd-Ntf2 sites on the electrode for methane to bond and carry the reaction. Hence,
more ionic liquid should correspond to higher sensitivity for methane gas. As shown in figure 4-
10 (b), the ratio of IL to PVDF is varied to determine its effect on the sensitivity. The results show
that 1: 1.5: 3 gives the best sensitivity, shown in Figure 4-10 (b). Ideally 1:2:3 should have had the
best results but it is noted that using 2 parts ionic liquid does not gel with the polymer leading to a

liquid electrolyte film that makes device handling difficult.
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4.4.3. Effect of solid polymer electrolyte on the sensitivity of the sensor

A similar test is done by varying the amount of NMP in the solid polymer electrolyte formation
ratio. The experiment is done while holding the PVDF: IL ratio constant and varying their dilution
in NMP. The variation in NMP experiment helps confirm our optimization results. A trend with
highest current value recorded at 1: 1.5: 3 ratio. The NMP is ratio is varied from no NMP in the
beginning to no PVDF (only NMP) towards the end. Figure 4-10 (c) shows the maximum response
results. The results can be justified by the fact that the purpose of NMP is to help facilitate the
binding of the PVDF and ionic liquid. A mixture of PVDF and IL does not gel together, causing
significant phase separation and low homogeneity. The NMP solvent vaporizes after dissolving
PVDF and heating the solution. The vaporization creates additional pores in the solid polymer
electrolyte causing it to form a porous layer. This porous layer is the reason why methane can pass
through the polymer layer and interact with the electrolyte at the electrode interface for facilitating
any chemical activity. An experiment was performed to test the importance of PVVDF in sensitivity
response of the sensor. To realize the role of PVDF, the sensor was coated with 100 um thick layer
of IL and another one with solid polymer electrolyte (PVDF + IL). The sensor when tested with
50 ppm of methane, resulted in 38.3% higher response with solid polymer electrolyte than
compared to the one without any PVDF. This can be attributed to the fact that a pure ionic liquid
layer creates hurdles for methane to come in contact with the electrode whereas the use of PVDF

with IL enables the gas to permeate all the way through to the electrodes.
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Figure 4- 10: (a) Current response of sensors at constant potential with different Pd loading at
three different methane concentrations; (b) Current response of sensors at constant potential with
different lonic liquid amount at three different methane concentrations; (c) Current response of
sensors at constant potential with different solvent (NMP) amount at three different methane

concentrations.

4.5. CHasensing properties

Figure 4-11 shows the response of the sensor towards CHs under a range of different
concentrations. A constant voltage of 0.6 V is applied to three different concentrations (5 ppm, 25
ppm and 50 ppm) of methane. On application of constant potential the current variations are
recorded for the time duration until which the current levels drop down to background levels of
0.0005 mA (noise). Figure 4-11 (a) shows the current response for 5 ppm of methane injection. A
spike in current is seen just after the initial equilibrium which can be attributed to the double layer
charge capacitance in the sensor. The spike diminishes and the current reaches stability for a
limited duration. A gradual reduction of current is witnessed which can be explained due to the

saturation of active pores with off products like water. This saturation blocks the pores, hence
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cutting off any further reaction at the active site. The saturation impacts the ability of the sensor to
sense methane for a continuous duration. A rest period where drying of sensor can take place needs
to be provided for effective operation of the sensor. Figure 4-11 (a), (b) and (c) shows the operation
of the sensor with increasing drying time. With 5 ppm of methane, the stable current is observed
for about 16 min after which the current starts to decay. Once the current reaches noise levels, the
sensor is allowed to rest in dry air conditions for about 12 min after which the 99.31% of the
previous stable current values are seen. The same test is repeated for 25 ppm and 50 ppm. Similar
trend is observed with a distinct observation that the drying time required for higher concentrations
increases to 17 and 20 min respectively to reach approximately 99% of the original stable current
values. The increase in drying time can be attributed to higher rate of reaction with increasing
concentration of methane leading to increase in product formation. The stability duration also

reduces with increasing concentrations which is in sync with the previous observations.
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Figure 4- 11 (a, b, c) shows the sensor response at different concentration with varying drying

time once saturation is achieved.

Based on the information obtained from the drying time experiment of 50 ppm methane
concentration, a time duration of stable current of about 16 — 18 minutes is obtained wherein the
sensor response does not degrade and the saturation of sensor does not play its role yet. This time
duration is utilized for conducting another experiment to determine the response time of the sensor
with changing concentrations of methane. Methane is injected for a fixed duration of time in steps
of 10 ppm. As shown in Figure 4-12 (a), the methane concentration is increased in steps of 10 ppm
every 2 min. It is observed that with a step increase in methane concentration, there is also a
corresponding increase in the current values. On conducting electrochemical impedance
spectroscopy on the sensor and fitting the results to a model curve, the resistance and capacitance
values are obtained. By fitting an exponential current decay curve to the current time curve, RC
time constant of 41.12 seconds was obtained. By fitting another decay curve onto a current vs.
time graph obtained from the sensor when subjected to no methane resulted in a RC time constant
of 11.3 seconds. The difference in the two RC time can be attributed to the fact that with the
presence of methane, electrochemical behaviour of the sensor changes due to additional reactions
and transfers taking place resulting in a delayed response. This time constant signifies the time it
takes for current to decay 63.2% value of the initial double layer current. At this point stable current
is achieved. The response time of the sensor can hence be calculated as 41 s + 1 s. The root mean
square (RMS) value of the current obtained from different concentrations of methane is 0.0878
mA, which can hence be known as the signal current. The average noise value obtained is 0.005
mA. Hence the signal to noise ratio for this sensor is 17.5. The signal to noise ratio obtained is
promising for an electrochemical sensor in compared to others reported in the literature [133][134].

It is however significantly lower than optical and NDIR based sensors[29], [135].

Figure 4-12 (b) shows the results of current response with varying methane concentration for
four different sensors. The four sensors in the image (inset) are all identical except the number of
finger electrodes (electrode lines). The graphical response of the sensors with 18, 9, 6 and 3
electrode lines is shown in the figure. On analyzing the response at 5 different methane
concentration for these four sensors, it is observed that the current response decreases

proportionally with the reduction in electrode lines. There is an average 32% reduction in current
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response from 18 electrode lines to 9 electrode lines. A further 23 % reduction is seen from 9 lines
to 6 lines. An average 31% reduction in current response is observed when lines reduce from 6 to
3. The results are indicative of the fact the lower the number of lines, the less surface area for the
reaction, hence less current observed. The reduced lines makes the sensor a better fit in terms of
lower costs that arise from reduction in energy consumption and material use. The sensors are
also tested for response in air and a current value of 0.008 mA is obtained which is slightly higher
than the noise level. This current could correspond to the theoretical concentration of methane in
air (~ 2 ppm), but there is no definite theory or proof to correlate this value to the atmospheric

concentration of methane.
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Figure 4- 12: (a) current response with a step variation in methane concentration; (b) response of

sensor with varying number of electrode lines.

4.6. Interference gases and Lifetime Analysis

From the previous results it has been established that the sensor is responsive to methane and
also responsive to different concentrations of methane. In order to verify the performance of the
sensor in real atmosphere, the sensor has been tested for performance in presence of interfering
gases that will be present in a natural gas system, where the sensor will be best put to use. The
interfering gases that are selected for this experiment are water vapor, ethane and propane. Natural
gas has trace quantities of ethane and propane[1], hence it is important to know whether the sensor
is responsive to these hydrocarbons apart from methane. The sensor is tested with minute quantities
of ethane and propane and the resulting current has been plotted as shown in figure 4-13. The
results suggest that the sensor does respond to these longer chain hydrocarbon gases but the
response time and the current recorded is lower than compared to methane. Also the response
towards propane is lower than that towards ethane. One explanation for this behavior could be the
increase in size of the molecular structure that needs to pass through the pores and react. Moreover

the oxidation- reduction reaction would face difficulty with increase in molecular structure and
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limited presence of oxygen. The sensor is also tested with methane but in humid conditions (RH
100%). The sensitivity of the sensor towards methane is tested in presence of 100 % humidified
air and the response is plotted as shown in figure 4-13. The results suggest a significant reduction
in response in the presence of humidified air which can be attributed to both the blocking of pores
by water molecules, hindering reaction and shifting of reaction equilibrium backwards due to the
presence of excess product (Le Chatelier’s Principle). These results obtained suggest that the
electrochemical sensor will behave differently in presence of different interfering substances and
a standard calibration is required according to the local conditions of the area where the sensor is
deployed to gauge the response and interpret the amount of leakage when detected.

0.14
0.12
0.1
T 0.08
c
o
5 0.06
O
0.04
- = - —@— Methane in dry air
eegye+ Ethane
0.02 = P= Propane
=g Methane in Humid Air
0
0 10 20 30 40 50

Concentration (ppm)

Figure 4- 13: Sensor response with interfering gases

In order to analyse the longevity of the sensor, two set of sensors have been tested daily over a

period of 30 days to record the performance of the sensor over a long period of time. The results
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shown in figure 4-14 suggests a fairly stable response of the sensor with higher and lower values
0f0.092 mA and 0.0868 mA and a standard deviation of 0.0017. The results obtained are promising
for using the sensor for longer periods provided a standard calibration is done in order to identify
correct amount of leakages while detecting any fugitive release.
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Figure 4- 14: Sensor tested for response for a continued period of 30 days.

4.7.  Electrochemical Impedance Spectroscopy Studies.

An experiment was designed to gauge the sensitivity of the sensor to electrochemical
environment.

The concentrations of methane gas injected for this experiment were 20 ppm, 30 ppm, 40 ppm

and 50 ppm. The data was further analyzed and the Nyquist plots were plotted as shown below.
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Figure 4- 15: EIS response of sensor at different concentrations of methane.

The Nyquist plots showed that the diameter of the semicircle varied with amount of methane
injected, which indicates that the electrodes were sensitive to the electrochemical concentration.
In the above case the diameter decreases with increasing concentration because as the
concentration increased there was more diffusion, more electrochemical activity hence leading to
the increase in number of ions traveling from the anode to the cathode and the current flow
therefore decrease in resistance. The resistance data obtained from this analysis is plotted as a
function of concentration in figure 4-15 (b). As expected, the resistance shows a decreasing trend

with increase in concentration.
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Figure 4- 16: (a) Z-fit analysis being performed to determine the equivalent circuit and

corresponding resistance; (b) Resistance across sensor at different concentrations of methane.
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Chapter 5: COMSOL Fugitive Release Model

This work was performed with my guidance and the supervision of Dr. Michael Fowler by the

fourth year undergrad design project group.

The purpose of the COMSOL Fugitive Release Model was to predict the leakage path of CH, as
it exits the crack and based on the results, determine the optimal positioning of the CH4 sensor.

5.1. Theory behind COMSOL simulation

5.1.1. Stress Analysis

Linear Elastic Material

Materials that are considered to display linear elastic behavior follow three main
assumptions.[140] The assumptions are that the material only undergoes small amounts of strain,
the stress is linearly related to the strain of the material and once the load has been removed, the
material will return to its original shape. The linear relationship between the stress and the strain

of the material can be described by Hooke's Law.

Yield
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02%___|
proof
stress
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&
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Figure 5- 1: Stress-strain curve of steel

The general shape of a stress strain curve for a linear elastic material can be seen in Figure 5-1.
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Pre-tensioned Bolts

During the installation of flanges, bolts are mounted by applying a specified torque to tighten it.
This applied torque tightens the bolt to a certain pre-stress value which also causes deformations
to any surrounding areas.[141] The pre-tension stress applied to the flange bolts can be determined

through the following equation[142],
F = cA,S, 1)

where F is the preload tension force, At is the tensile shear area of the bolt, and Sy is the proof load
of the bolt.

5.1.2. Computational Fluid Dynamics

Navier Stokes Equations

The flow of a single-phase fluid can be described by the Navier-Stokes equations.[143] It is
derived by applying the basic principles of mass, energy and momentum through a finite control

volume. The general form of Navier-Stokes consists of three equations:
0=2+7" (pou) 2
the continuity equation that describes the conservation of mass,
p%+p(u-V)u=V-[—pl+r]+F (3)
the conservation of momentum equation, and

T2

oG (Sr+ @ NT) ==+ 1S -2 (Z+ @ Wp)+Q (@

the conservation of energy equation.

There are two main assumptions used in the derivation of the Navier-Stokes equations. The first
being that the fluid of interest is a continuum, which means that it is considered to be a continuous
substance rather than the formation of many discrete particles. The second assumption is that the

temperature, pressure, velocity, and density fields are weakly differentiable.
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Hagen Equation

The Hagen equation can be used to characterize the leakage of a fluid through a pinhole.[144] It
is derived from the momentum equation based on two main assumptions. One assumption is that
the fluid flowing through the circular pipe follows the Newton's law of viscosity which means that
the shear stress of adjacent fluid layers is proportional to the velocity gradient between the two
layers. For a constant temperature and pressure, the ratio is assumed to be constant. The other
assumption is that the relative motion between the fluid particles and the solid boundaries is zero.

This is referred to as the no slip condition at the boundary.

The fully derived form of the Hagen equation can be seen below:

Q __ mxDx*AP (5)

T 128+L*p

The equation provides the volumetric flow of a fluid through a cylinder and is dependent on the
pressure difference across the cylinder, the diameter of the leak, the dynamic viscosity of the fluid,

and the length of the leakage passageway.
5.1.3. Transport of Diluted Species into Porous Media

The transport of a diluted species into a porous media can be used to model the transport of a
chemical species by means of diffusion, convection and dispersion.[145] The general mass balance

equation for the transport of a chemical species is as follows,

4V (cw) =V (DVc) +R (6)
where C is the concentration of the species, D is the diffusion coefficient, R is reaction rate of the
species, and u is the velocity vector.

If the transport is determined only by diffusion/dispersion, it is governed by Fick's law and reduces

to the following form,

%=V (DVo) (7
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5.2. COMSOL Model

Currently, the COMSOL modelling is composed of three different simulation areas; a stress
analysis of the flange, the fluid flow of the pipe/flange system and the dispersion of the CHj as it
exits the crack. For the simulation, a normal mesh size was used to obtain a balance between

accurate results and a reasonable computation time.
5.2.1. Stress Analysis

There is a lack of literature support on methods regarding the prediction of crack development
location on pipelines. For this reason, it was determined that a stress analysis can be used to find
the potential high stress areas along the flange. These high stress areas would indicate high
probability locations for crack development. Based on the information provided from Pro-Flange
and the conducted research, it was found that many flange leaks are due to operator error. The
solid mechanics model shows the stress development in the flange due to various human errors
such as uneven pre-stressed bolts and displacement of the gasket. In industry, uneven pre-stressed
bolts would occur if an operator applies an uneven torque on the bolts resulting in areas of higher

and lower stress.

In COMSOL, an uneven pre-tensioned stress analysis was done to simulate an uneven tightening
of the bolts during installation or maintenance. This was done by setting the pre-load stress of one
of the bolts to be higher than that of the other three. Also, a displacement condition was placed on
the upper edge of the gasket to simulate misalignment during installation or any shifting that may

occur after repeated use of the pipeline.

As seen in Figure B-3 of Appendix B, the bolt with the higher pre-stressed force is under the
largest amount of stress, which would make a crack more likely to develop in that area. Figure B-
4 of Appendix B shows the resulting von Mises stress caused from the gasket displacement. For
both the pre-stressed bolt and gasket displacement conditions, the rest of the pipe/flange were set

to be fixed constraints.
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5.2.2. Computational Fluid Dynamics

The fluid flow through the pipe and flange was simulated using computational fluid dynamics.
Single-phase laminar flow was used to simulate the fluid flow within the pipe/flange system and
the fluid dynamics are governed by the Navier-Stokes equations. Laminar flow was chosen to
simplify the model and reduce the overall computation time. To further simplify the physics of the
fluid flow, it was also decided to set the wall with no slip conditions. The resulting streamlines and
principle volume flow direction can be seen in Figure B-5 of Appendix B.

To simulate the leak in COMSOL, a long cylinder with a very small radius was inserted into the
pipe/flange system to allow for fluid to flow from inside the pipe to the outer flange wall. In reality,
a crack would not have such a well-defined shape but for the purposes of modelling, it provides a
good estimate. Simulations were run for 0.15mm, 0.25mm, and 0.5mm crack size leaks for a range
of internal pipe pressures, which can be found in Table B-2 of Appendix B. The fluid flow through
the crack can be seen in Figure B-6 of Appendix B.

The leakage rate for the 0.33mm crack determined by the Hagen Equation was found to be about
2722 m®/year. This leakage rate is very close to a value recorded from an EPA study on a Russian
compressor station of 3077 m®/year.[146] The EPA study does not specify the actual size of the

leak, but the values still show that the COMSOL model is able to produce realistic leakage rates.
5.2.3. Transport of Diluted Species into Porous Media

To simulate the dispersion characteristics of the CH4 gas as it exits the crack and enters the
atmosphere, the system was considered to follow the transport physics of a dilute species in a
porous media.[147] The dilute species was the CH4 gas and the porous media was taken to be air.
The porous media was modelled in COMSOL by placing the flange in a rectangular box with a
width, depth and height of 0.4m, 0.25m and 0.2m respectively. To determine the rate at which the
CHj4 escapes, the Hagen-Poiseuille equation was used to characterize the fluid feeding through
cylindrical channels. Simulations were run to see differences in leakage path depending on whether
the leak is located at the top or the bottom of flange. The resulting dispersion streamlines for the
bottom leak can be seen below in Figure 5-2. The streamline for the top leak can be found on

Figure B-7 of Appendix B.
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Figure 5- 2: Dispersion path of CH4 from bottom leak

In both cases, the path of the CH4 leak was shown to flow away from the flange as it rose. From
these results, it was determined that simply placing sensors along the flange surface would be
insufficient for CH4 detection. Additionally, factors that influence the gas flow including weather
conditions (wind speed and direction) and pressure (affecting the speed of gas leak) can add to this
outward dispersion and cause the gas leak to bypass the sensor. As a result, a donut shaped fender
was chosen to encompass the entire flange as seen in Figure B-9 of Appendix B. The final
dimensions of the donut shaped fender are: 1.33:1 fender to flange diameter ratio and 1.25:1 fender
to flange width ratio. The COMSOL model was re-run with the inclusion of a fender and showed
that as CHs exits the crack, it moves upwards as it runs along the fender. Figure 5-3 below and
Figure B-8 of Appendix B, show how the fender alters the leakage path of the CH4. This allows
for a single sensor to be placed at the top of the fender for CH4 detection regardless of the position

of the leak on the flange.
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Figure 5- 3: Dispersion path of CH4 from bottom leak with fender

5.2.4. Assumptions
Summary of assumptions used in COMSOL model:

e The bolt and the flange are linear elastic materials for the stress analysis,

e The fluid flow through the pipe and flange is laminar,

e The relative motion between the fluid particles and the solid boundaries is zero (no slip
condition),

e Crack was assumed to have the geometry of a regular cylinder,

e Dispersion coefficient of CH4 into air is constant,

e Environmental effects such as wind conditions are ignored.

5.3. Cost Analysis

Effective detection of fugitive releases and leaks along the pipelines can save up to $251.1
million CAD/year.[1] Using COMSOL simulation and natural gas prices given from Enbridge, it
is estimated that a 0.33 mm crack will result in a loss of $148 CAD/year. An EPA study conducted
on a Russian compressor station showed a similar loss accounting up to $187 CAD/year. However,
this study does not specify the crack size and therefore, may not be the most accurate comparison.

With a proper leak detection system, loss encountered from normal operations can be reduced.
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The total cost of the current prototype is approximately $ 0.15, excluding the cost of electronics,

operating costs and cost of the injection mold. The breakdown of this cost is found below in Table

5-1. Conservative estimates for electronic circuitry for a sensor is about 50 cents a sensor when

produced at large scale (5000 sensor/batch).

Table 5- 1: Cost breakdown of the current prototype

Amount | Cost Required Cost/Sensor | Notes
(CAD) Amount/Sensor
Palladium 29 $178.00 0.2g to prepare $17.80/500 From Alfa Aesar
nitrate powder 50mL of 25mM of | sensors
palladium
nanoparticle
solution
14 electrode $0.0356 14 electrodes per
requires 100 pL of sensor
this solution
Kapton sheet | 0.002" x $20.00 Overall dimension | $0.0814 From
12" x 12" 18mm x 21mm Professional
Plastics
0.06mm x | $30.00 $0.0034 From Spool3D
100mm x Canada
33m
Poly(vinyliden | 5009 $86.90 2mg per sensor $0.0003 From Alfa Aesar
e fluoride)
N-Methyl-2- | 25L $2,109.45 | 30pL solvent $0.0025 From VWR
pyrrolidone 500mL $125.00 required per sensor $0.0075 Erom
MilliporeSigma
lonic Liquid 250mL $220.00 20puL solvent $0.0176
required per sensor
Electricity $0.005
During Etch

The cost is expected to increase with the inclusion of remote sensing and a renewable power

source. However, the cost can be reduced by opting for a microcontroller and pulse detection

instead of a constant voltage supply. The average cost of a microcontroller is approximately $

0.52[139]. Using a microcontroller can reduce the total cost of the prototype to approximately $

0.98. A fully working sensor costing less than a dollar is many folds cheaper than the current

technology in use.
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Chapter 6: Conclusion and Recommended Future Steps

6.1 Concluding Remarks

This research work was motivated by the fact that in 2016, Environment and Climate Change
Canada (ECCC) proposed a new regulation to reduce 40-45% of the current methane (CHa)
emissions from the oil and gas (O&G) sector by 2025.[148] CHys is the primary component of
natural gas and it is the largest source of industrial emissions from the O&G industry. It was
realised from literature that an effective way to reduce fugitive release is proper and cost effective
monitoring and detection. Electrochemical methane sensor were determined to be the best

alternative in this case.

The early objectives of this research was to develop a prototype sensor geometry and identify
material that will be incorporated in order to develop a low cost sensitive electrochemical methane

sensor. A summary of the results is provided below:

e Through literature review and discussions with other researchers in Dr. Pope’s lab, it was
realized that interdigitated electrode structure fabricated using carbon di oxide laser can
be used to develop what is known as laser induced graphene by Tour’s group. An 18 x 21
mm interdigitated electrodes with 18 electrode lines with a total surface area of 2 cm? was
developed. The interdigitated electrodes were characterized using optical microscopy,
SEM and Raman spectroscopy.

e The results from the characterization helped in analysis of pore sizes in the electrodes and
also confirm the porous nature of the laser induced graphene electrodes. Through literature
review, it was realized that a catalyst type material is required in order to carry out any
reaction on the electrode surface at room temperature. Palladium nanoparticles were
determined to be the best fit.

e The porous nature of the electrodes led to the deposition of Pd nanoparticles instead of
coating the entire electrode with Palladium, which would have resulted in an expensive
sensor. The nanoparticles of 50 — 70 nm size range were fabricated and deposited on the
finger electrode using a simple transfer technique utilizing the hydrophobic- hydrophilic

property of the materials.
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The results from the deposition were confirmed by SEM imaging and EDX analysis that
helped to confirm the dispersion of Pd nanoparticles on the electrodes. Room temperature
ionic liquid ([EMIM][N(tF)2] ) is used as an electrolyte for this sensor. The challenge of
ionic liquid loss on a flat surface and containing it on the finger electrodes was countered
by imbibing ionic liquid in a PVDF polymer matrix by using NMP solvent. The mixture
was called as solid polymer electrolyte.

The materials were then put together in a step by step assembly. The developed prototype
was tested preliminarily in a batch setup. With promising response the testing setup was

modified to a flow cell setup.

After successful development of sensor material, experiments were designed and determined to

analyze the response of the sensor towards methane and other gases and to determine a reaction

mechanism and optimal response of the sensor at different concentrations and physical conditions.

Performing these experiments resulted in the following conclusions:

In order to determine and understand the response, the sensor was tested at a constant
concentration of methane at various potentials to record the current response. A steady
response was obtained at 0.6 V and above, with reduced stability with further increase in
voltage.

To understand further the reaction mechanism and behavior of sensor, it was tested in pure
nitrogen environment, which resulted in realizing that the sensor is responsive only in
oxygen environment. Further observation suggested moistness on the electrode surface
when the sensor is run for a considerate time period. Analyzing the off gases using a FTIR
concluded in water and CO> being the products which resulted in determining a reaction
mechanism

The characterization study helped in realizing the working of the sensor. With SEM
analysis, it was realized that the ionic liquid was able to come in contact with the Pd
nanoparticles at the pores in the electrode. The porous nature of electrodes and the SPE
helped create a path for the gas to flow through and react at the site.

The findings from the optimization studies and the sensitivity test resulted in determining
the optimal amounts of Pd nanoparticle, ionic liquid and polymer required for the best

performance. The sensitivity test resulted in determining the signal levels at each

74



concentration of methane. It also helped to determine the response time, rest time and the
signal to noise ratio.

e Finally, electrochemical impedance spectroscopy methods were applied in estimating an
equivalent circuit model that is representative of the reaction mechanism. The EIS results
also help in finding the resistance associated with each concentration of methane subjected
to the sensor. At last a cost estimation study is briefly conducted to estimate the cost of a
sensor when fabricated at an industrial scale. It is concluded from the cost estimation study
that the fabricated sensor is cheaper and hence more economical to use than other sensors

available in market as of date.

The above results provide a strong argument for why laser induced graphene electrochemical
methane sensors are a good fit for methane fugitive release detection in industries and other arenas.
For one, they are flexible, easy to synthesize and cost effective than compared to other sensors
currently in use. Second, the results from this research shows that the sensor is responsive

(sensitive) to different concentrations of methane.

One of the major objectives of this research is to use the electrochemical sensor for fugitive
methane release in gas pipelines. In order to fit the sensors on the flange it was realized that it was
important to understand a leakage path. To utilize minimum sensors, it was important to model the
gas leakage in a flange and design a structure that can focus the leakage in a particular direction in
order for the sensor to detect it. Therefore another objective of this research was to model the gas
leakage path, develop a design to direct the gas leakage in a particular direction and connect the
sensor with electronics to make it stand alone. Based on the results, the following conclusions can

be drawn.

e The model developed in COMSOL is based on laminar flow of gas through a pin hole style
defect. The model is preliminary and further iterations are required to mimic a leakage
type response.

e A fender type design was prepared to direct the gas towards the sensor. The design
provided some results but further analysis is required for a much more sophisticated design

that does not allow gas to escape in other directions.

75



e An Arduino based stand-alone system was hooked to the sensor to record current at
constant potential. The system works well and is responsive but the current setup is

arduous and expensive

To summarize, this research illustrated the fabrication of laser induced graphene based
electrochemical methane sensors. The research focused into the fabrication and testing of the
sensor. It also shed light on a novel technique to incorporate electrode, electrolyte and the catalyst
to develop a fuel cell like system but on a thin-film. This research would encourage other
researches to develop a more robust electrochemical sensor for methane and other gases and also
look into new avenues of research into ionic liquid electrode interactions for electrochemical

applications.

6.2. Future Work

6.2.1. Effect of interfering gases on sensor response

Since several other gases such as CO2, CO, H»S, NOx and SOx may also be present at elevated
concentrations at various locations in the oil and gas industry and within pipelines, it is necessary
to determine their effect on the sensor response. For example, CO is known to poison catalysts
such as Pt or Pd and the extent to which this effects performance and methods to ameliorate this

effect must be sought after if it is found to be a problem.

6.2.2. Effect of relative humidity on sensor response

While other gases may not be present in all cases, the sensor will experience a wide range of
relative humidity depending on weather conditions. In our preliminary designs we have noticed
what we believe is water being produced by the sensor, possibly through the oxidation of methane,
and this floods the cell, preventing its operation. Thus the presence of water is a very important

aspect of the design that needs to be investigated further.

6.2.3. Operating temperature limitations

In principle, the sensors developed will be placed on pipelines across Canada which can

experience extreme temperatures below -30°C. This may impact the kinetics of the electrochemical

76



reactions significantly as well as potentially cause ionic liquid/polymer composite to crystallize

and increase the ionic resistance in the cell.

6.2.4. Incorporating a reference electrode

Electrochemical sensors typically require a reference electrode in order to control and measure
the working electrode potential. Without this, the cell potential might drift under different
conditions (in particularly temperature, humidity and operating life) and not lead to a predictable

current output.

6.2.5. Flange leakage modelling and plume analysis

The current modelling was based on a laminar flow assumption. In reality the flow should be
turbulent due to uneven cracks and the gas escaping out should emit out as a plume. Hence, change
fluid flow from laminar to turbulent for a better representation of CH4 behaviour in natural gas
pipelines. Include the influence of the environmental conditions, such as wind, that might affect
the dispersion of CHg, as that will influence the fender positioning and specifications. Currently,
the wind has been modelled in COMSOL, as seen in Figure E.10 of Appendix E, but has yet to be
coupled to the CH4 flow exiting the crack. Use a more rigorous dispersion model for determining

the leakage pathway of CHjs as it exits the crack.
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Appendix A: Criteria and Constraints

After completing a literature review of six various types of sensors: solid electrolyte,
semiconducting oxide, catalytic combustion, optical, pyroelectric, and ionic liquid sensors, the

following constraints and criteria were determined:

e requires high selectivity and sensitivity to CHg,
e robust (temperature, corrosion, and poison resistant),
e inexpensive and easy to manufacture,

e and lab-scale sensing technology that could be easily implemented for industry-use.

Since the sensor will be implemented within a natural gas pipeline (i.e. hydrocarbon
environment), it will be necessary to have high selectivity of CHa4. The sensor will also be required
to detect small amounts of CH4 leaks to properly capture the leaks and reduce the amount of
greenhouse gas emitted. The lifetime and fouling resistance are important factors as the sensor
may be placed in high-stress and remote conditions. For the sensor to be suitable for industrial
usage, it should be easy to implement from lab-scale testing and be inexpensive to produce (in
order to be competitive in the market). Finally, the sensing technology should be current and
proven to be competitive in the market. Table B-1 is the decision matrix for selecting a suitable

sensor based on our constraints and criteria with a score is given from 1 to 5 (worst to best).

Table A- 1: Decision Matrix for Sensor Selection

o Solid Semiconductin Catalytic . .| lonic
Criteria Electrolyte Oxide ’ Combu):tion OpticalPyroelectric Liquid
Selectivity 4 2 2 5 3 3
Sensitivity 4 3 5 4 3

Fouling Resistance 4 2 1 4 3 2
Lifetime 3 3 2 5 3 2
Manufacturability 4 5 5 1 4 3
Cost 4 5 4 1 3 4
Technology 4 5 3 4 3 5
Readiness
Suitability for 5 3 1 4 3 1
Application
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Final Score 32 28 21 | 29 | 26 | 23 |
Criteria Score: 5 Score: 4 Score: 3 Score: 2 Score: 1
Selectivity Outstanding selectivity [Excellent Good IAcceptable selectivity[Poor selectivity

of CHa. Able to detect  [selectivity of  |selectivity of  |of CH4. Able to detectjof CH4. Unable
within complex CHs4. Ableto  |CH4. Ableto  |within hydrocarbon [to detect within
hydrocarbon detect within  [detect within  [environment with hydrocarbon
environment with no hydrocarbon  |hydrocarbon  (deviations due to environment (cr
deviations due to environment  |environment  interferences (cross- [0ss-selectivity,
interferences (cross- with little with some selectivity, humidity |humidity

selectivity, humidity
effects, etc.).

deviations due
to

interferences (cr|
0ss-selectivity,

deviations due
to

interferences (cr
0ss-selectivity,

effects, etc.).

effects, etc.).

humidity humidity
effects, etc.).  [effects, etc.).
Sensitivity Outstanding sensitivity |Excellent Good Acceptable sensitivity[Poor sensitivity
of CH,. Can detect down [sensitivity of  [sensitivity of  |of CH4. Can detect  |of CH4. Can
to 10ppm. CH,. Can detect|CHa. Can detectjdown to 500ppm. detect above
down down 1000ppm.
to S0ppm. to 100ppm.
Fouling Outstanding resistance to[Excellent Good resistance|Acceptable resistance |Poor resistance
Resistance temperature changes, resistance to  [to corrosion andito corrosion and to temperature
corrosion, and poisoning temperature poisoning poisoning resistance. |changes,
resistance. changes, resistance. Lacking in corrosion, and
corrosion and |Lacking in temperature change [poisoning
poisoning temperature resistance. resistance.
resistance. change
resistance.
Lifetime Outstanding lifetime (5+ [Excellent Good lifetime |Acceptable lifetime [Poor lifetime (<
lyears). lifetime (3-5  |(2 years). (1 year). 1 year).
years).
Manufacturability [Outstanding Excellent Good Difficult to Extremely
manufacturability with n |[manufacturabili jmanufacturabili [manufacture complex steps
o difficulty in materials [ty ty with considerable diffto manufacture.
and equipment. with little diffic [with some difficjiculty in materials  |Requires
ulty in materialsfulty in materialsfand equipment. special
and equipment. [and equipment. equipment and
difficult
materials.
Cost Outstanding cost to Excellent cost |Good costto  |Acceptable cost to  [Poor cost to
produce (< $1 per unit). [to produce ($1 -|produce ($10 - [produce ($50 - $100 [produce ($100+
$10 per unit). [$50 per unit). |per unit). per unit).
Technology Readi |Outstanding Excellent Good readiness [Acceptable readiness [Poor readiness
ness readiness with readiness with |with technologywith technology with
technology being technology being known  known but not technology und

standard in industry.

and somewhat

er

utilized in industry.
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Criteria Score: 5 Score: 4 Score: 3 Score: 2 Score: 1
being utilized injutilized in development an
industry. industry. d not utilized in
industry.
Suitability for Outstanding applicability|Excellent Good Acceptable Poor
Application to oil and gas pipeline  [applicability to [applicability to japplicability to oil  |applicability to
for remote leak oil and gas oil and gas and gas pipeline for |oil and gas
detection. Easy pipeline for pipeline for remote leak detection.|pipeline for
installation and remote leak remote leak Difficult installation [remote leak
requires minimal mainte |detection. Easy |detection. and requires frequent |detection.
nance. installation and [Simple maintenance. Difficult
requires little  |installation and installation and
maintenance. [requires some requires
maintenance. weekly/monthl
y maintenance.
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Electrolyte

Appendix B: Additional Figures, Data and Drawings

Figure B- 1: Sensor configuration with baseline dimensions

Table B- 1: Specifications of the 5 different sensors tested

Parameter Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5
(S1) (S2) (S3) (s4) (S5)
(Baseline)
Overall Dimension 18mm x
21mm
# of Fingers 14
Overall Surface Area of 1.988cm?
Interdigitated Electrodes
2 Major Side Electrode 21mm x
Dimensions Imm
Each Interdigitated Finger | 13mm x 13mm x
Electrode Dimension 0.4mm 0.8mm (2x
width)
Spacing between Fingers 0.05mm 0.1mm
(2x
spacing)
Electrolyte Thickness 40-50um 20-30um | 70-80um
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Table B- 2: CH4 concentration data

CH4 cylinder
Concentration(ppm) 500
flow rate, ml/min 50
After mixing with air
CH4 concentration, ppm Air flow rate
500 0
200 75
150 117
100 200
50 450
40 575
30 783
20 1200
10 2450
5 4950
2.5 9950
1 24950
0.5 49950
0.1 249950
0.05 499950
Air flow controller
MFC step increment (0.1%), ml/min 20
MFC starting point (1%) flow rate 200
Air flow rate range, ml/min 200-20000
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Figure B- 2: Schematic of the electrical circuit
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Figure B- 3: Stress development due to pre-stressed bolts
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Figure B- 4: Stress development due to gasket displacement

Figure B- 5: Internal flow of CH gas through pipe
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Figure B- 6: Internal flow of CH4 gas through crack

Figure B- 7: Dispersion path of CH4 from top leak
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Figure B- 9: COMSOL model of fender/flange system
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Figure B- 10: Wind velocity profiles around flange
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Figure B- 11: Detailed 2D drawing of the flange from Pro-Flange Ltd.
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Figure B- 12: 3D drawing of flange, with pipe and gasket from Pro-Flange Ltd.
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Glossary

CHa: methane

CO:z: carbon dioxide

ECCC: Environment and Climate Change Canada
EPA: Environmental Protection Agency

GHG: greenhouse gas

LDAR: leak detection and repair

O&G: oil and gas

SMO: semiconducting metal oxide

SPE: solid polymer electrolyte

EIS: Electrochemical Impedance Spectroscopy
LIG: Laser Induced Graphene

FTIR: Fourier Transformation Infrared Spectroscopy

98



99



	LIST OF FIGURES
	LIST OF TABLES
	Chapter 1: Introduction, Research Objectives and Outline
	1.1 Introduction
	1.2 Motivation
	1.3 Research Objectives
	1.4 Thesis Outline

	Chapter 2: Literature Review and Background
	2.1 Sensor classification categories:
	2.2 Optical sensor
	2.3 Catalytic combustion sensor
	2.4 Pyroelectric sensor
	2.5 Semiconducting oxide sensor
	2.6 Electrochemical Sensors
	2.6.1 Aqueous electrolyte based electrochemical sensor.
	2.6.2. Ionic Liquid (RTIL) based electrochemical sensor.
	2.6.3 Solid electrolyte sensor
	2.6.4. Carbon based nanomaterials and Graphene
	2.6.5. Electrode Fabrication Techniques
	2.6.5.1. Photolithography Technique
	2.6.5.2. Screen Printing Technique
	2.6.5.3. Inkjet Printing Technique

	2.6.6. Laser irradiation technique
	2.6.7. Materials for Laser irradiation Technique


	Chapter 3: Experimental Methods
	3.1. Preparation
	3.1.1 Sensor geometry and Fabrication
	3.1.2. Palladium (Pd) nanoparticle (NP) synthesis and loading
	3.1.3. Application of Ionic liquid using solid polymer

	3.2. Test chamber design and setup
	3.3. Electrochemical Impedance Spectroscopy Experiment
	3.4. Lifetime Analysis Experiment
	3.5. Materials

	Chapter 4: Results and Discussion
	4.1. Chapter Introduction
	4.1. Laser scribed electrodes
	4.2. Characterization
	4.3. Reaction mechanism
	4.4. Maximum Response Studies
	4.4.1. Effect of Pd loading on the sensitivity of the methane sensor
	4.4.2. Effect of the amount of IL imbibed in the polymer on the sensitivity of the sensor.
	4.4.3. Effect of solid polymer electrolyte on the sensitivity of the sensor

	4.5. CH4 sensing properties
	4.6. Interference gases and Lifetime Analysis
	4.7.  Electrochemical Impedance Spectroscopy Studies.

	Chapter 5: COMSOL Fugitive Release Model
	5.1. Theory behind COMSOL simulation
	5.1.1. Stress Analysis
	Linear Elastic Material
	Pre-tensioned Bolts

	5.1.2. Computational Fluid Dynamics
	Navier Stokes Equations
	Hagen Equation

	5.1.3. Transport of Diluted Species into Porous Media

	5.2. COMSOL Model
	5.2.1. Stress Analysis
	5.2.2. Computational Fluid Dynamics
	5.2.3. Transport of Diluted Species into Porous Media
	5.2.4. Assumptions

	5.3. Cost Analysis

	Chapter 6: Conclusion and Recommended Future Steps
	6.1 Concluding Remarks
	6.2. Future Work
	6.2.1. Effect of interfering gases on sensor response
	6.2.2. Effect of relative humidity on sensor response
	6.2.3. Operating temperature limitations
	6.2.4. Incorporating a reference electrode
	6.2.5. Flange leakage modelling and plume analysis


	Bibliography
	Appendix A: Criteria and Constraints
	Appendix B: Additional Figures, Data and Drawings
	Glossary

