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Abstract

Gas sensors for machine olfaction are essential tools due to their wide range of applications in the
industrial sector, food sector, health and environmental monitoring. Rapid advancements in information
technology and embedded systems require these sensors to possess high sensitivity and selectivity for
producing artificial olfactory systems where alternatives such as sensory test panels are costly, unreliable
or time-consuming. For current gas sensors, although high sensitivity has been reported using various
transduction principles, a limiting factor to further development has been in the discrimination of isomeric
compounds or compounds with identical molecular weights. For isomer classification, novel sensing
materials based on catalytic materials are explored in order to achieve sufficient selectivity.

For many years, catalytic materials have played a significant role in chemical analysis by modifying
kinetics of target reactions. Thus, modern approaches in sensor technology have been to use these
catalytic materials together with other sensing films to make novel nanocomposites. Such composites
are easily applicable to electrochemical-type gas sensors where the sensing or working electrode can
be modified by using electroanalytical techniques. Although traditional catalysts are of bulk size or
nanoparticle size, recently single-atom catalysts or catalysts based on atomic size noble metals have been
reported. By downsizing the catalyst from ‘nano’ to ‘atomic’ size, an increase in the catalyst’s surface
area contributes to sensitivity enhancement. For carbonaceous conducting polymers such as polyaniline,
it has been shown that controlled growth of atomic size gold clusters are possible, which points to the
possibility of preparing multiple sensing films with a wide range of selectivity.

Atomic-size catalysts are a new frontier in heterogeneous catalysis and in this research, atomic gold
decorated on polyaniline conducting polymers are incorporated as nanocomposite films for electrochem-
ical gas sensing. Atomic gold on polyaniline is a novel sensing film and its electrochemical sensing in
gas phase is reported here for the first time. This study thus aims for the design and development of
an electrochemical gas sensor with precisely defined atomic metal clusters on carbonaceous compounds
as sensing films. Amperometric mode of electrochemical measurement is chosen as the transduction
principle due to stable response and low cost. For electroanalytical measurements, cyclic voltammetry

is used as the primary technique and the shape of cyclic voltammograms is studied to evaluate sensor



response. Polyaniline polymerized on platinum macroelectrodes is subjected to a bottom-up electrochem-
ical process whereby gold in its ion form is electrochemically decorated on metal binding sites created on
polyaniline. Material characterization using scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX) are reported and results indicate some key inferences.

For evaluation of electrochemical sensing behaviour of the nanocomposite, atomic gold clusters with
different numbers of atoms (from 1 up to 4 atoms) have been prepared and their electrooxidation to
propanol isomers in alkaline medium is reported. An odd-even pattern in catalytic activity with varia-
tion in atomic cluster size is observed. The pattern is similar to theoretically reported band gap energy
variation of atomic gold clusters in related works. Due to its simplest structure but high catalytic activity,
bi-atomic gold on polyaniline (PANI/Aus) conducting polymer is chosen as a substrate for further in-
vestigation of sensor characteristics such as stability, reproducibility, detection limit and response time.
The sensing film is also operable in gas phase and discrimination between gases of propanol isomers
(normal-propanol and iso-propanol) based on features from their electrooxidation patterns are shown for
the first time.

For fundamental analysis, the nanocomposite is also tested for other compounds such as linear alcohols
(from ethanol up to pentanol) as well as aroma containing compounds such as geraniol (sweet rose smell)
and benzyl alcohol (floral smell). While some compounds do not show sensor response, there are some
compounds whose response can be quantified for specific applications. A study across functional groups
for C3 compounds (compounds with 3 carbon atoms) is also reported. Most remarkable responses are
obtained for alcohols and an indirect method for electrochemical sensing of ethyl formate based upon
hydrolysis in alkaline ethyl formate is reported. Ethyl formate is a representative of the ester group
and its scent is an indispensable component in the food industry, cosmetics industry and even as a
fuel. For real-time gas sensing applications it is important to resolve mixtures of chemical signals which
are otherwise non-additive in nature. Therefore in spite of a preliminary step in this study, binary
mixtures of propanol isomers are roughly quantified using partial least squares regression. Finally, the
miniaturization of the overall sensor from macroelectrode size to planar interdigitated microelectrodes is
introduced. Due to their many advantageous properties, the use of alternative electrolytes such as room
temperature ionic liquids (RTILs) are suggested.

Conducting polymers based on atomic metal catalysts are attractive new sensing materials for ar-
tificial olfactory systems. High sensitivity due to catalytic activity and modifiable selectivity due to

precisely defined structure are expected using the proposed sensor.
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Chapter 1

Introduction

1.1 Background

1.1.1 Introduction to olfaction

All living organisms interact with their natural environment to perform complex processes. Such in-
teractions are governed by sensory systems that convert external stimuli to perception, also known as
sensation. For example, ants rely on chemical signals to alert nearby ants of imminent ‘danger’, and
that human sensation of touch is repulsive to extremely hot or cold objects. Humans like many other
vertebrates have at least five special senses: olfaction (smell), gustation (taste), equilibrium (balance
and body position), vision, and hearing. While the instantaneous sensory transduction is in itself a
marvelous natural phenomenon, the sensory perception of smell or olfaction has puzzled scientists and
researchers for a long time. Some primitive scientific studies on olfaction included studies by Eleaner
Gamble [1], who studied the olfactory stimulus modality and reported the variation of smell intensity to
various factors along with suggestions to the concept of smell persistence. However, while other sensory
systems such as vision, taste, touch and auditory systems have been examined in great detail, it is only
at the end of the 20" century that the olfactory system has been understood at the molecular level. In
1991, Buck and Axel [2] (awarded Nobel Prize in 2004) discovered hundreds of gene codes for the smell
sensors of olfactory neurons located in the human nose.

At present, it is known that the human olfactory system is remarkably sensitive and the human
nose is sensitive to various smells at very low concentrations. However, there are some differences across
vertebrates. Smells or odorants are volatile and hydrophobic compounds belonging to multiple molecular
classes such as hydrocarbons, alcohols, amines. In vertebrates, smell is sensed by the olfactory neurons

located in the olfactory epithelium. The proportion of olfactory epithelium thus provides an idea of



sensitivity. For example, humans have approximately 10 cm? of olfactory epithelium as compared to
dogs who have approximately 170 cm? of the same. Olfactory system is an intricate model that requires
certain expertise to understand at the very molecular level. However, smell perception may be simplified

to three main stages:

1. Peripheral - odorant molecules enter pathway of nasal cavity to diffuse into the mucus

2. Transduction - Olfactory sensory neurons are located in the epithelium. The neurons possess

cilia-like olfactory receptors that bind to the odorant molecules generating an electrical response

3. Processing - Information about the odor is transmitted to the olfactory bulb via axons from olfac-

tory sensory neurons. Smell is perceived as an output of this neural network.

Figure 1.1: Human olfactory system. Reproduced from Wikipedia under the Creative Commons Attribution
2.5 Generic License

Fig. shows the many components of a human olfactory system. It is worth noting that chemical
reactivity of the incoming odor is of little significance in the mechanism of olfaction, since all gases are
first dissolved into the nasal mucus. In many vertebrates, odorant binding proteins (or OBPs) secreted
from cells around the olfactory epithelium act as ‘odorant transporters’ to the olfactory receptors. OBPs
are found primarily in the mucus. Since most of the odorants are hydrophobic in nature and odorant
binding proteins thus OBPs play a key role in the sensing by binding with molecules. OBPs will be
further discussed in section 1.2.5. Another important concept in olfaction is the odor threshold. It is
defined as the lowest concentration (usually in ppm or mg/m?®) of an odor detectable by the human

sense of smell. For example, the odor threshold for ammonia is about 40 ppb or 0.038 mg/m? .



Such quantification of human olfactory system parameters such as the olfactory threshold has stimulated

researchers to develop biomimetic models of the human nose also known as the electronic nose.

1.1.2 Electronic nose

The electronic nose or ‘e-nose’ is a biomimetic device that mimics the mammalian olfactory system for
odor discrimination. The early idea of an e-nose was presented by Dodd and Persaud [4] who used metal

oxide gas sensors to discriminate among various gases based on their steady state responses.
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Figure 1.2: Schematic setup of electronic nose as a chemical sensing system. Reproduced from [5] with permis-

sion from American Chemical Society

Classical e-nose was modelled as a “black box” where the output signal would be correlated with the
measurement variables. Just like a black box where the actual inside mechanism is unknown, e-nose’s
output signal was simplified to be in proportionality with the input ignoring many physicochemical effects.
Modern approaches complement novel transduction principles together with mathematical models with
the aim of quantifying each component of a given sample (Fig. [1.2). The desire to further improve
these e-nose systems is driven by the necessity for developing robust artificial olfactory systems. Such
systems are necessary replacements for applications where alternatives such as human test panels are
either impractical, costly or time-consuming. There are various applications of artificial olfactory systems
@. In the past few decades, e-noses have been successfully used to quantify complex food products such
as tea, coffee, olive oil etc. Sensor responses carry essential information such as shelf life and quality.

E-nose systems also have significant applications in environmental monitoring and non-invasive disease



diagnosis. New approaches to e-nose make use of various transduction principles such as optical sensing,
mass spectrometry, ion-mobility spectrometry. However, e-nose is originally defined as “an instrument
consisting of an array of chemical sensors with partial specificity and a suitable pattern-recognition
system that is capable of recognizing simple or complex odors” [7]. Thus, chemical sensors are a pivotal
component of e-nose systems. An introduction to various chemical sensors with their advantages and
disadvantages is reported in the upcoming sections. Although various chemical sensors with several
different advantages have been reported in the past, a fundamental limiting factor to sensor response
has been the slow chemical kinetics of interacting compounds. Chemical sensors essentially measure the
interaction of chemical species and catalytic materials and dopants in the form of nanostructures play
an important role in the improvement of these sensors [8]. Before we delve deeper into chemical sensors,

let us take a look at the chemistry of catalysis which is a primary feature of many chemical sensors.

1.1.3 Catalysis

Catalysis is defined as the acceleration of a chemical reaction by addition of a substance called catalyst
which participates in the initial steps of the chemical reaction but is not consumed by the chemical
reaction. As a result it can repeatedly participate in the reaction and only small amounts are required
to modify the rate of reaction. Fig. illustrates the chemical pathway of a hypothetical reaction in
the absence and presence of a catalyst. The presence of a catalyst significantly accelerates the kinetics

of the chemical reaction by reducing the activation energy.

Energy

Reaction Progress

Figure 1.3: Potential energy diagram of catalysis in a hypothetical chemical reaction X + Y to give Z. The
presence of the catalyst leads to a different reaction pathway (red) with a lower activation energy (AG = Gibbs
free energy). Reproduced from Wikipedia under the Creative Commons License



There are two main categories of catalysis -

1. Homogenous catalysis

2. Heterogenous catalysis

Homogenous catalysis is the use of a catalyst in the same phase as that of the reacting species. For
example, sulphur dioxide uses nitric oxide as a catalyst to produce sulfur trioxide. Nitric oxide (NO) is

in the same gas phase as that of the reactants and products ﬂgﬂ

NO catalyst
(&) —

2802(g) + O2 2505(g)

Heterogeneous catalysis, on the other hand, is the use of a catalyst that exists in a different phase
from the reacting species, most commonly a solid catalyst that exists in a different phase from the
other species. Chemical reaction occurs by chemical absorption or chemisorption of the reactants onto
the surface of the catalyst. An example of heterogeneous catalysis is the catalytic hydrogenation of

vegetable oils in the presence of Hy and Pt catalysts .

Pt catalyst
e

CyHy (ethylene) + Ho CyHg(ethane)

Catalytic materials have also been used to develop gas sensors. Semiconductor metal oxides have
been decorated with nanoparticles of noble metals such as Ag, Au, Pt and Pd. Fig. shows the surface
decoration of tin oxide (SnO) and its impact on the detection of Hy. Results show that SnO decorated

with Pd as catalyst improves the sensor response.
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Figure 1.4: Sensor response for pristine SnO, Pd- and Ag- decorated SnO disk like structures for Ho gas pulses
with concentrations ranging from 10 ppm to 1000 ppm. Reproduced from with permission from Elsevier



Recently, Pt/ZnO nanorods have been used as photocatalysts to degrade microplastics that are
currently critical anthropogenic pollutants of global concern [12]. Another key application of catalytic

materials is in various electrochemical devices such as fuel cells.

1.1.4 Fuel cells
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Figure 1.5: Schematic diagram of a typical fuel cell. Reproduced from Wikipedia under the Creative Commons
License

A fuel cell is essentially a battery with a continuous supply of reactants or fuel. It is an electrochemical
device that creates electrical energy by oxidizing the fuel species (such as hydrogen molecules) to protons
and electrons on the anode electrode and reduces the oxygen molecules to water by electrochemically
combining surface adsorbed oxygen species with protons/electrons on the cathode electrode. A catalyst
is used to facilitate the reaction of oxygen and hydrogen.

Fig. shows a proton exchange membrane (PEM) fuel cell. At the anode, the hydrogen gas enters
as fuel where a porous Pt catalyst oxidises hydrogen to release H ions. The H ions can now migrate
through a special electrolyte or proton exchange membrane to move to the cathode. At the cathode,
oxygen flows through the other half of the cell where it comes in contact with the Pt catalyst and
facilitates the reduction of Os in the presence of oxygen to produce water. The chemical reactions are

listed as below.
Hy(g) — 2HT 4 2e (at anode)
O2(aq) +4HT — 2H,0(1) (at cathode)

The overall chemical change is the reaction of hydrogen and oxygen to produce water and produce



energy. The entire system performs at 40-60 % efficiency. The first application of PEM fuel cells
was in space, but recently they are used for providing power for light energy, in automobiles and as

communication equipment.

1.1.5 Direct alcohol fuel cells

Another sub-category of proton exchange fuel cells is direct alcohol fuel cells (or DAFCs) in which instead
of Hy, an aliphatic alcohol such as ethanol or methanol is used as fuel. Main advantages include the ease
of transportation of the fuel and its stability at all environmental conditions. Although DAFCs produce
less energy than other energy devices, they are capable of storing high energy content in a small space.
This implies that they are suitable as energy devices where the need is to produce a small amount of
power for a long period of time. DAFCs are thus considered the most suitable candidates for mid-size
power ranges from a few hundred to about 3 kW . However, there are several challenges to fully

realising DAFCs as energy sources.
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Figure 1.6: Oxidation of 1 M methanol in 0.1 M perchloric acid for different platinum-based ternary electro-
catalysts. Reproduced from with permission from Elsevier

One of the main challenges is the high cost of the catalytic material loaded onto the DAFC electrodes.
Pt is still one of the major components of bi-metallic and tri-metallic catalysts (Fig. [1.6) and it econom-
ically incompetent when compared to the state-of-art lithium ion batteries. More research thus needs to
be conducted to reduce the high cost of catalytic materials used in DAFCs. However, it is important to
note that the fundamental operating principle of a fuel cell closely resembles a certain type of gas sensor
viz. fuel-cell type gas sensor. In Fig. 1.5, fuel can be interchanged with any target gas and electrical
current output is directly proportional to gas diffused into the electrolyte. Such electrochemical cells are

also promising candidates for the development of artificial olfactory systems.



1.1.6 Summary

In this section, the human olfactory system is briefly introduced. Humans can perceive a variety of smells
and understanding of basic principles of olfaction is the first step towards developing artificial olfactory
systems. Electronic nose as a biomimetic device that closely resembles the functions of the human nose
is introduced. Although there are many novel approaches to developing an electronic nose, chemical
sensors and their improvement have been widely studied. The use of heterogeneous catalysts together in
conjunction with chemical sensors has shown to improve chemical kinetics. Applications and drawbacks
of heterogeneous catalysts in fuel cells and their subtypes has been briefly introduced. The next section

reports about various gas sensors along with their advantages and disadvantages.

1.2 Trends in gas sensors

1.2.1 Quartz crystal microbalance sensor

Quartz crystal microbalance or QCM sensors are a type of gravimetric sensors that are piezoelectric
devices sensitive to mass-changes occurring due to sorption of chemical species onto the device substrate.
By that virtue, QCM sensors are perhaps the simplest kind of odor sensors. Piezoelectric effect is
fundamental to the operation of such sensors. Crystals such as quartz have an interesting property to
strain by applied voltage whereas it generates an electric field based on applied pressure. A typical QCM
sensor consists of a quartz plate, with approximately 1 cm diameter with thin gold electrodes on both
sides. By exciting the QCM with a suitable voltage, the crystal can be made to oscillate at a resonant
frequency. The voltage induces bulk transverse waves to travel perpendicular to the substrate’s surface
also known as thickness shear wave.

The thickness of the quartz crystal determines the wavelength of the fundamental harmonics in the
shear wave. Thus, the change in fundamental resonant frequency can be correlated to the mass loading

onto the QCM by Sauerbrey equation [15] -

Af = _2fgmf/A(Pqﬂq)l/2 (1.1)

where Af is the change in the resonant frequency, fy is the resonant frequency of the QCM, p, is the
shear modulus, p, is the quartz material density, A is the area of electrode, my is the mass change due

to adsorption of a target gas.
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Figure 1.7: Schematic diagram of a typical QCM sensor (a) top view (b) side view. Reproduced from [16| under
the Creative Commons Attribution 4.0 International License

Fig. [[.7]shows the schematic diagram of a typical QCM sensor. A thin sensing layer is shown in blue.
Many different kinds of sensing layers such as cells, polymer coatings and other inelastic materials are
possible. However, due to damping during oscillation, the choice of sensing layer is important. A variety of
QCM sensors have been explored over the years. Some of the recent developments are self-assembled lipid
polymer based sensors [17], calixarene coated QCM sensors for detection of volatile organic compounds
[18] and polypyrole conducting polymer based sensors for trace detections of nitro-explosive vapors [19].
Although QCM sensors are suitable as odor sensing systems due to room temperature operation, they
are susceptible to negative impacts of humidity and fabrication of the sensing layer is often a complicated

process. The next section introduces another type of gravimetric sensor.

1.2.2 Surface acoustic wave device

Similar to QCM, a surface acoustic wave device or SAW device is a thick piezoelectric plate (generally
quartz is better, other materials are ZnO on silicon or LiNbO3) with interdigitated electrodes on one or
both sides that induces oscillation. When stimulated by an a.c. voltage, the SAW device is capable of
generating a Rayleigh wave that is composed of longitudinal and vertical shear components. The wave
travels along the surface of the substrate until it is received by electrodes at the receiver side.

Fig. [I.8 shows the stages of wave propagation. The SAW device comprises interdigitated transducer
electrodes or IDT electrodes that generate the Rayleigh wave. The change in frequency of the SAW

device with sorption of vapor is given by the following equation -
Afy = AfpevKy/pp (1.2)

where Af), is frequency change due to the coating, cy is the concentration of the target gas, K, and
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Figure 1.8: Schematic diagram of a SAW gas sensor. Reproduced from [20] with permission from Elsevier

pp are the partition coefficient and density of the coating respectively. A lot of work has been reported
with SAW sensors for the measurement of many organic and inorganic gases such as CH4, CoHg, SOs,
NO,, H5S and others [21]. Since the choice of sensing material determines the specificity, many sensors
based on polymer materials have been fabricated. SAW devices generally operate at higher frequency of
GHz ranges as compared to QCMs that operate in a few tens of MHz range. Although they offer much
broader flexibility for the formation of vapor-interactive layers, their main disadvantages are similar to

QCM sensors, namely poor-long term stability and susceptibility to humidity.

1.2.3 Metal oxide semiconductor sensor

Metal oxide sensor or MOS devices have been known and used even before the development of the e-nose.
They currently play a significant role in gas sensing and are a popular choice for sensing systems. Metal
oxides such as SnOs, Fe5O3 and WOj are intrinsically n-type semiconductors. At high temperatures they
are capable of reacting to reducible or oxidizable gases such as Hy, CH4, HoS and others and increasing
their conductivity. This is the fundamental principle of MOS sensors.

In MOS-based gas sensing systems, the change in conductivity in the presence of reducing or oxidizing
gases is measured. The target gas is directly exposed to the sensing layer. Many different MOS sensors
have been studied over the years.

Fig. shows the schematic diagram of a typical MOS device. Sensing materials are deposited
onto a set of electrodes along with a microheater that raises the temperature of the sensing element.
The variation in conductance due to concentrations of gas in the local environment is measured as
output signal. In general there are two main kinds of MOS sensors - n-type (from metal oxides such as

Sn0y, WO3 and TiO2) and p-type (from metal oxides such as CryOgz, NiO, and MnzO,). Sensitivity of

10
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Figure 1.9: Cross-section of a MOS sensor consisting of a sensing layer, set of electrodes and a microheater.
The change in conductance of the sensing layer is directly proportional to the concentration of gas in the local
environment. Reproduced from under the Creative Commons Attribution 4.0 International License

the MOS device is strongly dependent on the thickness of the sensing layer, presence of any catalytic
particles and the temperature of the sensing element . The primary charge carriers for n-type MOS
are negatively charged electrons, whereas for p-type MOS, they are positively charged holes. As a result,
conductivity increases for a reducing gas for n-type MOS whereas it has an inverse effect for p-type MOS.
This quantifiable change in conductivity is why MOS devices are a popular choice for the detection of
low-concentration volatile organic compounds (VOCS). Most commonly used metal oxide for MOS
devices is SnO5 doped with impurities or catalytic materials , . By adding a suitable catalyst and
operating conditions such as temperature, many commercial sensors have been realised by gas sensor

companies such as Figaro Engineering and New Cosmos Ltd. Table [I.]] lists a few such sensors.

Table 1.1: Some examples of commercial MOS sensors

Manufactuter Application Model Detection range

Figaro Engineering CO TGS203 50 - 1000 ppm
HsS TGS825 5 - 100 ppm

New cosmos CH4 and i-C4H;y CH-M 1000 - 10,000 ppm
Alcohol CH-E2, CH-E3 1 - 1000 ppm

Some other recent examples include formaldehyde and naphthalene sensors with 100 ppb and 20 ppb
detection respectively. Many advantages of MOS devices are low cost of fabrication, short response time
and long lifetime. However, there are certain practical limitations. For example, MOS sensors commonly
operate at temperatures ranging from 150 °C to 400 °C which leads to high power consumption and

thereby may hinder the realization into portable integrated circuits.

11



1.2.4 Membrane-type surface stress sensor

A cantilever is an excellent detector for small forces at nano-newton range . Due to the ability for
detection of small forces and other advantages such as real time application, cantilever sensors have been
a popular choice for a long period of time. Membrane-type surface stress or MSS sensor is a recent
subcategory in the field of cantilever sensors that employs the membrane-type geometry with many new

advantages.
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Figure 1.10: Example of a membrane-type surface stress sensor by four constricted beams with integrated
piezoresistors. Reproduced from with permission from American Chemical Society

Fig. [1.10| shows the schematic diagram of an MSS sensor. A typical sensor consists of a circular
membrane or receptor layer at the centre of thickness of a few pm [27]. The membrane is supported
by four cantilever beams on which piezoresistors have been implemented. The surface of the membrane
may be coated with a suitable polymer material corresponding to the target analyte under consideration.
Dominant stresses are induced due to the target analyte. Resistance change corresponds to an output

signal (V) and the V,,; can be approximated as a wheatstone bridge with the following equation -

Vout = VB(AR1/R1 — AR2/Re + AR3/R3 — AR4/Ry) (1.3)

Although it is relatively new, the MSS sensor has already shown superior detection to VOCs such as
characterization of biomarkers from breath samples of cancer patients . Due to high susceptibility
to humidity, the sensor may have similar challenges as QCM and SAW sensors. It is however worth
noting that the time response of MSS as a humidity sensor is faster than commercial humidity sensors.
Thus, MSS sensors are promising materials for sensor arrays where calibration of systems with relative
humidity is of prime importance. Furthermore, a large adsorbate membrane or smaller sensing beams

are capable of inducing larger responses indicating to high sensitivity.
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1.2.5 Olfactory biosensor

Another recent trend in olfactory sensors has been the development of biosensors. A biosensor is typically
composed of a biological element which is responsible for recognition of an odor as a transduction step.
The biological element or receptors may be proteins, antibodies, DNA or even cells. On the other hand,
the sensor element is a typical transducer such as a gravimetric sensor, electrochemical sensor or optical
sensor. Strategies have been adopted to extract receptors from vertebrates and insects. For example,
olfactory receptor proteins have been extracted from the olfactory epithelium of a bullfrog . Such proteins
immobilized on a QCM sensor showed reversible response to odorants such as n-decyl alcohol, linalool,

n-caproic acid and some other compounds .
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Figure 1.11: Self-assembled monolayer immobilization of nanosomes on gold substrate. Schematic diagram
shows two different modes: non-specific adsorption with self-assembled monolayer and ”capture” via a specific
antibody. Reproduced from with permission from Springer Nature

In other works, self-assembled monolayer of nanosomes were immobilised on gold substrates and
the response was measured using surface plasmon resonance (SPR) (Fig. . Highly selective and
concentration dependent responses to helional were obtained . Recently, odrant binding proteins
(OBPs) extracted from mucus of vertebrates and sensory lymph of insect antennae have gained wide
attention . OBPs are known to reversibly bind with odorants and many biosensors with OBP as
bioelement has been reported . Biosensors are superior due to the inherent selectivity of receptor
material, however primary challenges in fully realizable olfactory biosensors are with the influence of

temperature on performance and short lifetime.

1.2.6 Electrochemical sensor

Electrochemical sensors or EC sensors are one of the oldest branches of chemical sensors. The basic
principle of an EC sensor is based on the general principles of electrochemistry involving transfer of

electrons. Sensors typically comprise of a sensing or working electrode, an auxiliary electrode (counter

13



electrode) and in some cases a reference electrode to have a base potential as reference. All electrodes
are in contact with an electrolyte which is a mineral acid or base. The working and auxiliary electrodes
are generally precious metals with large surface areas [33]. However, the working electrode surface area

is typically much smaller than that of auxiliary electrode.

Target gas Working or
sensing electrode

Gas
permeable
membrane

A

Y

Electrolyte Potentiostat
Counter circuit
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Figure 1.12: Schematic of an electrochemical gas sensor with electrodes not drawn to scale. Redrawn from [34]

Fig. shows a typical electrochemical sensor. Gas diffuses through a porous membrane to come
in contact with the surface of the working electrode where it is either oxidised or reduced. The resulting
reaction produces an electrical current which is amplified and measured using additional circuitry and
signal processing methods. The external circuit also maintains the potential between the working and
auxiliary or counter electrode for 2-electrode and between working and reference electrode for 3-electrode
systems. An equal opposite electrochemical reaction takes place at the counter electrode thus maintaining
electroneutrality. Many different sensors have been fabricated over the years and while some sensors have
become commercially available, cross-sensitivity is a key issue in these sensors. The next section discusses
different types of EC sensors.

Depending on the mode of measurement, electrochemical sensors can be categorized into three main

subtypes -
1. Potentiometric type
2. Amperometric type
3. Conductometric type

In potentiometric sensors, measurements are ideally conducted at zero current. The open-circuit

14



potential between two electrodes is monitored and this potential is typically proportional to the logarithm
of concentration of the analyte under consideration. With the introduction of ion-sensitive field effect
transistors (ISFET)[35], the gate insulator of these devices have been used as electrochemical surfaces.
Ton-sensitive electrodes (ISEs) are examples of potentiometric ion sensors. Such sensors are characterized
by low cost, small size and low energy consumption. A key application of potentiometric sensors has
been in life science to investigate the transportation of inorganic ions in biological systems. However,
some of the main challenges of such sensors have been the slow response time and the susceptibility to
noise due to high electrical resistance in some systems.

In amperometric sensors, the current generated from a reaction is measured as the output signal.
Information is obtained as a current-concentration relationship. A simple case of amperometry is the
single-potential amperometry where a fixed DC potential is applied between two electrodes and the
current is measured. The relationship between measured current and concentration of target analyte is
linear and typically three orders of magnitude. Faraday’s law is often used to describe the model together
with other parameters such as chemical kinetics, electrocatalytic activity etc. A typical application of
amperometric sensors is in blood glucose sensing [36]. Amperometry of gas sensors will be discussed in
section 1.3.

Conductometric sensors: Another electrochemical parameter that can yield information about the

sensory system is conductance. Conductance is related from ohm’s law as follows -

G(w) = I(@)/V () (1.4)

Solid state conductometric sensors are generally considered cost-effective due to their simplistic design
and they have been used in various applications such as the determination of ammonia in fertilizers.
However, oftentimes the fundamental equivalent circuit is simplified to resemble that of amperometric
sensors and the effect of inherent resistances affects the output signal. Another principle drawback of
measuring conductivity is non-specific measurement - ions with similar conductivity would yield the same
Sensor response.

Although many kinds of EC sensors are commercially being used as gas sensors, the selectivity of
a conventional EC sensor is not sufficient for discriminating between isomeric compounds. Fig. [T.13]
reports a diketopyrrolopyrrole conducting polymer and field effect transistor (FET) based sensor for the
discrimination of xylene isomers. Time-dependent responses of voltages show very little discrimination
between the isomers and multiple other parameters need to be measured using multiple sensors for
sufficient discrimination. Thus, there is a need to explore new sensing layers with high selectivity that

are suitable for using with EC sensors.
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Figure 1.13: Time-dependent responses of a diketopyrrolopyrrole and FET based gas sensor for the discrimi-
nation of xylene isomers (o-xylene, m-xylene and p-xylene). Results show insufficient discrimination using one
gas sensor. Reproduced from with permission from John Wiley and Sons

1.2.7 Conducting polymer sensor

Long-chain polymeric compounds also known as conducting polymers or CPs that are capable of con-
ducting electricity have been prepared. One such example is polypyrrole which was first prepared electro-
chemically in 1968 . Due to their conjugated system of alternating single-double bonds, conducting
polymers have a sp? hybridized carbon centers and one valence electron in each of these centers resides
in the p, orbital. All p, orbitals combine with each other to form a wide set of delocalized orbitals.
Electrons in these orbitals are capable of high mobility when “doped” by oxidation. In early studies of
conducting polymer based gas sensors, the doping level was modified and the conductance was measured
for the detection of reactive gases such as ammonia and hydrogen sulfide. Polypyrrole films were found
to exhibit high sensitivity to ammonia, while some other sensors for detection of organic vapors such
as methanol have also been reported . The usefulness of using organic CPs as gas sensing materials

comes from its many advantages such as follows -

—_

. Tunable properties leading to fabrication of wide range of materials

[\

. Relatively low cost
3. High sensitivity to many kinds of organic analytes
4. Operation at low temperatures

Although poor catalytic activity and poor compatibility to conventional microfabrication procedures
have limited the realization of sensitive and selective gas sensors , conducting polymer based sensors

are a growing field of research (Fig. [1.14). Conducting polymers will be revisited in chapter 2.
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Figure 1.14: Schematic of a conducting polymer based chemo-resitive gas sensor. PEDOT or Poly(3,4-
ethylenedioxythiophene) is used as sensing material. Reproduced from with permission from Elsevier

1.2.8 (as sensor applications

Gas sensors for detecting various types of odorants find application in a variety of fields. A few such
useful applications are discussed.

The advent of the electronic nose has drawn interest to a new field called machine olfaction. Various
devices and gas sensors have been created to extract features for qualitatively understanding the odor
headspace. One scientific report claims that humans can discriminate between at least 1 trillion olfactory
stimuli . More recently, mass spectrum data from essential oils that resemble chemical mixtures has
been used to predict human odor perception [43].

In the food industry, the fermentation process of black tea has been monitored by using QCM based
electronic nose . In another work, a triethylamine gas sensor was fabricated to use semiconductor
materials to determine the freshness of fish . Environmental monitoring is another significant area
of application. Ultrasensitive gas sensors based on epitaxial graphene on SiC that exhibit reproducible
response to NOs down to 1 ppb concentration have been reported . With more people susceptible to
health issues related to environmental pollutants, indoor air quality monitoring is becoming an import
topic and there is a need for sensors with higher sensitivity and selectivity .

Healthcare applications are another emerging field in gas sensor technology. Recently, Si-doped WO3
based acetone sensors have been fabricated to create a breath sampler for online gas sensor analysis
. Electrochemical biosensors have also been created using conducting polymers, quantum dots and
immobilized antibodies for low concentration detection of Hepatitis E virus . Recently, smell dysfunc-
tion has been reported as a biomarker for non-invasive detection of COVID-19 virus . In patients,
olfactory performance parameters such as olfactory threshold and odor discrimination have been assesed
using ‘sniffing sticks’ . Gas sensors are central towards improving such wearable olfactory devices for
medical diagnosis.

Gas sensors also find potential applications in defense and homeland security. Detection of TNT and
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related compounds have been addressed using chemical sensors [52]. The role of analytical chemistry in

developing strategies for early detection of toxic gases during potential chemical and biological attacks

has been reported elsewhere [53].

1.2.9

Summary

Table 1.2:

Survey of trends in gas sensors

| Type Measurand Principle | Fabrication method | Advantages | Disadvantages | Ref. |
QCM piezoelectricity mass change mea- microfabrication, dip coat- simple design, sensitive to humid- 118]
Sensor sured as variation ing, spin coating, screen well-understood ity
in fundamental printing
resonant frequency
of shear wave
SAW piezoelectricity sorption measured microfabrication, dip coat- high sensitivity sensitive to humid- 121]
Sensor as change in fre- ing, spin coating, screen with  differential ity
quency of rayleigh printing devices
wave
MOS conductance conductivity mea- microfarbication, sputtering inexpensive,  mi- operates at high 22]
Sensor sured from oxida- crofabricated temperature
tion and reduction
of intrinsic n-type
metal oxides
MSS Sen- piezoresistance resistance change microfabrication, inkjet high sensitivity, interference to hu- 126]
sor due to dominant spotting microfabricated midity
stresses induced
by surface stresss
on adsorbate
membrane
Biosensor biochemical signal measurement bio- self-assembled monolayer, high sensitivity temeperature- |31]
chemical signal dip coating and selectivity sensitivity, short
generated from lifetime, repro-
receptor material ducibility
such as proteins,
nanosomes
EC Sen- current voltage or measurement of electropolymerization, mi- low cost, no hu- slow response time, 154]
sor conductance variation electro- crofabrication, spin coating midity interference cross-sensitivity
chemical parame-
ters due to redox
process
CP Sen- current, voltage or measurement electropolymerization, elec- inexpensive, room low selectivity, 139]
sor resistance of variation of troplating, spin coating, mi- temperature oper- sensitivity to
electrochemical crofabrication ation humidity
paremeters due to
variation in doping
level
In this section, recent trends in gas sensing have been reported. A summary of several gas sensors

is presented in Table [[.2] Gravimetric sensors such as QCM sensor and SAW device, electrochemical

sensors and biosensors among others have been reported. Some other types of gas sensors that deserve

mention are thermal (calorimetric) sensors, field selective ion mobility spectrometry (FAIMS), optical

SPR sensors, optical fluorescent sensors and CHEMFETs. However, they have not been reported in

detail since this section has focused mainly on some key chemical sensors along with their advantages and

disadvantages. Membrane-type surface stress (MSS) sensors have been introduced as a novel cantilever

sensor. Potential applications of gas sensors in a variety of industries have been highlighted. The next

section delves into amperometric gas sensors and related works.

18



1.3 Amperometric gas sensors

1.3.1 Working principle

l Gas membrane

Working

Reference

Counter

Figure 1.15: Schematic of an amperometric gas sensor. Reproduced from with permission from American
Chemical Society

Amperometric gas sensors or AGS are electrochemical sensors where concentration of a target gas is
correlated with the current induced by the sensor. A simple amperometric sensor consists of at least two
electrodes - the working or sensing electrode, the auxiliary or counter electrode to complete the circuit
immersed in an electrolyte. On applying a suitable potential to the working electrode, electroactive
active species in the electrolyte solution take part in electrochemical redox reaction. A general redox

reaction is shown below -
O1™" +ne” — R [reduction or gain of e~ at cathode]
R2 — 02" + me™ [oxidation or loss of e~ at anode]

where O1, O2 are oxidized species and R1, R2 are reduced species. As per Faraday’s law, the exact
number of electrons are generated or used as per the number of molecules of the target gas. Thus, in
limiting conditions, concentration of target gas diffusing into the electrochemical cell is proportionally
related to the charge flowing between the electrodes. In other words, electrical charge or current is
related to the concentration of analyte.

Fig. [[.15] shows a schematic of an amperometric gas sensor with three-electrode system. Gas needs
to diffuse into the electrolyte through a permeable gas membrane. Thus, working electrodes are delib-
erately made porous using suitable films such as teflon or silicon membranes. There are two types of

amperometry. When sensing is performed at a fixed potential controlled by an external circuit, it is
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called constant potential amperometry. The applied potential can also be variable with time and it is
called variable potential amperometry.
An important factor in determining the sensor response of AGS is the limiting current. To explain

limiting current, two parameters are defined.

rq = rate of mass transport by diffusion from the target gas to the electrode surface

r, = rate of reaction at the electrode surface

Case I: r,, << rgq In this case, the rate of reaction at the electrode surface is the rate limiting step. In
other words, the analyte reaches the electrode surface faster than it reacts with the electrode. Therefore,
the overall concentration of the target gas in the electrolyte remains constant, limiting the current|33].

The current is written as follows -

itim = nFACexp(aFE/RT) (1.5)

where A= area of electrode, T = temperature in K, C = target gas concentration, n = number of
electrons per reacting molecule, a= transfer coeflicient, E = overvoltage of the electrode reaction, F =

faraday’s constant, R = gas constant.

Case II: ry << r, This case is very straightforward - rate of reaction at the surface is much faster
than rate of mass transport. In other words, the concentration of analyte at the electrode surface is
theoretically zero as every molecule in contact immediately reacts with the electrode. In such conditions,

the limiting current [55] is further simplified to yield the following equation -

ilim = k[o]gas (16)

where k is the chemical rate at which the target gas transports to the electrode surface. Current is then
proportional to gaseous concentration which is a typical signal for amperometric sensing.

A typical current-concentration response of an HsS gas sensor is shown in Fig. Amperometric
gas sensors have a multitude of advantages such as low cost, low power consumption, selectivity, stability
and in some conditions fast response time. The high analytical performance at a modest cost is an

important characteristic that makes amperometric sensors a popular industrial choice.
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Figure 1.16: Typical response of amperometric gas sensor. Sa, Sp, S¢, Sq and S. are five different sensors.
Reproduced from [56] with permission from Elsevier

1.3.2 Related works and limitations

This section surveys on some old and recent amperometric gas sensors. Clark sensor developed in 1953
for the determination of oxygen concentration in blood samples is one of the earliest amperometric gas
sensors [57](Fig. . The major innovation of covering platinum working electrode with cellophane
allowed selective penetration of Oy molecules while preventing the interferences from red blood cells
and other gases. Modern clark electrodes use PTFE membranes. Carbon nanotubes are often used
at gas-electrode interfaces to increase the surface area [58]. However, clark electrodes are affected by
water evaporation which leads to problems with long term usability. The electrodes thus need to be
hydrophobic in nature.

In another preliminary work, the polarographic behaviour of gases such as nitrogen dioxide, chlorine,
bromine, hydrogen, carbon monoxide, hydrogen cyanide and hydrogen sulfide were explored using a
plastic membrane as a diffusion barrier for platinum working electrode. It was reported that the diffusion
currents were proportional to the partial pressure of the gas dissolved in the solution(Fig. . The
detection method was effective for gases in concentration range 0.01 to 100% by volume [59].

Gas diffusion electrodes, developed in 1965 [60] are based on materials such as Pt catalyst and teflon
covered on the working electrode (Fig. . A semi-hydrophobic electrode has been realised that is
porous enough to allow sufficient gas to permeate into the electrolyte and yet is hydrophilic for ionic
conduction inside the electrochemical cell. Fuel cells introduced in section 1.1.4 are based on gas diffusion
electrodes as well.

Amperometric sensors have also been fabricated using Pt/NASICON (Na™ conductor based solid

electrolyte) [61]. Recently various gas sensors using microporous zeolites as diffusion layers have been

21



i ii — Insulating cap

g glass

Platinum cathode
Silver electrode /

Oxygen-permeable
Electrolyte Teflon

Figure 1.17: Schematic diagram of Clark’s 1962 invention, the oxygen electrode. Reproduced from Wikipedia
under the Creative Commons Attribution-Share Alike 4.0 International License

reported . Such sensors yield high throughput and improved selectivity to target gases when used
in combination with catalysts. Diffusion electrodes have also been useful for developing a novel NO,
sensor that does not require air, making the design simpler and robust . Nanotechnology has recently
opened many opportunities for modifying these gas diffusion electrodes furthermore to improve the sensor
performance.

The type of electrolyte for AGS is a major consideration as well. Although electrolytes are mainly
aqueous in nature, conventional electrolytes are prone to evaporative losses. Nonaqueous electrolytes
were introduced in 1978. Since then, several sensors for methane, hydrazine and carbon dioxide have
been reported using such electrolytes. Nonaqueous electrolytes find major applications in energy devices
such as batteries .

Solid polymer electrolytes are another subtype of electrolytes that have recently become popular.
Nafion is one such example that has good proton conductivity, chemical stability and high gas perme-
ability . Due to its solid state, Nafion is used in AGS both as an electrolyte and as a support for
working electrodes. Nafion also shows remarkable thermal stability, however the membrane cost is high.
Nafion membranes are also susceptible to contamination by multicharged ions. Modification of nafion
membranes by addition of inorganic particles to the polymer is suggested . Selective detection of
partial pressures of several gases using other ceramic solid electrolytes such as previously-introduced
NASICON, cubic stabilized zirconium oxide and polycrystals of zirconium oxide have also been reported
[66). When compared with common ceramic electrolytes such as Yytria-stabilized zirconia (YSZ) and

Sm-doped CeOs, LaGaOj3 solid electrolyte showed fast oxygen-ion conductivity due to inherent catalytic
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Figure 1.18: Polarographic waves of sulfur dioxide (A) Pure SOz gas at 1 atm pressure, (B) Water saturated
with SOz gas with PTFE membrane. Reproduced from with permission from American Chemical Society
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Figure 1.19: Schematic diagram of gas diffusion electrode sensor. Repoduced from

activity . Another significant electrolyte that has become popular in recent times is room tempera-
ture ionic liquid (RTIL). RTILs are ionic compounds with a cation and anion. The possibility of tailoring
the chemical structure thus allows influencing many parameters such as viscosity, electrical conductivity,
solubility in water, hygroscopic properties also sensitivity . Tonic liquids are a promising materials in
the future of amperometric sensors. Table shows several ionic liquids together with their permeability

coefficient.

Table 1.3: Values of permeability coefficient of given analytes with respect to ionic liquids with imidazolium
cation

Analyte Cation of ionic liquid Anion of ionic liquid Permeability coefficient [Barrer]
Oo Cy4MIM PFg ™ 36
CoMIM NTFo ™ 143
COo Cy4MIM PTg ™ 544
CoMIM NTFo ™ 1727
CHy C4MIM PTFg ™ 41
CoMIM NTFq ™ 139
SOo CoMIM BF4 9350
Cy4MIM BF4— 8070
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With rapid advances to embedded systems, various microfabrication techniques of electrochemical
sensors have been reported [69]. Amperometric gas sensors have been fabricated using screen printing,
masking, dry etching and other techniques. Recently, ionic-liquid electrolyte based sensors have been
fabricated for oxygen sensing [70]. The design uses interdigitated electrodes to electrochemically enhance

the redox reaction cycle which improves the sensor response.
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Figure 1.20: Interdigitated array (IDA) electrodes and sensor structure (A) structure of electrodes fabricated
(B) whole structure of the gas sensor. Reproduced from [71]

Such sensors depend on the charge transfer from one electrode to another and have demonstrated
detection to a variety of gases such as NOy, HCN, Cly, acetone, and benzene in parts per million (ppm)
concentration levels in air. Major challenges to sensor miniaturization are to do with the bulky reference
electrode. Furthermore, with miniaturization of size, the sensor performance is usually degraded due to
downsize of electrochemical species. Catalytic materials that can improve the sensor response by several
orders of magnitude are required.

Pattern recognition techniques that use modern mathematical tools based on multivariate statistics
have also played an important role in reducing interference effects when multiple sensors are considered.
As a result, multidimensional sensory array has been realised that can generate a large feature set for
discrimination of target analytes. The fundamental prerequisites to building a pattern recognition based

model are as follows.

1. The target compound and the sensor response must be related

2. The compound can be adequately represented as a combination of output sensor responses and

input target
3. A relation can be drawn between compounds and sensor response by testing with a set of compounds

4. The relation can be extrapolated to similar untested compounds
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Figure 1.21: Schematic of an amperometric sensor array with eight sensor elements. Fight sets of electrodes
were prepared using Pt (shown in grey) or Au (shown in gold) as working electrode. The interval between
working, reference and counter electrodes were 150 pm. Reproduced from with permission from Elsevier

Based on the requirements above, several groups have reported gas sensor arrays based on ampero-
metric sensors. Microfabrication technologies have been used to fabricate Nafion/Pt/ceramic plate mi-
croelectrodes to prepare a gas sensor coupled with a back-propagation neural network algorithm (BPN)
for monitoring gas mixtures such as NOy and SOq (Fig. [T.21). Another example is the detection
of hazardous compounds and vapors using a sensory array (Fig. [1.22)). 4 electrochemical sensors
operational in multiple modes identical to a sensory array using pattern recognition were used to detect
roughly 22 untested gases and vapors.

However, the limitation of amperometric sensors lies in poor selectivity. Although the magnitude of
sensor response is different, a similar output pattern is obtained for sensing with multiple other gases

(Fig. |1.23]). Some modification of the sensing electrode with catalytic materials is therefore necessary.

1.3.3 Modified sensing electrode

From the previous section, it is seen that while a simple working electrode of an AGS induces some sensor
response, overall sensor performance can be significantly improved by modifying the working electrode
with organic and inorganic materials. Key requirements of such modifiers are that the modifier should
be firmly attached to the electrode. Long term stability is essential and the modifier should not dissolve

into the electrolyte.
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similar output pattern for different gases. Reproduced from with permission from IEEE
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Depending on the type of modifier, the modification of sensing electrode can be categorized into two

main sub-types [75] -
1. Permselective modification

2. Biological modification

Permselective modification

Semipermeable membranes coated on the surface of the electrode are defined as permselective modifica-
tions. They are advantageous due to high selectivity, stability and many tunable properties. Over the
years, various modifications have been studied with different combinations of target analyte molecular
size, charge, polarity and other material parameters. Electropolymerization has been suggested as an ef-
fective route for creating size-controlled films. The combination of permselective films with moieties such
as enzymes and electrocatalysts have led to the formation of highly-selective nanocomposite materials.
For amperometric sensors, permselective modification is a preferred choice due to robustness, long-term

usage and tunable selectivity.

Biological modification

Biological catalysts such as enzymes have received attention in chemical sensing as well. Several groups
have reported on biologically modified electrodes that essentially measure the product of a reaction
through a biochemical pathway. Biologically important compounds particularly oxidases and dehydro-
genases are most suitable for amperometric sensing. Enzymes, tissues and cells have been immobilized
on the surfaces of electrodes to detect analytes such as dopamine, catechol etc. Although the modified
electrodes are highly sensitive and selective in nature, there are major hurdles in terms of lifetime and
usage in extreme thermal conditions. It is also important to note that biological materials are typically
hard to characterize using conventional material characterization techniques such as FTIR, SEM and
others.

Due to its many flexible properties, in this research we focus on the permselective modification of
working electrodes. In recent years, nanomaterials have gained a lot of focus. Researchers have shown
that new sensing materials can be formed with combinations of organic polymers and inorganic catalytic
materials such as noble metals. Furthermore, the availability of various conducting polymers such as
polyaniline, polypyrrole, polythiophene etc. has led to the discovery of many novel nanocomposites.
In this research, we focus on one such nanocomposite (atomic metal on conducting polymer) and its

many interesting properties (Fig. [1.24). This research is focused on the modification of the working
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Figure 1.24: An example of a working electrode of an amperometric gas sensor modified with atomic metal

electrode of an amperometric gas sensor with polyaniline conducting polymer decorated with atomic

metal nanocomposite.

1.3.4 Catalytic materials
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Figure 1.25: Schematic representation of metal-oxide nanoparticles in electrochemical sensing. Reproduced
from with permission from Springer Nature

In the previous chapter, metal oxide based sensors were briefly introduced. Although metal oxides
as sensor films have shown many promising applications, recently metal oxide nanoparticles or MO NPs
have been extensively studied . Such materials exhibit versatile photo-chemical and electrochemical
properties due to their small size, large surface area and stability. Their main applications have been in

the toughening of conducting surfaces and as ‘redox centers’ in proteins .
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Fast electron transfer between sensing surface and target analyte in the presence of MO NPs have
led them to be used as electron wires and electrocatalysts |78]. Although strong affinities of MO NPs
with electrode surfaces have been achieved with techniques such as electrodeposition, chemical covalent
bonding etc., a drawback of these nanomaterials is the wide band gap classifying them as semiconductors
or even insulators in some situations. A large band gap implies that large amount of energy is required
to make the material conducting, thus limiting the use of MO NPs as stand-alone conductive materials
in EC sensors. Some other disadvantages reported are fragmentation of the electrode film and poor
transport kinetics of ions [79]. Mitigation of these challenges with carbonaceous materials is suggested.
Modified electrodes based on iron oxide nanoparticles have been fabricated for the detection of analytes
such as heavy metal ions, organophosphorus insecticides, dopamine and many other compounds [80]-
[82]. In most cases, carbon matrix has been used as support for nanocomposite. Carbon matrices have
large area, high mechanical strength, tunable thermal and electrical conductivities that enhance the
electroanalytical activity in various ways [83].

Oxides of manganese are naturally available. Advanced nanomaterials based on MnO, MnOg, Mn3zO4
have been formed and these materials have many advantages such as low cost, low toxicity, natural
abundance, catalytic activity, and magnetism [84]-|86]. Although there are several oxides, the most
widely used form is MnO, in the form of nanorods, nanowires and nanoneedles [87], [38] (Fig. [1.26). MnO,
has also been used along with copper nanoparticles and multi-walled carbon nanotubes (or MWCTS) to
improve sensing capacity adhering to large surface area of MWCTs.

In other studies, titanium dioxide or TiOs nanoparticles have also been found to be chemically
stable and effective catalysts for the reduction of organic compounds [89]. However, major obstacles in
application of TiO9 nanoparticles is their instability and low solubility resulting in low sensitivity.

One of the most widely used MO NPs are the nanoparticles from oxides of copper viz. CuO and
Cu0. These oxides are p-type materials and they have widespread applications in areas such as lithium-
ion batteries, solar devices and even sensors. CuQO nanoparticles are used in imprinted polymer-based
sensors as modifiers for enhancing the sensitivity and selectivity [90].

Although there are several other metal oxide based nanoparticles, it can be seen that the effect of small
size has a direct effect on the catalytic activity of the material. In the next section, metal nanoclusters

and their efficacy as novel sensing materials due to their size-dependent catalytic activity is introduced.

Metal nanoclusters

Nanoclusters (NCs) and nanoparticles (NPs) have interesting size dependent optical, magnetic, electrical
and chemical properties. These features are of key interest not only for scientific findings, but also some

very important technological applications such as energy devices and analytical instrumentation. Noble
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Figure 1.26: SEM images of MnO2 metal oxide nanostructures ((a)-(f)) prepared at different pH. Reproduced
from with permission from IOP Publishing

metals such as Au, Ag, Pt and Pd have been an important focus due to their chemical inertness and

electrocatalytic activity. However, there are some key challenges to be considered .

1. The size of catalyst should be reduced to provide high electrochemically active area

2. New supporting materials with high conductivity are needed as host matrix

In this section, nanoclusters and nanoparticles based on metals such as Au, Ag, Pt and Pd are
discussed.
Gold (Au) nanomaterials are biocompatible and chemically stable materials that have wide applica-

tions in fields such as catalysis, chemical sensing, imaging, drug delivery and even biological labeling.
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One of the earliest reports of gold particles as electrocatalysts was in the catalytic oxidation of carbon
monoxide. Apart from nanoparticles, many shapes of Au nanomaterials are possible viz. nanocubes,

nanorods and even nanowires. Fig. shows single-crystalline rhombic dodecahedral nanocrystals of

Au .

Figure 1.27: SEM images of rhombic dodecahedral (RD) gold crystals at different magnifications: (A) 1 um;
(B) 500 nm; (C) 200 nm; (D) geometrical model. Reproduced from with permission from American Chemical
Society

Silver (Ag) nanomaterials are particularly interesting because their different shapes and sizes result
in a range of colors due to their localized conduction electrons. Thus, Ag nanomaterials are useful in
areas such photoncs, biological labeling, optical sensing etc. A big breakthrough in the synthesis of
shape-controlled structures of Ag reported a polypol process for the controlled preparation of cubes of
Ag of approximate size of 175 nm . The synthesis of Ag nanowires is another fascinating research
area. Recently, high density preparation of silver nanorice have also been reported (Fig. )

Palladium (Pd) nanomaterials are well-known for their hydrogen adsorption ability and are commonly
used as catalysts for the reduction of automobile pollutants, hydrogenation reactions, petroleum cracking
and many other organic reactions such as Suzuki, Stille coupling etc. Like Au and Ag, Pd nanomaterials
can take many shapes depending on thermal conditions and kinetics of the process. Some of those shapes
are nanocubes, nanowires, tetrahexahedral nanocrystals, naothorns among others. Fig. [[:29] shows
polyhedral palladium nanocrystals synthesized under different conditions . Although Pd exhibits
enhanced activity at small size, the size and shape of Pd nanomaterials require controlled synthesis. Pd
possesses several catalytic properties that can be tailored to specific applications. It has also been found

that the shape of nanoparticles can specifically affect the catalytic activity. For example, tetrahexahedral
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Figure 1.28: Silver nanorice (A) low magnification SEM (B) high magnification SEM (C) UV spectrum of
nanorice. Reproduced from with permission from American Chemical Society

(THH) Pd nanocrystals exhibit higher catalytic activity towards electrooxidation of ethanol in alkaline
media than Pd black [97].

Finally, platinum (Pt) nanomaterials are discussed. Pt nanoparticles and nanoclusters have been
widely used in fuel cells, sensors, petroleum industry etc. Since Pt is a precious metal, there is great
focus on further reducing the size of Pt catalyst to achieve higher catalytic efficiency with lesser quantity.
Diverse shapes of Pt nanomaterials have also been reported. Some of them are Pt nanotube, hollow
sphere, polyhedron, Y-shaped junction etc. Fig. m shows the transmission electron microscopy (TEM)
image of dendritic Pt nanoparticles . Although noble metal nanomaterials are popular catalytic

materials, further reduction in size from nanomaterial to atomic size shows some interesting properties.

Single-atom catalysts

Single-atom catalysis is the catalysis in which a single atom enhances the chemical kinetics. The term
single-atom catalyst was first proposed in 2011 and since then has opened a new frontier in heterogeneous
catalysis.

Fig. shows an illustration of a single atom catalyst from bulk metal [99]. Although bulk metal is
conducting, it does not exhibit any significant catalytic activity. When the size of the metal is reduced to

nanocluster size, catalytic activity is remarkably enhanced, as also seen in the previous section. However,
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Figure 1.29: SEM images of polyhedral palladium nanocrystals synthesized under different conditions: A-E
are temperatures 30, 40, 50, 60, 80 °C. 1-5 are decreasing concentrations from 100 mM to 0.1 mM Pd growth
solution. Reproduced from with permission from American Chemical Society

Figure 1.30: TEM of dendritic platinum nanoparticles. Reproduced from
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Figure 1.31: Illustrative example of the formation of single atom metal. Modified from with permission
from John Wiley and Sons

the high catalytic activity of these nanoclusters and nanoparticles cannot be sustained over a variety of pH
ranges. Further reduction of size through sophisticated methods to atomic metal enhances the catalytic
activity much further as the surface area drastically decreases. An example of this variation in catalytic
activity is shown in Fig. Current-voltage response due to electrooxidation of 2-propanol with
gold nanoparticles shows a peak current at +0.2 V. However, electrooxidation with atomic gold shows
additional oxidation peaks indicating to secondary reactions taking place due to enhanced electrocatalytic
activity. Such additional features are useful properties to have in electrochemical sensors as they point
to improved selectivity.

In an effort to develop highly active and stable metal catalysts, various approaches have been explored.
Although recently, some groups have reported pioneering works of single-atom catalysts, a critical factor
to its preparation is the stability of the isolated single atom catalyst. The isolated atom needs to be
stabilized by a suitable host matrix. Carbon and carbon-nitrogen based materials such as polymers
and composites have been a popular choice in this regard, as the final structure becomes stable by
charge transfer (see Table [99]). The single atom catalyst thus acts as a dopant in such cases to
carbonaceous compounds. The geometric structure of the single metal atom on the support matrix is a
unique electronic structure that supports charge transfer. Due to the metal atom anchored on a binding
site, the atom carries some charge and this has been verfied with computational modelling . If
the structure of the atomic metal can be precisely controlled, many interesting catalytic materials are
possible. From Table[I.4] it can be seen that different synthesis methods have been employed to prepare
a variety of single atom catalysts. However, the catalytic activity varies for different materials and

synthesis methods. While some methods yield a better catalytic activity than with original substrate
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Figure 1.32: Comparison of electrochemical oxidation ability of 2-propanol with gold nanoparticles (left) versus
atomic size gold catalyst (right). Modified from [100] and with permission from Elsevier and from [101] with

permission from Springer Nature
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Figure 1.33: Survey of cyclic voltammograms for the triatomic AusPd; (top row) and Au;Pds (bottom row)
structures. The solutions contained 1 M NaOH and 0.5 M n-propanol. Gold atoms are shown in yellow, and Pd
atoms are shown in gray. Reproduced from \\ with permission from Springer Nature

without catalyst, for some methods the activity is comparable, thus not significantly improved. For
electrochemical sensing, a high catalytic activity is desirable. It is also desirable that the structure of
atomic size catalyst can be controlled. By controlling the structure of clusters from atomic size catalysts,
a large number of sensing films with variable selectivities are expected. From recent novel approaches,
best results have been seen for atomic gold decorated on polyaniline conducting polymer. Thus, for this
research it has been focussed as the sensing material for developing electrochemical sensors with high
sensitivity and selectivity.

One additional novel material is an atomic alloy - which is an alloy of two or more metals at the atomic
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Table 1.4: Summary of atomic metal-doped carbon based materials for electrocatalysis
(HER: hydrogen evolution reaction, ORR: oxygen reduction reaction, OER: oxygen evolution reaction)

Materials Synthesis method Application Active center Activity Ref.
CoN,/C Wet chemistry/Co-oPD & CoTMP HER Co-N,, comparable
Co-NG Wet chemistry/CoCly.6H,O HER Co-N, comparable 103
Co SAs/N-C Wet chemistry/(Zn/Co)MOF ORR Co-N,, better
FeN,/C Wet chemistry/FeTPPC1 ORR Fe-N, better
FeNy/GN Wet chemistry /FePC Oxidation of benzene Fe-Ny better than Fe/NG (106
Ni-doped graphene ~ CVD/Ni-substrate HER Ni-C comparable
M-g-C3Ny Wet chemistry/MClsy.xH,O ORR/OER M-N, comparable
Nb-C Arc-discharge approach ORR Nb-C better 109
Pt/N-CNFs Formic acid decomposition — Pt-Nj better
Pt-GNS ALD/MeCpPtMey Methanol oxidation Pt-O better
[I(CoHy)a]/zeolite Y~ Wet chemistry /Ir(CoHy)o Cyclohexane hydrogenation Iry comparable 112
Au/ZnO Wet chemistry/HAuCly Hydrogenation of butadine ~ Au comparable 113
PANI-Au Wet chemsitry/HAuCly Electrooxidation of alcohols Au controlled 114

scale. A remarkable study in single-atom-catalysts research has been the order in which heteroatoms
(more than one atom) are deposited on a matrix to yield an atomic alloy. It has been seen that the order
of atoms plays an important role in the overall electrocatalytic activity [115]. Fig|l1.33|shows the overall

electrocatalytic activity in the form of cyclic voltammograms for Au and Pd alloys.
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1.3.5 Summary
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Figure 1.34: A look at amperometric sensors over the years, (a) top view of canister-type sensors vs printed
sensors; (b) top view of canister-type sensors vs printed sensors; (c) section of a sheet of printed sensors and
several diced sensors; (d) towards modern ultrasmall amperometric gas sensors. Reproduced from with
permission from IOP Publishing

The evolution of amperometric gas sensors can be visually summarized by Fig. [1.34 Several types
of sensors have been developed over the years using modified electrodes, electrolytes and catalytic ma-
terials. MEMS technology has been fundamental towards reducing the form factor of these sensors.
However, common challenges such as slow response time and poor selectivity have been an obstacle for
their commercialization. Modification of electrodes with permselective and biological membranes leads
to promising new designs, although permselective membranes are a preferred choice. Three types of
nanomaterials - metal oxide nanoparticles, metal nanoclusers and single atom catalysts are introduced
and advantage of using single atom catalysts with carbonaceous compounds is highlighted. Based on
the above survey, this study focuses on a novel conducting polymer based nanocomposite modified with

atomic size noble metal.
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1.4 Purpose of research

Sensors play a key role in making biomimetic systems and gas sensors are essential analytical tools for
machine olfaction with a wide range of applications in the industrial sector, food industry, health and
environmental monitoring etc. Although it is desirable to have gas sensors with high sensitivity and
selectivity, most sensors exhibit cross-sensitivity to compounds with identical molecular mass. Such
compounds are difficult to discriminate using conventional gas sensors. Further improvement in the
existing technology of gas sensors is needed with novel sensing materials.

Research strategy is shown in Fig. [1.35] Depending on the transduction principle, gas sensors can
be of several types. Most gas sensors are either susceptible to humidity such as gravimetric sensors,
or have poor reproducibility in sensor response with short lifetime such as biosensors. Electrochemical
sensors are one of the well-studied chemical sensors that have many advantages such as low cost, room
temperature operation and no humidity interference. They are also modifiable with catalytic materials.
Thus, we focus on electrochemical sensors for this research.

Electrochemical sensors have sub-types out of which amperometric type electrochemical sensors show
specific measurement and less susceptibility to noise. Although many amperometric gas sensors have
been routinely studied over the years, a typical challenge in these sensors is cross-sensitivity. Further
modification to the sensing electrode is needed with catalytic materials.

Catalytic materials are mostly based on noble metals such as gold, platinum etc. and can be fabricated
in different sizes. It is known that by reducing the size of the catalyst to nanocluster size induces many
catalytic properties. On the other hand, recent studies have shown that reduction of noble metals to
atomic size catalysts improves the catalytic activity as well as selectivity of the material. Mono-atomic
metal catalysts have been decorated on carbonaceous compounds such as conducting polymers and they
are novel sensing materials for fabricating gas sensors with high sensitivity and selectivity.

In this research, atomic size gold metal is decorated on polyaniline conducting polymer for ampero-
metric gas sensing of various organic compounds. Although the methodology for preparing atomic gold
structures on polyaniline has already been reported in the past, this research reports the gaseous sensing
behaviour of the nanocomposite for the first time. Various aroma-containing compounds are studied for

the first time. Design modifications for realizing a sensory array with miniaturized sensors are suggested.
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1.5 Thesis structure

In this research, platinum electrodes have been electropolymerized with polyaniline and decorated with
structured atomic gold to prepare a nanocomposite material for gas sensing applications. Thesis structure
is shown in Fig. [1.36

Chapter 1 surveys through various gas sensors based on their transduction principle. A brief back-
ground of various catalytic materials is provided and related works to single atom catalysts are introduced.

Chapter 2 introduces polyaniline conducting polymer and its many properties. Previous related
works to atomic gold decorated with polyaniline conducting polymer as support matrix are discussed.
Although in the past, atomic metals have been previously decorated on polyaniline electrodes, this is the
first exploratory study to demonstrate its gas sensing capability.

Chapter 3 focuses on the materials and methods for preparation of nanocomposites. An atomic
metal deposition system is constructed to deposit atomic size noble metal into the matrix of polyaniline
conducting polymer through a sophisticated electrochemical process. Several electrochemical protocols
along with instrumentation are described.

Chapter 4 and 5 conduct a thorough analysis of the thus formed nanocomposite as a sensing material.
A comparative study of the sensor response to variation in size of atomic gold cluster is conducted.
Several parameters such as stability, reproducibitity and sensivity are studied. The enhanced sensitivity
and selectivity due to electrocatalytic activity are harnessed as useful properties for gas sensing. Sensor
response of the amperometric gas sensor across different functional groups and aroma compounds is
explored. An indirect method of sensing lower aliphatic esters through hydrolysis in alkaline medium is
reported.

Chapter 6 converges the results obtained in previous two chapters and proceeds towards the minia-
turization of the sensor from macroelectrodes to microelectrodes. Several modifications to process pa-
rameters is suggested.

Chapter 7 concludes this research with its key findings.

Chapter 8 provides a glance of the future work of this research.

40



Thesis structure

Chapterl:
Introduction to gas sensors
and related works, signifi-

cance and novelty of research

|

Chapter2:
Atomic metals as novel sens-
ing materials. Polyaniline as
support matrix for atomic gold

|

Chapter3:
Methods for preparation of
PANI/Au, nanocomposite

and material characterization
. J

— ~.

Chapter5:
Study of various analytes-
ethyl formate sensing and bi-
nary mixture quantification

Chapter4:
Electrochemical sensing with propanol
isomers in liquid and gas phases

\ /

( 2

Chapter6:
Miniaturization of sensor and
interdigitated electrodes and
tuning of process parameters

L J
, l \
ChapterT7:

Conclusion
L J
, : \
ChapterS8:

Future work with ionic liquids, higher
atomic clusters and atomic alloys

Figure 1.36: Structure of thesis

41



Chapter 2

Novel sensing materials

2.1 Introduction

Supported nanocatalysts yield activity in different chemical reactions. Furthermore, as seen from the
previous chapter, the size of the metal particles is one of the most important factors in determining
catalyst performance. Therefore, to achieve high specific activity and reduce costs, downsizing the size
of the catalyst particles to atomic size is required. In the case of precious metal catalysts such as Pt, Pd,
Ru, Rh, Ir, they are excellent heterogeneous catalysts in petrochemical industry, pharmaceutical industry,
manufacturing etc. However, metal catalysts are unable to meet the increasing demand and minimizing
the use of such expensive catalysts with the use of single-atom catalysts is required. This chapter surveys
new researches related to single atom catalysts. It introduces a recent approach (as reported by another
group) to the fabrication of a novel sensing material - polyaniline conducting polymer decorated with
atomic gold. Polyaniline decorated with atomic gold will be later adopted as the main sensing material

in this research.

2.2 Single atom catalysts

A requirement for producing single atom catalysts or SACs is the isolation of a single atom onto a
suitable support matrix. However, SAC manufacturing is challenging due to preferential aggregation of
metal atoms during synthesis or subsequent processing processes [118]. Therefore, single metal atom
materials require advanced methods for wider adoption. Some strategies proposed by researchers are
atomic layer deposition (ALD), wet impregnation and co-precipitation and some newer electrochemical

methods [119].
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2.2.1 Effect of size on catalytic activity
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Figure 2.1: Equilibrium geometries of anionic, neutral, and cationic atomic clusters of X (X=Au, Ag, Cu),
3<n<7. The roman numerals identify the different geometries possible. Reproduced from \

As novel heterogeneous catalysts, SACs provide maximum utilization of surface area due to their small
size. Furthermore, SACs are not only catalytically active, but their structure can affect their catalytic
activity (Fig. . The properties of small metal clusters have been studied experimentally and theoret-
ically for several decades. In related works, Density functional theory (DFT) has been used to determine

various geometries possible for atomic metal clusters.

2.2.2 HOMO-LUMO gap energy variation

The HOMO is the highest level in energy for orbitals that have electrons, and the LUMO is the lowest level
in energy for orbitals that do not have electrons. The energy difference between the HOMO and LUMO
is termed the HOMO-LUMO gap. Excitation becomes easier as the HOMO-LUMO gap converges, such
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as for large aromatic systems (like tetracene or benzola]pyrene), or for transition-metal complexes (that
is why they tend to be colored). Theoretically predicted HOMO-LUMO gap energy for gold clusters
have been studied using DFT and they shows an odd-even pattern (Fig. . In other words, the gap
energy for odd number of atoms is smaller than that of even number of atoms [121]. This property is an

indirect method for confirming the formation of atomic metal clusters.
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Figure 2.2: Theoretically predicted HOMO-LUMO gap energy for gold clusters Auny for N=1-8. Reproduced
from [121]

2.2.3 Characterization techniques

By definition, SACs contain only isolated single atoms acting as the centers of catalytically active sites.
Therefore, the confirmation of the existence of isolated single metal atoms and the determination of their
spatial distribution are critical to the development of SACs. Advanced characterization techniques can
reveal the structures and chemical states of single atoms and assist in the study of single-atom catalytic
mechanisms and the design of stable single-atom structures [118]. Some of these techniques are listed as

follows.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a useful method to image deposited catalyst particles to
characterize stability on various supports and under diverse conditions and atomic-resolution. TEM is
one of the most direct methods to study detailed atomic-scale structural information of SACs and the
interactions between metals and supports, which is essential for the understanding of catalytic activity

and degradation mechanisms.

44



Synchrotron Radiation Investigations

Due to the available high flux of X-rays and the versatility of beam lines, synchrotron radiation has
become a valuable tool in the investigation of deposited, size-selected clusters and even single atoms. In
addition, synchrotron radiation allows for the investigation of bulk materials and in combination with the
aforementioned electron microscopy techniques, the elucidation of the overall structure of single metal

atoms rather than just local and surface information

Scanning Tunneling Microscopy

Atomic-resolution scanning tunneling microscopy (STM) is an excellent technique to image-supported
individual metal atoms. To improve the resolution of STM to examine single atoms, STM usually operates
at low temperatures under ultrahigh vacuums (UHV) in which STM was to successfully identify single
Pt atoms supported on Cu(111) surfaces. In a separate study, the obtained STM images revealed that
Pt atoms were incorporated directly into Cu(111) terraces and in the areas above the surface step edges

through place exchange [119].

Fourier Transform Infrared Spectroscopy

In previous works, polyaniline conducting polymer has been decorated with atomic gold and the presence
of atomic gold clusters was determined using fourier transform infrared spectroscopy (FTIR). Since it was
expected that the gold atoms must form near the nitrogen sites of polyaniline, the N-H band streching
vibration of polyaniline showed an odd-even pattern with respected variation in size of atomic gold cluster
[122]. Since pattern corresponds to similar variations as expected from the HOMO-LUMO band energy
of atomic gold cluster, it is an indirect characterization technique for the presence of atomic size gold
formation.

Although several direct and indirect characterization techniques for confirming the formation of single
atom catalysts have been reported, the visualization of a single atom at angstrom levels is particularly
challenging. Advanced systems with high resolution and accuracy are required for such material charac-
terizations. In this study, the HOMO-LUMO gap energy was used to confirm the formation of atomic
metal clusters. However, it should be noted that it is an indirect method of verification. Scanning electron
microscopy (SEM) shows results contrary to original hypothesis, although the results have interesting

implications (discussed later in Chapter 3).
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2.3 Conducting polymers

2.3.1 Polyaniline (PANT)

Polyaniline (PANI) is polymerized from aniline monomer. A chain reaction takes place starting from
monomers to form macromolecules, which grow simultaneously into organized complex supramolecular
discrete number of molecules. PANI can be found in three idealized oxidation states: Pernigraniline
base, Emeraldine base, and leucoemeraldine base, of emeraldine is conducting in its salt form. These

forms of PANI are categorized according to the degree of polymerization, which is shown in Fig.
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Figure 2.3: Oxidation states of polyaniline. Reproduced from [123] with permission from Springer Nature

PANI may be described as a combination of any desired ratio of the idealized repeating unites
depending on experimental conditions. Different names have been proposed in literature for its repeating
structure. For simplicity, PANT is composed of two main units, i) the completely reduced form of a repeat
unit containing two benzenoid rings (Fig. ) and (ii) the completely oxidized form of a repeat unit
containing one benzenoid ring and one quinonoid ring (Fig. [2.4p). The base and protonated forms
are referred to as the amine (A) and the salt (S) forms respectively. Protoemeraldine, emeraldine and
nigaraniline are the intermediate oxidation states of the above mentioned forms of PANI. The conversion
of the completely reduced form to the completely oxidized state involves a loss of electrons and protons,

as illustrated in Fig. 2.4k.
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Figure 2.4: Chemical structures of polyaniline. (a) completely reduced form of repeating units with benzoid
rings, (b) completely oxidized form of repeating units containing one benzoid rings, (¢) conversion of completely
reduced form to completely oxidized form. Reproduced from [123] with permission from Springer Nature

The pH of a dopant for polymerizing aniline monomer has been intensively studied in the literature
as well. It has been found that the rod diameter of the PANI enlarges with increasing pH or increasing
aniline concentration [124]. The electrochemical polymerization of PANI from aniline, H,SO,4 acid dopant
and pH adjusting solutions such as (HNOj3 or KOH solutions) to vary the pH from 0 to 14, result in
different morphologies. For example, when the polymerization takes place at pH = 0, a fibrous structure
is likely to be obtained with a rod diameter 70 nm and length of a couple of micrometers. This structure
is continued to be seen at pH = 1 as well, but with a larger rod diameter, almost twice the diameter
acquired at pH = 0. It has been shown morphology with the exact pH using 2.0 M H3PO, as an acid
dopant. The rod diameter was between 80 and 100 nm). Moreover, a reaction at pH 2.0 — 4.0 influences
the fibrous structure, and make it less organized in Fig. [2.5] The reaction for the random growth
of the polymer was interpreted as a hindered reaction. In alkaline environments, i.e. pH 13-14, the
morphology is different, and takes a flake-like structure. Heterogeneous nucleation seems to be driving
the morphology formation, which is a coral-like structure. It has been suggested that a massive reduction
in the concentration of radical cation which is caused as the result of aniline oxidation at the beginning
of the polymerization, causes heterogeneous nucleation to develop at any available sites. In summary,
morphological structures of PANI are dominated by thermodynamics and kinetics of the reaction, which
depends strongly on the pH.

The fiber-like structure tends to expand the fiber rod diameter with increasing aniline concentration.
By a way of illustration, a related work [125] suggested an enlargement of fiber rod diameter from 60

to 200 nm by elevating aniline concentration by factor of 10. Increasing the aniline concentration to
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0.2 mol/L resulted in 300 nm rod diameter accompanies by a tiny structure in the nm range, which
is the so-called dendritic PANI. Apart from that, the reaction temperature does not play a significant
role in PANI morphology. A hairy PANI structure was formed at a temperature of 0 °C. Fig. illus-
trates the morphological structures obtained by the emulsion route method with monomer concentration

alterations.

Figure 2.5: Selected morphologies of PANI based on the pH (A) pH=0; (B) pH=3; (C) pH=7; (D) pH=14.
Reproduced from [124] with permission from Elsevier

Figure 2.6: SEM images of PANI at different rod diameters and textures of PANI fibre (A) 30-60 nm; (B) 200
nm; (C) 300 nm; (D) hairy. Reproduced from [125] with permission from Elsevier

48



2.3.2 PANI as support matrix

Since PANI exists in different oxidation states - leucoemeraldine, protoemeraldine, nigraniline, perni-
graniline with emeraldine being conductive in its salt form - PANT in its emeraldine form can be oxidized
in the presence of an acid. This oxidation leads to the loss of nitrogen’s electrons and the nitrogen is
induced a positive charge (Fig. . At this point, the nitrogen is a metal binding site and metal anions

(A) introduced into the system be deposited by electrochemical reduction at this site.
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Figure 2.7: PANI as a metal binding support matrix. A is the incoming metal anion.

2.4 Atomic gold

2.4.1 Preparation of atomic gold on PANI

Polyaniline films have been produced electrochemically by sweeping continuously the applied potential to
a working electrode between -0.2 V and 40.8 V until 140 mC of charge are consumed . By controlling
the charge transfer of the working electrode, it is possible to control the thickness of the polyaniline film.
The polyaniline on a platinum working electrode is conducting in both the anodic and cathodic regions
as evidenced by the electrolysis aqueous reaction which occurs between the aforementioned scan ranges
(Fig. [2.8).

Growing atom-by-atom gold clusters onto PANI matrix is a cyclic process . PANT can be oxidized
inside an acidic medium to its imine form, which has the ability to form strong metal complex with halo-
anions. According to Fig. a Pt working electrode is polymerized at first with PANI and the potential

is swept from - 0.2 V to + 0.8 V at which PANI changes from PANI emeraldine form to its electrophilic
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Figure 2.8: Cyclic voltammogram of a polyaniline film on a Pt surface in 0.1M Et4NBF4-CH3CN solution
using a sodium chloride calomel reference electrode (scan rates: 10 to 50 mV/sec). Reproduced from [126] with

permission from Elsevier
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Figure 2.9: Cyclic process of atomic gold deposition (I) PANTI is oxidized by increasing the potential from - 0.2
V to 4+ 0.8 V (II) Potential is held at + 0.8 V. AuCls ™) ions are introduced in situ (III) One of the AuCl, ™)
ions forms a PANI*AuCls ™) metal halide complex and excess AuCls™) are rinsed with HC1O4~ buffer solution
(IV) Potential is decreased from + 0.8 V to - 0.2 V leading to the reduction of AuCls™) to Au. Atomic Au is
decorated onto PANI matrix. The process from I-IV can be repeated ‘N’ times for decorating ‘N’ atoms of Au.
Reproduced from [127] with permission from Elsevier

pernigraniline form (I). If a metal halide (e.g. tetrachloroaurate anion AuCly ™) is introduced in situ,

then a PANT*AuCl,~ complex is formed due to the high electron affinity of PANI functional group in
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this state (IT). The excess AuCly~ ions are rinsed out by acid buffer solution (III). By linearly sweeping
the potential back to - 0.2 V, Aut in AuCly~ is reduced to atomic Au’ (IV). Since only a single
AuCly™ anion is needed for each atomic Au deposition, the deposition can be performed at very low
concentrations of AuCly~. The cyclic process (I-IV) can be repeated ‘N’ times to grow ‘N’ atomic gold

cluster onto PANI substrate, e.g. Au, means two gold atoms.

2.4.2 PANI doped with atomic gold
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Figure 2.10: Cyclic voltammograms for (A) PANI/Au, taken several times before the first gold deposition cycle
and (B) Variation of PANI voltammogram after each deposition cycle for 1 through 8 cycles upto PANI/Aus.
The arrows show the progression of the peaks through the 8 cycles. The CVs were recorded from -0.2 to +0.7 V
in 0.1 M HClO4. Reproduced from with permission from IOP Publishing

Applying the optimized experimental conditions, results of atomic gold deposition into PANI following
the procedure described in the previous section have been reported. PANI/Aug can be and has been
decorated with atomic gold in upto 8 gold deposition cycles. During the deposition cycles, the film was
only exposed to 0.1 M HCIO4. Fig. 2:I0A shows the CVs for this film through the 8 deposition cycles.
The first CV was recorded after the degradation step, but before the gold deposition cycles begin. The
subsequent CVs shown were taken just after the reduction of the AuCly~ to atomic gold in each of the
deposition cycles for a total of 9 CVs. The arrows indicate that the peaks shift slightly from the initial
CV through the 8 cycles which is typical of a small amount of overoxidation. Overall, there was nothing

remarkable happening to this film through 8 atomic gold deposition cycles. However, Fig. 2.I0B shows
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the CVs for the PANT/Aug sample taken at the same time periods as in the PANI/Aug sample ( Fig.
A). A degradation of PANT is seen with increasing atomic gold depositions which is explained in the

upcoming sections.

2.4.3 Odd-even pattern in PANI/Au, nanocomposite

From previous sections, it was seen that the stability of atomic gold clusters of Auy where N = 1-10
would depend on binding energy, dissociation energy, second order difference in total energy, and HOMO-
LUMO energy gap. Theoretical studies show that neutral (ground state) gold clusters exhibit an odd-even
oscillation of their properties due to electron pairing effect for the second order difference in total energy
and in the HOMO-LUMO energy gap. Gold clusters made of 2, 4 and 6 atoms have the largest HOMO-
LUMO gap and dissociation energy, while the second order difference in total energy is the lowest for
these two, which confirms their high stability.

In summary, the even numbered gold clusters are more stable than the odd numbered clusters.
Moreover, the Aus and Aug clusters have two dimensional structures. The odd-even pattern of electronic
properties of gold and other coinage metals, has been confirmed in the experiment in which the UPS
(ultraviolet photoelectron spectroscopy) spectra of mass-selected metal clusters have been measured. In
those experiments the oscillating pattern seizes at N > 20 (for gold) and the electron affinity assumes
the value corresponding to bulk metal. It is known that catalytic performances of gold clusters depend
on their preparation methods, support matrix, and their size. It has been demonstrated that both,
PANTI containing metal precipitates and PANI modified electrodes, show electrocatalytic oxidation of
primary alcohols in alkaline and acidic medium, but the catalytic effect is higher in the alkaline medium.
Polyaniline is highly stable and easy to prepare, and its properties have been extensively studied. previous
studies on the properties of PANI/Auy composites made with N = 0 to 8 numbers of gold atoms are
reported.

Electrochemical oxidation of n-propanol and of iso-propanol in 1 M KOH has been previously reported
as test reaction in order to demonstrate the electrochemical efficiency of various forms of gold [101].
However, details of the alcohol oxidation, identification of the oxidation products, the effect of carbonate,
and the effect of the kind and concentration of hydroxide have not been investigated.In order to aid visual
comparison between different kinds of electrodes, the concentration of propanol in 1 M KOH solution
was kept constant at 0.5 M. Due to the fact that adsorption of organic molecules onto platinum is often
irreversible while adsorption onto gold is reversible, the catalytic poisoning effects seen for Pt are not
seen for gold. For electrocatalytic oxidation of alcohols on gold, the rate determining step is the cleavage

of the C-H,, bond.
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H;R-OH = H,R-O~ + HT

The deprotonation of the alcohol occurs at high pH, and it is dependent on the pKa of the alcohol.
Once deprotonated, the reactivity of the alkoxide intermediate, H,R—O~, depends on the state of the
electrode material being able to abstract the H,. For primary alcohol (e.g. n-propanol) the alkoxide is
more active towards the electrochemical oxidation leading to propionic aldehyde, which can be further
oxidized, while for the secondary alcohols (e.g. i-propanol) the final product is the corresponding ketone

(e.g. acetone).
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Figure 2.11: Effect of added 2 to 7 Au atoms to PANI on electrooxidation of 0.5 M n-propanol in 1 M KOH.
Arrows show the increase or decrease in peak intensity with different atomic Au clusters. Reproduced from [101]
with permission from Springer Nature

From Figs. 2.11] and 2:12)it has been summarized that there is a catalytic effect for oxidation at both
odd and even numbered atomic agglomerates of gold that is predicated on the presence of Pt substrate.
It is significantly higher for the even-numbered agglomerates. Results indicate that PANI in alkaline
medium is somewhat conducting and porous and that a part of electrochemistry takes place at the Pt
surface. The atomic gold acts as a dopant for PANI in the similar way as the anions do for PANI in
acidic medium. The Pt surface contributes to the oxygen reduction and generation of the OH. radical.
The formed OH- is possibly stabilized by PANI and the ensuing oxidation takes place at atomic gold
according to its odd—even pattern.

As an indirect proof of atomic gold cluster, Fourier-transform infrared spectroscopy (FTIR) spec-

troscopy of N-H stretching measured in the region of 3100-3500 cm~! in 0.1 M HCIO4 has also been
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Figure 2.12: Effect of added 2 to 7 Au atoms to PANI on electrooxidation of 0.5 M i-propanol in 1 M KOH.
Arrows show the increase or decrease in peak intensity with different atomic Au clusters. Reproduced from |101]
with permission from Springer Nature

reported . The dependency of N-H stretching shows a similar odd—even pattern obtained from the
band areas relative to the number of atoms in the cluster. Since the Au atoms are expected to be close
to the nitrogen sites of PANI, the magnitude of N-H stretching vibration therefore depends on the size
and stability of those atomic Au clusters in PANI.

The results of a novel atomic gold decorated polyaniline nanocomposite presented above is directly
applicable to this type of transducer, which is a miniature electrochemical cell containing working,
auxiliary, and reference electrodes, also introduced in Chapter 1. Because the sample enters into the cell
through porous electrodes, similar to those used in fuel cells, the device is called the ‘fuel cell sensor’.
The electrochemical process of interest relies on the selectivity of the electrocatalytic conversion. This is

where the atomic metal electrodes could find their application, and it is the foundation of this research.

2.5 Summary

Single-atom catalysts have recently shown to be a new frontier due to their high activity and selectivity
for various chemical reactions. However, isolation of single atoms is challenging and a suitable substrate
or support matrix is required to make a stable isolated atomic structure. Although so far metal ox-
ides of nickel, zinc, titanium and others have been the most common substrates, conducting polymers
such as polyaniline (PANI) have also been recently proven to serve as a suitable support matrix for

dispersing metal nanoparticles. PANI is an attractive material due to its high conductivity, ease of
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preparation, room temperature operation and many tunable redox properties. PANI can be and has
been electrochemically decorated with atomic size Au through a bottom-up process. Cyclic voltammo-
grams (CV) from the electrooxidation of alcohols illustrate an odd—even pattern due to the variation in
the HOMO-LUMO gap energy of the atomic Au cluster. Features obtained from CV with structured
atomic Au-PANI nanocomposites suggest that they can be used as novel sensing materials for sensing
applications as well. In the following chapters, PANI electrodes decorated with atomic gold have been
used as amperometric sensors for the classification between n-propanol and iso-propanol. The enhanced
sensitivity and selectivity obtained due to the electrocatalytic activity of atomic gold are harnessed as

useful properties for sensing in both liquid and gas phases for various target compounds.
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Chapter 3

Methodology for material

preparation

3.1 Introduction

The decoration of structured atomic gold on polyaniline nanocomposite requires precise control of various
electrochemical parameters. This chapter introduces the fabrication method of atomic gold decorated
polyaniline nanocomposite material. Various components required in building the atomic gold deposition
system are described. Processes starting from electropolymerization of polyaniline up until characteri-

zation of PANI-Au, nanocomposite are explained.

3.2 Cyclic voltammetry

3.2.1 Redox reactions

Reduction

Oxidation

Figure 3.1: Example of a simple redox reaction showing the oxidation of Fe® to Fe** and the reduction of Oy
to O%~. Reproduced from Edweiss Publications under Creative Commons Attribution License 4.0

We revisit redox reactions from Chapter 1. Redox (reduction—oxidation) reaction is a type of chemical
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reaction in which the oxidation states of atoms are changed. Redox reactions are characterized by the
actual transfer of electrons between chemical species, most often with one species (also known as the
reducing agent) undergoing oxidation (losing electrons) while another species (also known as the oxidizing
agent) undergoes reduction (gains electrons). The chemical species from which the electron is removed
is referred to have been oxidized, while the chemical species to which the electron is added is referred to
have been reduced (see example in Fig. [3.1)).

Redox reactions are fundamental reactions in amperometric-type gas sensors where one species loses
electrons while the other species gains electrons under the influence of an applied electrode potential.

The next section introduces a useful analytical technique for amperometry - cyclic voltammetry.

3.2.2 Understanding a simple voltammogram

oxidative scan

i (A)

reductive scan
i —

Figure 3.2: Cyclic voltammogram where i, and ip, show the peak cathodic and anodic current respectively for
a reversible reaction. Image remains the copyright of Ossila Ltd. Taken with permission from Ossila Ltd.

Cyclic voltammetry (CV) is a potentiodynamic method of electrochemical measurement. In a CV
experiment, the working electrode potential is varied linearly versus time. However, unlike in linear
sweep voltammetry, after the potential reaches its set point in a CV experiment, the working electrode’s
potential is ramped to the opposite direction to return to the initial potential. These cycles of ramps
or scans in potential can be repeated as many times as required. The current at the working electrode
is plotted versus the applied voltage (also known as the working electrode’s potential) to give the cyclic
voltammogram plot. Cyclic voltammetry is used to study many electrochemical properties of an analyte
inside solution or of a molecule adsorbed onto the electrode, as is the case of diffusion electrodes.

Often the analyte displays a reversible CV waveform (such as that depicted in Fig. , which is

observed when all of the initial analyte can be recovered after a forward and reverse scan cycle. Although
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such reversible pairs are simpler to analyze, they contain less information than more complex waveforms.
The waveform of even reversible pairs is complex owing to the combined effects of polarization and

diffusion. The difference between the two peak potentials (E,), AE,, is of particular interest.

AE, = Epy — Epe > 0 (3.1)

This difference is a result from the effects of different analyte diffusion rates. In the ideal case of
a reversible reaction, AE, is 57 mV. Typical values of AE, observed experimentally are larger, often
approaching 70 or 80 mV. The waveform shape is also affected by the rate of electron transfer, usually
referred to as the activation barrier for electron transfer. In an ideal system the relationships reduces to
Epa-Epe= 56.5mV/n x (Ep, - Epe) = 56.5 mV/n for an n electron process.

Focusing on current, reversible couples are characterized by i, /i, = 1 (see Fig. . However, many
redox processes observed by CV are quasi-reversible or non-reversible. In such cases the thermodynamic
potential AE, is indicated by ipq/ipe # 1.

In this research, cyclic voltammetry will be used as the primary electroanalytical signal for discrim-
inating between electrochemical reactions of target compounds. All reactions are reversible in nature,
unless otherwise stated. The i,, and and i,. currents give rise to discriminable oxidation 'peaks’ in the
voltammograms which will be used as important features for classification between analytes. Next, the

experimental setup for conducting such experiments is described.

3.3 Experimental setup

3.3.1 The cell

A standard CV experiment consists of a cell fitted with three electrodes: the reference electrode, work-
ing electrode, and counter electrode. This combination is referred to as a three-electrode setup. An
electrolyte is usually added to the sample solution to ensure that there is sufficient conductivity. The
solvent, electrolyte, and material composition of the working electrode determines the potential range
that can be utilized during the experiment. In this research, a flow cell (discussed later) was used as the
electrochemical cell for the atomic gold deposition and a standard beaker was used for electroanalytical

detection of target compounds.

3.3.2 Working electrode

The Working Electrode or WE is the electrode where the potential is controlled and where the current is

measured. For many experiments in electrochemistry, the working electrode is an “inert” material such
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as platinum, gold or glassy carbon. In this study, the working electrode serves as a surface on which
the electrochemical reaction takes place. In this research, Platinum Pt electrode (diameter ¢ = 3 mm,
BAS Co. Ltd., Japan) was used as the working electrode for electropolymerizing PANI. The working
electrode is encapsulated in polyether ether ketone (PEEK) thermoplastic polymer which is a superior

inert material.

3.3.3 Reference electrode

RE-1S

SG1AT
ASRE-IS

L: 52 mm

Figure 3.3: Commercial Ag/AgCl reference electrode for acidic solution. Internal solution is 3 M NaCl with E°
=195 mV vs RHE (25 °C). RHE = Reversible hydrogen electrode. Used for acidic electrolytes. Image copyright
2001-2020 by ALS Co., Ltd

RE-61AP

HS1AP

[[°
6 mm 5

-3

L: 92 mm

Figure 3.4: Commercial Hg/HgO reference electrode for alkaline solution. Internal solution is 3 M NaOH with
E® = 241 mV vs RHE (25 °C). RHE = Reversible hydrogen electrode. Used for alkaline electrolytes. Image
copyright 2001-2020 by ALS Co., Ltd

The Reference Electrode or RE is an essential component used to measure the Working Electrode po-
tential. A suitable reference electrode should have a constant electrochemical potential as long as no

current flows through it. In this research, commercially purchased Ag/AgCl in 3 M NaCl and Hg/HgO
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in NaOH (also purchased from BAS Co. Ltd., Japan) were used as reference electrodes for measurements

in acidic medium and alkaline medium electrolytes, respectively (Figs. and .

3.3.4 Counter electrode

The Counter Electrode or CE in lab cells is generally an inert conductor like platinum or graphite. In
field probes, its material is generally the same as the Working Electrode material. The current that flows
into the solution through the Working Electrode leaves the solution through the Counter Electrode. For
this research, a 0.1 mm Pt thin film (total surface area = 8 cm?, Nilaco, Japan) and 0.5 mm Pt plate
(total surface area = 4 cm? were used as counter electrodes. Pt wire (Nilaco, Japan) was used as a

connecting wire to the Pt thin film and was the part in direct contact with measurement probes.

3.4 PANI preparation

3.4.1 Electropolymerization of aniline

0.00075

—— 20180418_EL2_5_CV_PAn(227)2MHBF4_52+148.cor

0.00050 |-

008025 |-
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0 0.25 0.50 0.75 1.00 1.25
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Figure 3.5: Cyclic voltammogram of Pt-PANI electrode in 2M HBF, (scan rate = 20 mV /sec). Reproduced
with permission from Sone Laboratory at Tokyo Institute of Technology, Japan

Electropolymerization of aniline to PANT was performed at Sone laboratory, Tokyo Institute of Tech-
nology. PANI was prepared on a platinum Pt working electrode or WE (diameter @ = 3 mm, BAS
Japan) by the electropolymerization of 0.1 M aniline (C¢H;NHs) in 2 M tetrafluoroboric acid (HBFy)

by constant potential method using the three-electrode electrochemical setup. The total polymerization
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Polyether ether
ketone (PEEK)
encapsulation

Pt electrode after PANI
polymerization

Pt electrode before

Figure 3.6: Visual confirmation of PANI (dark blue) film after electropolymerization. Figure shows Reproduced
with permission from Sone Laboratory at Tokyo Institute of Technology, Japan

time was for about 240 seconds. Polymerization was stopped when a total charge transfer limit of 13
mC was reached. In ideal conditions, a uniform PANI film thickness is expected by controlling the
total charge transfer limit. Polymerization of PANI film was successfully confirmed, both visually and
electrochemically, from the characteristic redox peaks on the cyclic voltammograms, obtained using 2
M HBF, (Figs. . Fig. [3.6| shows the surface of a Pt electrode polymerized with PANI. A detailed

step-by-step protocol of electropolymerization of aniline monomer into polyaniline is shown in Table

LSV is linear sweep voltammetry, OCP is open circuit potential and CV is cyclic voltammetry.

Table 3.1: Protocol for electropolymerization of aniline

No. Description Electrochemical Conditions Electrode Type (status) Electrolyte Type
Method
1 Cleanse CV (cylcic voltam- | from OCP, -2V to | Pt 2M HBF,
metry) 2V, 100 mV/sec, 5
cycles
2 Check OCP (open circuit | 120 sec Clean Pt 2M HBF,
potential)
3 Check CcvV from OCP, 0 V to 8 | Clean Pt 2M HBF4
V 20 mV/sec, 5 cy-
cles
4 Check (6% from OCP, -0.2 V | Clean Pt 0.1 M HCIO4
to 1V, 20 mV/sec,
5 cycles
5 PANT deposition & peak | LSV (linear sweep | 0 V to 1.5 V, 100 | Pt-PANI thin film 2M HBF4 + 0.1M aniline
analysis voltammetry) mV /sec
6 PANTI deposition potentiostatic depends on peak | thin PANI-thick PANI 2M HBF4 + 0.1M aniline
potential of step 3.
charge until 13 mC
7 Check (&A% from OCP, 0 V to | PANI (green) 2M HBF4 + 0.1M aniline
1V, 20 mV/sec, 5
cycles
8 Check ocp 240 sec PANI (dark blue) 1M KOH
9 Check Ccv from  OCP, -0.8 | PANI (dark blue) 1M KOH

V to 04 V, 20
mV/sec, 5 cycles
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3.4.2 PANI morphology

Investigation of the polymerized PANI film under scanning electron microsocopy (SEM) showed a fibre-
like structure (Fig. . The fiber-like structure reportedly increases in the fiber rod diameter with
increasing aniline concentration . There is a formation of small nanoparticles with a diameter that
is smaller than the rod of fibers in the PANI structure. These nanoparticle-type deposits supposedly

play a significant role in the one-dimensional growth of PANI, namely “dendritic nanostructure”.

Figure 3.7: Morphology of PANI film under scanning electron microsocopy. PANI shows expected fibre-like
structure along with nanoparticle-type deposits. Reproduced with permission from Zacharias laboratory at
IMTEK, University of Freiburg, Germany

3.5 Atomic gold deposition system

3.5.1 Flow cell

Since the atomic gold deposition required parameters such as potential and electrolyte exposure time to
be controlled precisely, a chemically inert flow cell was needed. Initially, a flow cell based on polymethyl
methacrylate (PMMA) material was fabricated. However, it was found that PMMA was not sufficiently
inert and as a result, the flow cell was broken several times. Finally a special polycarbonate (PC) material
based flow cell (diameter @ = 60 mm, Fig. , fabricated by Ono denki, Japan was used. PC material

was the preferable material for the flow cell rather than PMMA due to better chemical inertness. The
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flow cell consists of two plates — one front plate and one back plate. A Pt thin film CE was sealed
between the two flow cell plates using an O-ring and polydimethylsiloxane (PDMS) membrane. Pt film
creates an exposure surface (contact area = 1.21 cm?) for the incoming electrolyte. PDMS was used as
an elastic membrane for sealing the two plates to prevent any electrolyte leakage. Plastic washers were

used to negate thrust created when hinging the two plates of the flow cell together using metal screws.

Reference
Electrode
Counter
Electrode

Electrode

Figure 3.8: Polycarbonate flow cell

3.5.2 Lab-fabricated potentiostat
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Figure 3.9: Schematic circuit of lab-fabricated potentiostat
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Figure 3.10: Lab-fabricated potentiostat based on TL074 IC

A potentiostat is an electronic instrument that is used to control voltage difference between a working
electrode and a reference electrode. Both of these electrodes are contained inside an electrochemical cell.
The potentiostat implements the voltage control by introducing current into the cell through the counter
electrode. In most applications, the potentiostat measures the current flow between the working and
counter electrodes. The controlled variable in a potentiostat is thus the cell potential and the measured
variable is the cell current.

For this research, a laboratory potentiostat was was fabricated for the purpose of measuring cyclic
votammograms. Fig. shows the circuit design of the potentiostat using TL074 quad low-noise
JFET-input general-purpose operational amplifier or op-amp (Texas instruments) . TLO74 has a
maximum input bias current of 200 pA at 25 °C. In the figure, IC1A op-amp takes sweeping voltage
signal as the input is also reflected at the reference electrode. Current flows between the working and
counter electrodes into the feedback loop of IC1A. IC1B is a differential amplifier that measures the
current change and inputs to IC1D op-amp. IC1D amplifies the signal with a gain of 100. IC1C op-amp
is used for offset correction.

The printed circuit is shown in Fig. |3.10] Pt working electrode potential was controlled by this
laboratory-fabricated potentiostat. The low-noise JFET operational amplifier (TL074, Texas Instru-
ments) was used in the design of the potentiostat. The potentiostat is capable of measuring currents as
small as 0.1 pA. However, the resolution is limited to that value due to background noise from passive

components and backward current from the op-amp.

64



3.5.3 Chemicals

All chemicals were purchased with purity 98-99.5% from Wako Chemicals Ltd., Osaka, Japan and the
Sigma Aldrich Ltd., Tokyo, Japan. 0.2 mM potassium tetrachloroaurate (KAuCly) dissolved in 0.1 M
perchloric acid (HCIO4) was used as gold solution for the insertion of gold atoms. 0.1 M HCIO4 was

used as a buffer solution for rinsing excess gold ions.

3.5.4 Instrumentation

Figure 3.11: Legato 111 dual syringe pump with programmable flow rate. Image copyright 2018 KD Scientific
- All rights reserved
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Figure 3.12: Variable-flow peristaltic pump. Image copyright 2020 Thermo Fisher Scientific Inc. All rights
reserved.

In the experiment, a syringe pump (Legato 110, KD Scientific) was used to drive KAuCly solution into
the flow cell. Legato 111 is a dual syringe infuse/withdraw with programmable options, although for

experiments only a single syringe was used. The pump can accommodate syringes 0.5 pL to 10 mL
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(Fig. A polypropylene (PP) 10 mL plastic syringe (Terumo, Japan) was used for the injection.
User definable flow rates with selectable target volume or time values were used to control the total
infusion volume. Since HCIO,4 buffer solution was needed to rinse excess AuCly~ anions in the system
and its injection was driven by a peristaltic pump (13-876-2, Fisher Scientific). Peristaltic pumps are
a type of positive displacement pump used for pumping fluids. The fluid is contained within a flexible
hose (Tygon Tube, LMT-55 Saint Gobain) or tube fitted inside the pump casing. The actual pumping
principle is known as peristalsis. It is based on the alternating compression and relaxation of a hose
or tube, drawing volume in and propelling the volume away from the pump. The peristaltic action is

particularly important for the adequate rinsing of the excess AuCly~ ions.

Figure 3.13: 3-way solenoid valve. Image copyright 2011 Takasago International Corporation, All Rights
Reserved.

Figure 3.14: Aruduino Nano for relay control. Reproduced from Arduino.cc under the Creative Commons
Attribution ShareAlike 3.0 License

A solenoid valve (EXAK-3, Takasago) was used to control the switching between solutions (Fig.
. A solenoid valve is an electromechanically operated valve driven by appropriate excitation voltage
(12 V). In this research, a three-way solenoid valve was used. Along with the potentiostat circuit, an
Arduino was used to control the solenoid valves and the peristaltic pump (Fig. [3.14). Digital output

from Arduino was used as excitation voltage to a relay that controlled the switching of the solenoid valve.
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Figure 3.15: Function generator for generating sweep voltage signal. Image copyright 2020 Tektronix, All
Rights Reserved.

In order to accurately control the applied potential of the working electrode, a function generator
(AFG1022, Tektronix) was used. Voltage signals are programmable using serial commands. Using the
function generator (Fig. , various functions of voltage signals were initiated for the different steps of
the atomic gold deposition process. A waveform would typically be drawn using buttons on the function

generator and stored in the device’s memory.
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Figure 3.16: Descriptive block diagram of atomic gold deposition system. (WE: Au decorated PANI/Pt working
electrode, RE: Ag/AgCl reference electrode, CE: Pt thin film counter electrode connected with Pt wire)

Finally, flow connections between apparatus were established using chemically inert tygon tubes
(LMT-55, Saint Gobain). All devices were controlled and all measurements were taken using a Serial-
USB protocol inside a MATLAB script file (2017a, Mathworks). The complete electrochemical setup is

for atomic gold deposition process is shown in Fig. [3.16] The flow cell comprising of the three electrodes
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is connected to a 3-way solenoid valve. Two pumps (syringe pump and peristaltic pump) are used to
transport various electrolyte solutions into the flow cell at defined flow rates. The potential applied to
the working electrode is controlled using a function generator and potentiostat circuit. Output analog

current and voltage are measured using an A/D converter (9201 and cDAQ-9171, National Instruments).

3.5.5 Timing diagram
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Figure 3.17: Timing Diagram of flow analysis for atomic gold deposition process. Y-AXIS shows the variation
in the working electrode potential while X-AXIS shows the time taken for each process to finish. FLOW indicates
the various aqueous solutions entering the flow cell at each process. Steps ‘A’, ‘B’ are a pretreatment process of
rinsing with HC1O4 buffer solution and scanning the CV of PANT before atomic gold deposition. At ‘C’, KAuCly
is introduced and at ‘D’. RINSE FLOW indicates using the aqueous solution for rinsing the flow cell. In this
case, HCIO4 buffer solution is used to rinse away excess AuCly ™~ ions for about 800 seconds. NO FLOW indicates
no further flow of the respective aqueous solutions into the flow cell. At this stage, the electrolyte inside the flow
cell is kept static. ‘E’ is the reduction of Au*T to Au® followed by ‘F’ which is the cleaning process of PANI/Auy
composite by taking several CV scans. From ‘G’, the entire procedure can be repeated for higher atomic gold
decorations.

Timing diagram of atomic gold deposition process after PANI polymerization is showen in Figl The
flow cell was first rinsed with 0.1 M HCIOy4 buffer solution for 300 sec before inserting the PANT electrode
into the flow cell. This step ensured that there were no air bubbles in the flow cell path. The presence of
air bubbles is unfavorable to accurate electrochemical measurement as bubbles lead to unwanted large
resistances inside the electrolyte. After sufficient rinsing the flow cell, the PANI electrode was inserted
and potential was swept between - 0.2 V and + 0.8 V for three CV scan cycles at a scan rate of 20
mV /sec. This step was crucial for cleaning the surface of PANI.

Following the above step, the applied potential was held at + 0.8 V in order to maintain PANT in
its oxidized imine state. 2 ml of 107* M KAuCl, was injected into the flow cell for an exposure time of

about 60 sec. At this stage, PANI formed PANT*AuCl,~ metal complex surrounded by excess AuCly~
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anions. In order to remove the excess AuCly~ anions, the previous step was followed by rinsing with
HCI10, buffer solution for about 800 sec. After the lengthy rinsing stage, the potential was pulled down
to - 0.2 V leading to the reduction of Au** to Au®. The Au atom formed a coordinate bond with the
nitrogen of PANT leading to the deposition of atomic size gold or Auj. After this step, three CV scan
cycles were taken to clean the PANI/Pt electrode decorated with Au;. Steps B-F were repeated for

decorating PANI/Pt electrode with a second Au atom leading to the formation of PANI/Aus composite.

3.6 PANI/Au; nanocomposite

3.6.1 Variation of voltammogram with atomic cluster size

— - |- Initial CV of PANI
—— I - AuCl; to Au®, PANI-Au;
—— Il - CV of PANI-AU;

IV - AuCl; to Au®, PANI-AU,
—8 1 —— V- CV of PANI-AU,

Current Density (in mA/cm?)
)

-0.2 0.0 0.2 0.4 0.6 0.8
Potential (in V vs Ag/AgCl)

Figure 3.18: CV of PANI in 0.1 M HCIO4 at different stages of atomic gold deposition, (I) Initial CV of
PANI before deposition, (II) Reduction of AuCly~ to Aug, formation of PANI/Au;, (III) CV of PANI/Au,, (IV)
Reduction of AuCly~ to Auog, formation of PANI/Aus, (V) CV of PANI/Au, (scan rate = 20 mV /sec)

Although higher atomic size clusters can be formed, for most studies the simplest structure of bi-atomic
Au (PANI/Auy) has been selected. This section shows several features of the atomic gold deposition
system, with bi-atomic gold as the film.

In Fig. the formation of PANI/Aus nanocomposite is shown. The dotted line or curve I shows
the initial CV scan of PANI in 0.1 M HClO,4. Curve II shows the first reduction of Au* to Au®. Curve
III shows subsequent changes in the CV shape. Similarly, curve IV shows the second Au* reduction

and curve V shows the final CV scan. At the end of curve V, PANI/Aus composite is ready as a suitable
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sensing material for experiments. From curves I-V, the backward scan shows an upward positive shift
to the negative potential with each atomic gold decoration. This is due to the oxidative degradation
of PANI due to being held for a prolonged time at + 0.8 V . Oxidative degradation of polymers
is a catalytic process where the hydrogen atoms are attacked to form peroxides, thus leading to the

degradation of polymers [130]. The process is catalyzed by heavy metals such as gold, copper etc.
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Figure 3.19: Potential applied between WE and RE (in red) and current flowing between WE and CE (in blue)
for PANI/Aus. (scan rate = 20 mV /sec)

Before Au After Au
deposition deposition

Figure 3.20: Visual status of film before and after bi-atomic gold deposition

Additionally, Fig. [3:19) shows the actual variation of the working electrode potential and the current
flowing in the system with respect to time. A slight noise is induced in the system due to the relay
operating the switching of the peristaltic pump. However, the variation is not significant. Furthermore,
the status of PANI film before and after bi-atomic gold deposition is shown in Fig. PANI film is

prussian blue in color due to its emeraldine base state at the beginning of the experiment. However, it
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is protonated during the atomic gold deposition leading to greenish emeraldine salt form as also seen in

the figure.

3.6.2 Poisoning of PANI with bulk gold
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Figure 3.21: Variation of CV of PANI after deposition of bulk Au atoms: CV of PANI before bulk gold
deposition (dashed) and CV of PANI after bulk gold deposition (solid).

In another experiment, PANI film was deliberately deposited with bulk gold. PANI was exposed to
AuCl,~ anions inside the flow cell while holding the working electrode potential at + 0.8 V. The potential
was then deliberately reduced to - 0.2 V without any rinsing with HC1O,4 buffer solution. It is expected
that large clusters of Au atoms would be formed. An indirect proof of this phenomenon was seen from
the CV of PANI (Fig. [3.21)). Characteristic redox peaks are seen to shrink significantly as also seen in

previous reported works [114].

3.6.3 SEM analysis after atomic gold deposition

A further inspection of PANI morphology after atomic gold deposition was conducted with. SEM analysis
showed the presence of nanoparticles of the size of 30-70 nm formed on the strands of polyaniline. The
analysis was conducted at 100,000 magnification (Fig. [3.22)). This result was particularly important

because the presence of nanoparticles suggest two main theories at the current stage.
1. Atomic gold agglomerates into gold nanoclusters
2. Atomic gold combines with other elements to form complex compounds that precipitate on PANI

It was, therefore, necessary to investigate further directly on these particles using spectroscopy tech-

niques. Next section discusses on this topic further.
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Figure 3.22: SEM of PANI film after bi-atomic gold deposition. Morphology shows presence of nanoparticles
(indicated by yellow circles) of the size of 30-70 nm. Reproduced with permission from Zacharias laboratory at
IMTEK, University of Freiburg, Germany

3.6.4 EDX analysis

Energy-dispersive X-ray spectroscopy (EDX) is an analytical tool that is used for the elemental analysis
or chemical characterization of a particular sample. It relies on an interaction of X-ray excitation and
a target sample. EDX analysis was conducted on the overall PANI film to determine the elemental

composition.
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Figure 3.23: EDX Analysis on PANI surface. Notations K, L, M or N (next to element) refer to electron shell.
Reproduced with permission from Zacharias laboratory at IMTEK, University of Freiburg, Germany
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Table 3.2: Elemental composition from EDX spectrum of PANI surface

Element C N Pt Au Cl

Atomic % 61.56 31.01 5.49 1.82 0.12

At first, a large area of the PANI film was analysed to derive an overview of the elemental composition.
EDX showed a large peak due to the carbon (C) and nitrogen (N) along with small peaks of oxygen (O)
and platinum (Pt). The peak of C and N are expected due to the PANI substrate. The peak of Pt is due
to the electrode material being used (Fig. . This peak is a particularly interfering since the overlaps
with the peak of gold (Au). Therefore, quantification of Au in the PANI film on Pt substrate using EDX
is not recommended. Elemental composition from the EDX spectrum of PANI surface is shown in Table

3.2
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Figure 3.24: EDX Analysis on observed particles. Notations K, L, M or N (next to element) refer to electron
shell. Reproduced with permission from Zacharias laboratory at IMTEK, University of Freiburg, Germany

Table 3.3: Elemental composition from EDX spectrum of observed nanoparticle

Element C N Pt Au Cl O K

Atomic % 68.96 20.51 5.55 005 0 4.83 0.1

Following the previous result, the X-ray excitation was focused on the nanoparticles observed in Fig.

3.221 The EDX spectrum showed some interesting results here. There were larger peaks from Pt as
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compared to C and N indicating the significant presence of Pt or Au. On the other hand, elemental
composition showed presence of potassium (K), oxygen (O) and negligible amounts of chlorine (Cl)
(Table . It may be suggested that the injection of KAuCly gold anion solution followed by HClO4
buffer solution may have led to the formation of agglomerates of gold. Such agglomerates are possible if
atomic gold reacts with perchlorate ion from the buffer solution to form precipitates. Further analysis is

necessary using other advanced material characterization techniques to evaluate this point.

3.7 Summary

In this research, cyclic voltammetry is used as the primary characterization technique. An atomic gold
deposition based on electrical and mechanical components is able to electrochemical control the structure
of atomic gold clusters formed on PANI to some degree. PANI/Aus is selected as main nanocomposite
under study due to its simpler structure. SEM and EDX analysis suggest formation of nanoparticles or
agglomerates, although the material needs to be further characterized using other advanced techniques.

In the next chapter, the electrochemical sensing of PANI/Aus nanocomposite will be introduced.
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Chapter 4

Electrochemical sensing

4.1 Introduction

The fabricated PANI/Au, film nanocomposite was used as sensing film for various target analytes. In
this chapter, the electrochemical sensing behaviour of PANI/Au, film for the classification of normal-
propanol and iso-propanol is reported. The method of decoration of atomic Au on a conducting polymer
to fabricate selective materials for gas sensors is discussed and PANI doped with atomic Au is used
as sensing material for propanol detection in both liquid and gas phases. Voltammograms of n-PrOH
and i-PrOH at various gaseous concentrations show discriminable patterns that are later classified using

principal component analysis.

4.1.1 Sensor response

Propanol is an alcohol that exists in two isomers viz. normal-propanol and iso-propanol. While normal-
propanol is a major constituent in many kinds of cosmetics, iso-propanol is a common solvent of choice in
the printing industry and as a potential fuel for direct alcohol fuel cells (DAFCs). PANI/Aus composite
was used to study the electrooxidation of propanols. Scan rate for all measurements was 100 mV /sec
unless otherwise stated. A typical sensor response using cyclic voltammetry (CV) is shown in Fig. 10
CV scans are taken for a typical measurement. For all sensor responses, the last CV scan is shown unless
mentioned otherwise. Results showed that there was significant difference between n-propanol (hereafter

n-PrOH) and iso-propanol (hereafter i-PrOH) based on the current density of the two oxidation peaks.
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Figure 4.1: Cyclic voltammetry of aqueous 0.5 M n-PrOH in 1 M KOH (red) and aq. 0.5 M i-PrOH in 1 M
KOH (blue) (scan rate = 100 mV /sec).

4.1.2 Electrooxidation of n-propanol
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Figure 4.2: Cyclic voltammetry of PANI/Aux (N is the number of atomic gold decorated onto PANI; N = 0,
1,2, 3 and 4) in 0.5 M n-PrOH in 1 M KOH

The ‘odd-even pattern’ of PANI/Auy composites was experimentally examined by first preparing atomic
Au onto PANT and step-wise growing larger clusters through the cyclic process to form different PANI/Auy
composites (N =0, 1, 2, 3 and 4). After the preparation of composites, cyclic voltammogram scans were
measured for each composite to perform the electrooxidation of 0.5 M n-PrOH and 0.5 M i-PrOH target

compounds in 1M KOH alkaline medium.
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Figure 4.3: Variation of oxdiation peaks of 0.5 M n-PrOH in 1 M KOH with N number of atomic gold decorated
onto PANT; N = 0, 1, 2, 3 and 4. (Peak 1 = oxidaton peak around -0.2 V, Peak 2 = oxidation peak around +0.2
V)

Two current density peaks were observed for to the electrooxidation of n-PrOH. For electro-catalytic
oxidation of alcohols on gold, the rate-determining step is the cleavage of the C—H bond on the alcohol,
which leads to the formation of alkoxide ion. For primary alcohol such as n-PrOH the alkoxide is more
active towards the electrochemical oxidation leading to propionic aldehyde, which can be further oxidized.
Composites with odd number of gold atoms showed lower current density, whereas composites with even
number of gold atoms showed a larger current density (Figs. and . An additional oxidation peak
at + 0.2 'V was also observed for composites with even number of gold atoms. The odd-even pattern seen
from the current density is due to the catalytic activity of atomic gold cluster. Due to similar variation
in the HOMO-LUMO gap energy, atomic clusters with even number of gold atoms show higher catalytic

activity than clusters with odd number of gold atoms.

4.1.3 Electrooxidation of i-propanol

Similar but inverse results were obtained for i-PrOH. For secondary alcohol such as i-PrOH, the alkoxide
is active towards the electrochemical oxidation leading to the ketone as the final product. Intermediates
formed due to the electrooxidation reaction result in two electrooxidation peaks at even number of gold
atoms (Fig. [4.4]).

Peak variation with number of Au atoms also showed the expected odd-even pattern due to HOMO-
LUMO gap energy variation (Fig. [£.5). It is suggested that PANI/Au, is a simpler structure as compared
to PANI/Auy, since there are no more than one combinations possible. However, for PANI/Auy, four
different atomic structures are possible [120]. PANI/Auy was therefore selected as sensing material with

a more basic atomic Au structure for future experiments.
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Figure 4.4: CV of PANI/Aun (N is the number of atomic gold decorated onto PANI; N = 0, 1, 2, 3 and 4) in
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Figure 4.5: Variation of oxdiation peaks of 0.5 M i-PrOH in 1 M KOH with N number of atomic gold decorated
onto PANT; N = 0, 1, 2, 3 and 4. (Peak 1 = oxidaton peak around -0.2 V, Peak 2 = oxidation peak around +0.2
V)

In summary, discriminable patterns were obtained between n-PrOH and i-PrOH. It can be seen that
atomic Au has an effect on the electrocatalytic ability of PANI as experimentally demonstrated before
[122] and gold clusters made up of 2 and 4 atoms possess high catalytic activity owing to large HOMO-
LUMO gap and dissociation energy. Since the sensor response yields a distinct change in the shape of
CV and large current density due to the PANI/Auy composite, highly selective sensors are therefore

expected for both gas classification and gas mixture quantification [131].
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4.1.4 Activation of PANI
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Figure 4.6: Stability of PANI/Aus composite. 30 continuous CV scans of 0.5 M n-PrOH in 1 M KOH showed
that the composite reached stability after about 20 scans (Scan rate: 100 mV /sec).

The stability of PANI/Auy composite with several CV scans was also studied. 30 cycles of CV were taken
on a newly fabricated PANI/Aus composite in 0.5 M n-PrOH/1 M KOH solution. The result showed an
‘activation’ of the reaction sites on PANI with each CV cycle (Fig. [4.6). This phenomenon is common
for conducting polymers, since due to their long polymeric chains, not all reaction sites are available at

the first CV scan. However, a saturation in the CV shape was observed after about 30 cycles.

4.1.5 Stability over time
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Figure 4.7: Stability of PANI/Auz composite over time. 10 CV scans (last CV scan of each day shown) of 0.5
M i-PrOH in 1 M KOH were taken each day for a period of 6 days (Scan rate: 100 mV /sec).
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In another experiment, the stability of PANI film was studied over a period of time viz. 6 days in this
case. PANI/Aus was subjected to 0.5 M i-PrOH / 1 M KOH electrode each day for 6 days and 10 CV
scans were conducted. Out of the 10 scans, the last CV scan of each day is reported in Fig. [£.7] Each
day, the electrode was dried in ambient air and stored in a glass tube. Results showed a close overlap
in the CV response across each day with response from 'Day 3’ to 'Day 6’ almost overlapping with each

other. PANI/Au, film is therefore suitable for long-term storage in ambient air conditions.

4.2 Sensor characteristics

4.2.1 Sensitivity
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Figure 4.8: Plot of the concentration vs current density for the detection of 0.5 M -PrOH / 1 M KOH and 0.5
M i-PrOH / 1 M KOH using the PANI/Auy electrode at a scan rate of 100 mV/sec. Average current density
due to oxidation peaks at -0.2 V (for n-PrOH) and +0.2 V (for i-PrOH) are shown. Reproduced with permission
from Sone laboratory at Tokyo Institute of Technology, Japan

The linearity and sensitivity of PANI/Auy electrodes toward propanol detection were tested by adding
various amounts of n-PrOH and i-PrOH into 1 M KOH alkaline supporting solution. From Fig. it can
be seen that PANI/Au, electrode showed a wide detection range from 1075 M to 10=2 M. The sudden
increase in current from low concentration region to high concentration region is due to the increase in
concentration of mobile chemical species in the electrolyte. The sensitivity of n-PrOH was 42.86 pA
mM~lem =2 with coffecient of determination value (R?) of 0.994. The sensitivity for i-PrOH was 10.35
uA mM~tem~2 with R? of 0.9916.
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4.2.2 Reproducibility among electrodes
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Figure 4.9: Reproducibility of CV of PANI/Aus composites for n-PrOH (red) and i-PrOH (blue) across 4
different electrodes
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Figure 4.10: Normalization of CV of n-PrOH and analysis of overlapping area under forward and backward
scans (scan rate = 100 mV /sec)
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Table 4.1: Z-score of area under curve for forward and backward scans of 4 PANI/Aus electrodes

Z-score EL1 EL2 EL3 EL4

7 score of area under curve for forward scan

4 =0.8121, 0=0.1771 0.1144 -0.4957 1.3457  -0.9645

Z score of area under curve for backward scan

11=0.2670, —0.0526 1.3847 0.0246 -0.9154 -0.4939

The efficacy of the method for growing atomic gold clusters was compared across different Pt substrate
and good reproducibility in waveform shape was seen from the CV. However, experiments also showed
that there was a variation in the current density. This variation in density may be due to the variable
surface properties of different electrodes, owing to a different amount of PANI polymerized on the surface.
Fig. shows the reproducibility across four electrodes coated with PANI films. Although there are
some variations in the current density, discriminable patterns between n-PrOH and i-PrOH could be seen.
Although there were some variations in the current density, discriminable patterns between n-PrOH and
i-PrOH could be seen.

In order to overcome the variation observed from current density, the CV curves were normalized to
fit into a current density range between 0 to 1. Fig. [£.10|shows the normalized CV of the four electrodes
overlapped with each other. 10 data points at discrete steps of 0.1 V were taken from the forward
scans and backward scans and plotted again. The characteristic shape of PANI/Au, still retained after
discretization of the signal. In order to further analyze the reproducibility, the area under curve was
calculated for the forward and backward scans individually for each electrode. Table [£.1] shows the Z-
score of each electrode for the area under curve in the forward and backward scans. Z-score shows that

the statistical data is + 1.96 or 95% confidence interval, which is acceptable for making sensing films.

4.2.3 Response time

Table 4.2: Various scan rates and scan times along with discriminability of oxidation peaks

Scan rate (in mV/sec) 20 50 100 200 500
Scan time (in sec) 100 40 20 10 4
Discriminability very good very good good almost good poor

For a single cyclic voltammogram between -0.5 V to +0.5 V (forward and backward scan), the total scan

time was 20 sec. However, this scan time can be optimized by increasing the scan rate or by scanning
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specific regions in the voltammogram. PANI/Au, was operated with scan rates between 20 mV /sec to
500 mV/sec (Fig. [4.11)), with disciminibility between n-PrOH and i-PrOH compromised at 500 mV/sec.

A list of total scan time for a single voltammogram with various scan rates is shown in Table
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Figure 4.11: CV of PANI with variable scan rates: Figure shows cyclic voltammograms of PANI in 0.1 M
HCIO4 with scan rates (A) 20 mV /sec, (B) 50 mV /sec, (C) 100 mV /sec, (D) 200 mV /sec, (E) variable scan rates

4.3 Gas delivery system

4.3.1 Gas delivery using one-channel odor blender
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Figure 4.12: A gas delivery and measurement system for cyclic voltammetry in gaseous phase: Ambient air is
pumped into an empty vial followed by two other vials — one containing sample and the other one empty. Solenoid
valves are used to create a ‘blended vapor’ by switching alternatively at frequency of 1 Hz. By modifying the
duty cycle, different concentrations can be produced. The output for nPrOH and iPrOH sample at full-scale (100
%) concentration calibrated with photoionization detector was 1600 ppm. The blended vapor was bubbled into
a 3-electrode electrochemical cell and the CV was measured using a potentiostat circuit.
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Table 4.3: Theoretically predicted concentration from full-scale reading of gas delivery system

Relative concentration (in %)

Concentration (in ppmv)

0 0

30 480

60 960

90 1440

100 1600
2

ppbRAE 3000

Figure 4.13: ppbRAE 3000 photoiozation detector (PID) with parts per billion measurement.

In order to measure the CV response in gaseous phase, a gas delivery system was developed (Fig .
The delivery system is a dynamic system with flow rate in each channel equal to 200 ml/min. 1 ml of
propanol target compound sample was inserted into one of the vials to create an odor headspace and
the gas was bubbled into a temperature controlled electrochemical cell. Two solenoid valves worked
complimentary with each other and the concentration of the blended odor was controlled by switching
the duty cycle of the solenoids. Two valves are necessary in order to prepare a target concentration by
blending volume of air from the flow paths. The gas delivery system was calibrated with a photoionization
detector (ppbRAE 3000, RAE Systems) and vapors of n-PrOH and i-PrOH were generated at 30%, 60%

and 90% of full-scale concentration of 1600 ppm of pure alcohol in air. The theoretically predicted

concentration of a target sample as outputted by the gas delivery is given in Table
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4.3.2 Calibration
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Figure 4.14: Variation of actual concentration (in ppmv) measured using photoionization detector vs output
of gas delivery system (in % relative concentration). 1 ml pure ethyl formate is used as sample.

In order to verify the correlation of the actual output concentration of the gas delivery system with per-
centage relative concentration, ten points of relative concentration were calibrated using photoionization
detector. However, the resultant plot was non-linear (Fig. . The ppm concentration was seen to
saturate at high percentage relative concentrations. The non-linearity could be attributed to leakages

resulting in different flow rates in the gas flow pathway. The use of sampling bag is suggested.
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4.4 Gas sensing of propanol isomers

4.4.1 Sensor response
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Figure 4.15: CV of gaseous vapors of n-PrOH in KOH ([C] = % concentration of full scale 1600 ppm) (scan
Rate = 100 mV /sec)
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Figure 4.16: CV of gaseous vapors of i-PrOH in KOH ([C] = % concentration of full scale 1600 ppm) (Scan
Rate = 100 mV /sec)

The gaseous vapors were bubbled into the electrochemical cell at a given concentration for a fixed period
of 5 minutes and response in the form of voltammograms were measured. Figs. and show
the CV response for nPrOH and iPrOH respectively after bubbling the gas into the cell. Discriminable

rising peaks could be seen at locations - 0.2 V and + 0.2 V for n-PrOH, however the peak at - 0.2 V was
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more distinct. For i-PrOH, both the oxidation peaks at - 0.2 V and + 0.2 V were strong discriminable

features.
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Figure 4.17: Plot of standard error of 1st peak recorded around — 0.2 V (red) and 2nd peak recorded around
+ 0.2 V (blue) for n-PrOH. Bars indicate standard deviation of errors.
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Figure 4.18: Plot of standard error of 1st peak recorded around — 0.2 V (red) and 2nd peak recorded around
+ 0.2 V (blue) for i-PrOH. Bars indicate standard deviation of errors.

Figs. [4.17 and show the plot of standard error of the oxidation peaks for five measurements. It
can be seen from the error plots that for n-PrOH, the 1st peak grows more than the 2nd peak, where

as for i-PrOH, the two oxidation peaks grow together with the 2nd peak relatively higher than the 1st

peak.
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4.4.2 Multidimensional data from voltammograms
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Figure 4.19: Data slicing to obtain multidimensional data from voltammetric patterns: 20 dimensions were
obtained from the forward and backward scan of CV at steps of 0.1 V. Total of eight samples (CV data at
concentration 0 %, 30 %, 60 %, 90 % for n-PrOH and i-PrOH) were obtained for further analysis

Further classification could be made between target compounds from the CV scans obtained at different
concentrations of 0 %, 30 %, 60 % and 90 % for both n-PrOH and i-PrOH. In order to analyze this
data obtained in the previous sections, multidimensional data was generated by slicing the CV curve at
discrete steps of 0.1 V (Fig. [£.19). A total of 20 features (10 features from the forward scan and 10
features from the backward scan) were generated for a total of 8 samples and the data separation was
visualized on two dimensions using principal component analysis (PCA). Covariance matrix was used to

compute the PCA.

4.4.3 Principal component analysis

Fig. shows the PCA plot obtained using the covariance matrix. The variance at 1st and 2nd
principal component were 77.43 % and 16.07 % respectively. The separation between n-PrOH and i-
PrOH was obtained regardless of concentration. The PCA plot also shows that the data converged from
high concentration region at 90 % of total concentration to low concentration region at 0 % of total
concentration. However, there is a slight divergence at 0 % concentration although it is expected that
points n-PrOH and i-PrOH overlap with each other. This error is due to the poor resolution of the

laboratory-fabricated potentiostat.
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Figure 4.20: Principal component analysis (PCA) of multidimensional data obtained from data slicing. PCA
shows a good classification between n-PrOH and i-PrOH and the respective concentrations diverge from low
concentration region to high concentration region

4.5 Summary

Gold clusters containing different number of atoms can be and have been formed in PANI matrix. They
exhibit different selectivity for n-PrOH and i-PrOH. The selective layer of PANI/Ausy has been selected
in order to demonstrate the principle of atomic cluster based selectivity classification between n-PrOH
and i-PrOH target compounds in both liquid and gas phase. PCA plot shows that values pointing to
classification converge from high concentration region to low concentration region; however, the values
at zero concentration point do not converge. This offset is caused due to the background noise of the
laboratory-fabricated potentiostat and it needs to be addressed in the future by the use of commercially
available and high-resolution potentiostat. Furthermore, the detection limit has not yet been optimized.
It is currently of the order of several hundred ppm in air for both n-PrOH and i-PrOH. This detection
limit is still very large when compared to commercially available sensors [132]. However, the fact that
discrimination between two isomers of propanol is possible is most promising. It is also assumed that
when a target gas is bubbled into the electrochemical cell, gas is completely dissolved into the electrolyte.
However, since there is always a variation in the dissolution of gas bubbled into the electrolyte, further

optimization in this area is suggested as well.
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Chapter 5

Study of various analytes

5.1 Introduction

PANI/Aus nanocomposite is suitable for the detection of n-propanol and i-propanol in liquid and gas
phases. However, a fundametal study needs to be conducted across other functional groups. In this
chapter, indirect sensing of ethyl formate, which is a representative of the ester group is reported. In the

final section, a preliminary quantification of binary mixtures of n-propanol and i-propanol is reported.

5.2 Alcohols

5.2.1 Classification of linear alcohols

10.0 : .
- — KOH

& ethanol in KOH

g 8.0 n-propanol in KOH | -
S n-butanol in KOH
E n-pentanol in KOH
c 6.0

2>

2

S 4.0
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5

& 207
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O

00 B = - - = -
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Potential (in V vs Ag/AgClI)

Figure 5.1: Cyclic voltammograms of PANI/Aus vs. Ag/AgCl for linear alcohols dissolved in 1 M KOH.

90



Cyclic voltammetry was performed for linear/primary alcohols viz. ethanol, n-propanol, n-butanol and
n-pentanol (Fig. . An amount of 0.5 M of the alcohol was dissolved in 1 M KOH for electrooxidation.
The current density at -0.2 V decreased from ethanol to n-propanol. From n-propanol to n-butanol, the
current density did not vary much, however there was a remarkable rise in the oxidation peak at +0.2 V

for n-butanol.

5.2.2 Classification of butanol isomers

H,C OH

n-butanol iso-butanol 2-butanol

Figure 5.2: Chemical structures of three butanol isomers viz. n-butanol, iso-butanol and 2-butanol. Carbon
atom attached to the -OH functional group is denoted by the asterisk (in red)

Butanol, which belongs to the alcohol group exists as three structural isomers viz. n-butanol, iso-butanol
and 2-butanol. Fig. [5.2] shows the three isomers. It was expected that CV response or n-butanol and
iso-butanol should be similar to CV response of n-propanol. On the other hand, response of 2-butanol
should be similar to previously obtained response of iso-propanol due to the location of functional group
on the carbon atom of the alcohol. Figs. [5.3|and[5.4]show the CVs of PANI/Aus, electrode with n-butanol
with 2-butanol and n-butanol with i-butanol respectively.

Although n-butanol has a similar response to n-propanol, the two oxidation peaks are much closer in
height to each other. In addition, responses of n-butanol and iso-butanol should be similar due to the
location of carbon attached with the -OH group. This is evidently seen from Fig. Therefore, classi-
fication between n-butanol and iso-butanol using PANI/Au, electrode is not recommended as the results
are less significant. However, n-butanol and 2-butanol were well separated in terms of CV response. It
may be noted that the oxidation peak of 2-butanol around +0.2 V is significantly larger than its peak

around -0.2 V. Such a contrast in peaks was not seen for iso-propanol.
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Figure 5.3: Cyclic voltammograms of PANI/Aus vs. Hg/HgO for 0.5 M of n-butanol and 2-butanol separately
in 1 M KOH (scan rate = 100 mV/s).
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Figure 5.4: Cyclic voltammograms of PANI/Aus vs. Hg/HgO for 0.5 M of n-butanol and i-butanol separately
in 1 M KOH (scan rate = 100 mV/s).
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5.3 Aroma compounds

5.3.1 Target compounds

CH,
H4C 4
CH,4 CH,
NH,"OH" JW\A/\
H1C OH
Ammonium
hydraoxide geraniol H3C
{Odor: ammonia-like) {Odor: sweet rose) OH
H,C—
linalool (Odor: sweet lavender)
CH,
OH
//
Hac\\/\\/\\/o H
\\\
CH n-hexanol
HSC OH 3 benzylalcohol .
{Odor: floral) (Odor: waody)

alpha-terpineol
(Odor: lilac)

Figure 5.5: Chemical structures of several aroma compounds

In order to generate a list of CV patterns for other organic compounds, several compounds containing
-OH groups were selected. The reason for choosing such compounds was to evaluate their electrooxization
in alkaline medium. The chemical structures of a few of the selected compounds are shown in Fig. [5.5)
It can be seen that all the compounds have a characteristic odor.

Test solutions of 0.1 M of the target compound in 1 M KOH were prepared. Due to their strong
odorant smell, concentration of the target compound was reduced from 0.5 M to 0.1 M. However, there
were several challenges. Due to their long carbon chains and low volatility, some of the compounds such
as geraniol, linalool and n-hexanol did not dissolve in 1 M KOH suitably. In other cases, the dissolution
was acceptable after rigorous magnetic stirring. As an alternative, dimethyl sulfoxide (DMSO) was used
as a solvent to improve the dissolution in KOH, however, it is not recommended as DMSO would block
the reaction sites with adsorption. Although DMSO is a suitable solvent for dissolving organic many
compounds, reaction leads to the formation of a cage-like product making the original target compound

less active for electron exchange.
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5.3.2 Voltammograms of target compounds

Fig. shows the comparison of the CV response between two electrodes - PANI/Auy and PANT/Auy

at 0.1 M concentration of the target compound under study. A significant response was obtained from

benzyl alcohol, alpha-terpineol and n-hexanol indicating to presence of catalytic activity of atomic Au.

On the other hand, no significant response was obtained for ammonium hydroxide, although it had the

best dissolution in KOH due to its ionic nature.
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Figure 5.6: Comparison of CV responses between PANI/Aug and PANI/Aus electrodes for various aroma
compounds (scan rate = 100 mV /sec).
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5.4 Survey across functional groups

5.4.1 Target compounds

Table 5.1: List of target compounds

S. No. Target compound Chemical formula Functional group Odor

1. acetone C3HgO ketone pungent, cucumber-like
2. normal-propanol C3HgO alcohol mild, alcohol-like

3. iso-propanol C3HgO alcohol strong, alcohol-like

4. ethanol CoHgO alcohol strong, alcohol-like

5. propionic acid C3HgOs carboxylic acid pungent, rancid

Table shows a list of target compounds. The compounds were chosen based on the number of
carbon atoms (three) and based on their solubility in 1 M KOH electrolyte. 0.5 M concentration of each
target compound with 1 M KOH was prepared, and 10 mL of the thus prepared solution was used as
electrolyte. Fig. shows the voltammetry response with the PANI/Aus electrode. Remarkable CV
response to n-propanol and i-propanol along with a similar response from ethanol is reported. Although
both n-propanol and i-propanol show two oxidation peaks at -0.2 V and +0.2 V, for ethanol there is
only one peak around -0.2 V. Propionic acid did not show any characteristic response in KOH, due to
larger concentration of KOH leading to neutralization within the electrolyte. For the ester group, it is
known that esters hydrolyze in alkaline medium [133]. Hydrolysis of ethyl formate in alkaline medium

thus follows the following chemical reaction with moderately fast chemical kinetics.
HCOOCyHs +20H —— HCOO™ + C3H50 + H50O

The product is a carboxylate salt along with alcohol formed from the alkyl group viz. ethanol with
alkoxy anion, which is being oxidized. This product can hereby be electrooxidized based on the previous
principle. Similarities between voltammetric patterns of ethyl formate and ethanol are shown in the next

section.
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Using PANI/Au, as the sensing electrode, a CV dataset was generated by measuring the voltammetric
response b times on the same electrode for 4 aqueous samples of target compounds—n-propanol, i-
propanol, ethanol and ethyl formate (Fig. .

Results showed a good reproducibility in shape of CV for each sample. Furthermore, it was interesting
to obtain a large feature set of dimensions and perform classification. Therefore, since the voltammogram
has two scanning directions—forward and backward, once again multidimensional data were extracted
by rescaling the CVs between 0 and 1 and slicing data points at intervals of 0.1 V. From a single CV, a
21-dimension feature set (11 data points mined in the forward scan; 10 data points in the backward scan)
was then mined each for the 4 samples for 5 measurements. The final feature set size from measurement

data shown was 420 (from 21 dimensions x 5 measurements x 4 target compounds).

031 O O
0.2¢ X
g 01t
S Vo
N of X
Q g O X x
N
o O
Q-01} o) x
O n-propanol
02! x j-propanol
' e} O  Ethyl Formate
Vv Ethanol
-0.3 : ;
-1 -0.5 0 0.5 1 1.5

PC1 (90.0237%)

Figure 5.9: Principal component analysis of multidimensional data obtained from forward and backward scans
of cyclic voltammograms of aq. 0.5 M n-propanol in 1 M KOH, aq. 0.5 M i-propanol in 1 M KOH, aq. 0.5 M
ethyl formate in 1 M KOH and aq. 0.5 M ethanol in 1 M KOH with the PANI/Au, electrode.

Fig. [5.9]shows the PCA of multidimensional data obtained with the CV feature set. Data were mean-
centered, and a covariance matrix was used to obtain the PCA plot. There is a remarkable separation
among the 3 groups of target compounds using only the first principal component (PC1), which captures
90.02 % of the total variance. Samples are seen to cluster nearby with one point away from the clusters
formed. On closer examination, it was learnt that these far-away points are the first reading of each
target compound. The presence of such points is due to a slight variation in the location of oxidation
peaks across samples for a given target compound. On the other hand, the clusters of ethanol and ethyl
formate are very close to each other, as also expected from the similarity in their CV shape, because

ethyl formate is rapidly converted to the ethoxy anion.
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5.4.2 Alkaline hydrolysis of ethyl formate ester

From the results obtained in aqueous alkaline medium (Fig. , it was seen that ethyl formate showed
discriminable CV response upon hydrolysis in alkaline medium. However, there is very little discrimi-
nation between ethyl formate and ethanol. For ethyl formate, there is significant difference in catalytic
activity of PANI/Aug and PANI/Au, (Fig. [5.10). Since, the response is fundamentally due to the ethoxy
ion formed from ester hydrolysis, an indirect method of sensing ethyl formate in alkaline medium was

suggested. Thus, ethyl formate in alkaline KOH electrolyte was chosen as a system for gas sensing.
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Figure 5.10: Cyclic voltammograms of PANI and PANI/Auz vs Hg/HgO for 0.5 M ethyl formate dissolved
in 1 M KOH (scan rate = 100 mV/sec). CV response is shown for two different electrodes. Figure shows
electrocatalytic activity of bi-atomic Au.
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5.4.3 Indirect sensing of ethyl formate in gas phase
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Figure 5.11: Cyclic voltammograms of the PANI/Au; electrode vs. Hg/HgO for increasing concentration of
gaseous ethyl formate inside the 1 M KOH alkaline medium electrolyte (scan rate = 100 mV/s).

Due to limitations of the current resolution of the laboratory-fabricated potentiostat, once again three

widely separated points of relative concentrations were chosen viz. [C], = 0 %, 30 %, 60 % and 90
% for conducting experiments in the gas phase. To dissolve ethyl formate of a desired concentration
into the electrolyte (volume = 10 mL), a bubbler system was used as previously shown in Chapter 4.
Flow rate of the bubbler system was set at 200 ml/min. Ethyl formate vapors at relative concentrations
[C], =0 %, 30 %, 60 % and 90 % were bubbled into four different electrolyte cells containing 20 mL
1 M KOH, each for a period of 300 s. Typical commercial gas sensors have a measurement time of
about 240 seconds. Therefore, the selected bubbling time was comparable for visualizing the response.
Fig. [5.17] shows the CV responses of ethyl formate in the gas phase in 1 M KOH. Fig. [5.12] shows the
correlation between the relative concentration and the oxidation peak current. The PANI/Aus electrode
yielded a remarkable correlation between the relative concentration generated from the bubbler and the

current from the oxidation peak. Furthermore, the CV responses were identical to those obtained by the

electrooxidation of ethanol in KOH.
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Figure 5.12: Correlation plot of oxidation peak current at -0.2 V vs. relative concentration of alkaline-hydrolyzed
gaseous ethyl formate. Error bar is shown for a total of 5 measurements.

5.5 Binary mixtures

5.5.1 Non-additivity of chemical signals

1000 —
— Q+L —m8 Q L. —— Q+ L (algebraic sum)
800 —
600 Real __~ Ideal
“ o
£
400 —
200 —
0 T T T T
0.4 0.5 0.6 0.7 0.8
E (V)

Figure 5.13: Cyclic voltammograms showing divergence between real voltammetric response of binary mixture
of compounds 'Q’ and 'L’ (Q = quercetin, L = luteolin) vs. the ideal response created by superimposition of the
two responses. Reproduced from \\ with permission from John Wiley and Sons

It has been shown in related works that voltammograms are non-additive since they are chemical signals.
Fig. [5.13 shows the voltammograms corresponding to the mixture of two flavinoids viz. quercetin
and luteolin. It is clear that mathematical superimposition of voltammograms is different from actual

response. The non-additivity is difficult to explain since it depends on the interaction of chemical species.
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5.5.2 Binary mixture of n-propanol and i-propanol

In order to explore the nature of non-additive signals, 6 binary mixtures of n-propanol and i-propanol
were prepared. The total concentration of the binary mixture was 0.5 M dissolved in 1 M KOH solution.

Table [5.2] shows the composition of each mixture.

Table 5.2: Composition of binary mixture (in molarity)

Mixture [M] n-propanol  [M] i-propanol

Mixture 1 0 0.5
Mixture 2 0.1 0.4
Mixture 3 0.2 0.3
Mixture 4 0.3 0.2
Mixture 5 0.1 0.4
Mixture 6 0.5 0
—— Mixture 1
0254 — M?xture 2
—— Mixture 3
<~ —— Mixture 4
E 0.20 1 —— Mixture 5
I —— Mixture 6
E 0151
é 0.10
3
0.05
0.00

-0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (in V vs Ag/AgCl)

Figure 5.14: Cyclic voltammograms of 0.5 M binary mixtures in 1 M KOH (scan rate = 100 mV /sec).

Cyclic voltammograms were plotted at scan rate of 50 mV /sec for each of the binary mixtures (Fig.
. It is clearly distinguishable that mixture 1 shows the pattern of iso-propanol and mixture 6 shows
the pattern of n-propanol. However, interesting result was obtained from the in-between mixtures.
Although, a linear change was seen for the oxidation peak at -0.2 V, the peak at +0.2 V was somewhat
non-linear. The non-additive nature of chemical signals leads to a situation where several independent
variables or features are highly correlated to other independent variables. This is a popular problem in
chemometrics, known as the ”collinearity problem”, where an independent variable is highly correlated

with one or more of the other independent variables in a multiple regression equation. Multicollinearity
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undermines the statistical significance of a certain independent variable. There are several methods to
resolve this problem - one such technique that has proven to be effective for non-additive voltammetric

signals is partial least squares regression.

5.5.3 Partial least squares regression

Partial least squares regression or PLS has been used to describe non-linear systems by incorporating a
larger number of latent variables than would be required for a linear system or using the non-linear or
quadratic versions of the algorithms. PLS is appropriate for the analysis of mixtures when secondary
chemical reactions occur. It has been demonstrated in the analysis of differential-pulse polarographic
signals corresponding to irreversible processes which constitute non-linear systems [135]. The reported
work describes the behaviour of three very similar compounds whose differential pulse polarographic
are strongly influenced by the presence of the other compounds(s), resulting in the non-additive signals
obtained from the mixtures of the compounds.

The general principle of multivatriate PLS model is

X=TP"+E (5.1)

Y =UQ" +F (5.2)

where X is the matrix of features and Y is the matrix of output responses. T and U are score matrices
where as P and Q are the loadings. The goal is to develop a model in such a way that the scores in Y
have maximum covariance with scores in X. PLS is thus a model similar to PCA that finds scores with

maximum variance. E and F are residuals (see Fig. [5.15]).

P'

Figure 5.15: Graphical representation of matrices and vectors used in PLS. Reproduced from |136] with per-
mission from Elsevier
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5.5.4 Mixture quantification

PLS Model

Figure 5.16: Graphical representation of the constructed PLS model. X(x1,x2..) are features from voltammo-
gram signal, L(L1,12,L3) are latent variables, y1 and y2 are output concentrations.

PLS regression was used to quantify the binary mixtures of n-propanol and i-propanol from their voltam-
mogram data. Area scores were calculated based on average area under the curve between two voltage
points in a given scan direction. Single CV scan gave total 20 features which were used to train a PLS
model (Fig. [5.16). PLS regression was performed using ’sklearn’ module of Python programming lan-
guage with 3 latent variable. 3 latent variables were selected because they yielded the lowest prediction
error. Leave-one-out method was used as cross-validation method. Results of correlation between actual
concentration and predicted concentration are shown in Figs. and A summary of estimated
concentration values is shown in Table Coefficient of determination (R?) of the model was equal to

0.8615.
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Figure 5.17: Correlation between true/actual concentration of n-propanol in the binary mixture vs concentration
predicted with the PLS model
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Figure 5.18: Correlation between true/actual concentration of i-propanol in the binary mixture vs concentration
predicted with the PLS model

Table 5.3: Binary mixture of n-propanol and i-propanol: Actual composition vs predicted composition using
PLS model

[C] n-propanol (actual) [C] i-propanol (actual) [C] n-propanol (predicted) [C] i-propanol (predicted)

0 0.5 - 0.123279 0.62328

0.1 0.4 0.06173679 0.438263
0.2 0.3 0.171093237 0.328907
0.3 0.2 0.354918763 0.145081
0.4 0.1 0.441206532 0.058793
0.5 0 0.45502211 0.044978

5.6 Summary

Results obtained in the gas phase operation show that ethyl formate vapor sensing is indirectly possible
by electrooxidizing the hydrolysis product. From the coefficient of determination (R?), it may be sum-
marized that sensor characteristics are linear with the output of the gas delivery system used for this
study. However, for discrimination between ethyl formate and ethanol, a combination with other gas
sensors selective to ethanol is suggested. So far, this research has been limited to C3 or compounds with
three carbon atoms. Further comparative study is needed for longer carbon chain compounds by improv-
ing their dissolution in the electrolyte first. PLS regression is an effective tool for the quantification of
binary mixtures. Binary mixtures of n-propanol and i-propanol were successfully quantified using their

non-additive voltammetric signal with reasonable accuracy. However, there is room for improvement.
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Chapter 6
Miniaturization of sensor

6.1 Introduction

So far, PANI/Au, nanocomposite was fabricated on platinum macroelectrodes and the electrode was
used as a sensor for detecting various compounds in liquid and gas phases. However, the overall system
is bulky and not realistic for real-time applications. The form factor of electrodes therefore, need to be

scaled down. In this chapter, preliminary modifications for sensor miniaturization are reported.

6.2 Interdigitated array electrodes

6.2.1 Redox cycle of interdigitated electrodes

Pe®eee

ANODE CATHODE

Figure 6.1: Redox cycle taking place on the surface of the interdigitated electrodes. Image copyright 2001-2020
by ALS Co., Ltd

In order to use electrodes efficiently as sensing surfaces, it is important yield high sensitivity. Thus,
interdigitated electrodes are used, where two working electrodes are interdigitated to each other and
operated using an exclusive mode of cyclic voltammetry known as the ’dual mode’. A target analyte

reaches the surface of the electrode by diffusion. The dual mode enables a microelectrode behaviour on
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the interdigitated electrodes, shortening the redox cycles. Unlike in single mode where the analyte is
oxidized only, in the dual mode, the product at one working electrode becomes the source of the reaction

at the adjacent electrode. This phenomenon is called redox cycling and it increases the current response

(Fig. 6.1)).

6.2.2 Comb electrodes

12 Unit: mm

Counter electrode

Passivation membrane

PANI film

20
Reference electrode

/ A\

Working electrode #1 Working electrode #2

Quartz plate, t = 0.5 mm

Figure 6.2: Commercially available interdigitated array electrodes. Image copyright 2001-2020 by ALS Co.,
Ltd

Interdigitated array electrodes or IDA are recently popular in electroanalytical chemistry. They are
commercially available and have several advantages over macroelectrodes. Some of the advantages are

as follows.

1. They have high sensitivity for CV measurement
2. They are small in size, hence suitable for integrated devices
3. Due to their small size, only small quantity of electrolyte is needed for analysis

4. They have fast response

For this research, commercially available interdigitated array electrodes were purchased from BAS,
Japan (Fig. [6.2). The specification of the electrode is described in Table Since the IDA has
two working electrodes, as a preliminary result, they were shorted and PANI was polymerized on the

interdigitated arrays. Fig. [6.3shows the SEM image of PANI at 2000 times maginification. SEM showed
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low density of PANT indicating to poor adhesion to the Pt substrate. Other pretreatment techniques are

necessary to improve the surface conditions of Pt on the IDA.

Table 6.1: Specifications of a commercial interdigitated array electrode

Feature

Value

Substrate material
Electrode material
Electrode thickness
Dimensions
Microelectrode width
Microelectrode gap
Microelectrode length
Number of electrode pairs

Quartz

Pt

90 nm

20 mm x 12 mm
10 pm

5 pm

2 mm

65

WD 5.5mm 5.0kV x2.0k  20um

Figure 6.3: SEM image of PANI polymerized on platinum interdigitated array electrode at 2000 times magni-
fication. Reproduced with permission from Sone Laboratory at Tokyo Institute of Technology, Japan

— — with Pt plate
1 —— with CE of IDA

Current (in mA/cm?)
o

-0.2 0.0 0.2 0.4

Potential (in V vs Ag/AgCl)

Figure 6.4: Cyclic voltammetry of Pt-PANI IDA electrode in 0.1 M HCIO4 using two types of counter electrode:
Pt plate (dashed) and Pt counter electrode of IDA (red) (scan rate = 100 mV /sec).

107



Cyclic voltammetry of IDA electrode type Pt-PANI was measured in 0.1 M HClO4 at a scan rate of
100 mV/sec (Fig. . Hg/HgO was used as reference electrode, whereas two types of counter electrodes
were used - Pt plate (surface area = 4 cm?) and Pt counter electrode (CE) of the IDA electrode (surface
area = 0.2 cm?). Although, the CV shape of PANI with Pt plate was as per expectation, the CV shape
of PANT with Pt CE of IDA electrode was skewed. This was due to large amounts of polymerized PANI
on the working electrode leading to comparable surface area as that of counter electrode. However,
the characteristic shape of PANI in HCIOy is distinguishable. A CV without skewness is expected if
a counter electrode with larger surface area can be used. Another important observation was the low
current flowing through the working and counter electrodes owing to small surface area. The next step

was to design a new flow cell for atomic gold deposition on IDA electrode.

6.3 Flow cell for atomic metal deposition

Figure 6.5: 3D printed acrylic flow cell for IDA electrodes

A new flow cell compatible with the comb-type IDA electrodes was designed. It was essential that the

design should not have any leakages. The form factor of this new flow cell is small and it is compatible
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Figure 6.6: Drawing of flow cell for comb-type IDA electrode

with RE-1S commercial Ag/AgCl reference electrode. Fig. shows the 3D printed acryclic material
flow cell for IDA electrodes. At the current stage, the cell has been tested and there are no leakages

found. Complete machine drawing of the flow cell is shown in Fig.

6.4 Summary

PANTI film was successfully electropolymerized on commercially available interdigitated array (IDA) elec-
trodes. A flow cell compatible with the IDA electrodes was constructed for the atomic gold deposition
process. Although the density of PANI polymerized on Pt of IDA electrode is not dense, cyclic voltam-

metry of PANT in 0.1 M HCIO4 shows a reasonably acceptable response for amperometric sensing.
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Chapter 7

Conclusion

The design and development of amperometric gas sensors using novel sensing materials is motivated
by the need for gas sensors in machine olfaction. Such sensors are pivotal components in biomimetic
systems for environmental monitoring, industrial odor discrimination and non-invasive disease diagnosis.

A suitable gas sensor must have the following characteristics.
1. Tt must be operational at room temperature
2. It must provide stable response over a long period of time
3. It must have a small response time
4. Tt must have high sensitivity and selectivity

Electrochemical gas sensors are a class of gas sensors that can stand out from other gas sensors due
to their several advantages such as operation at room temperature and stability over a long time. In
electrochemical sensors, amperometric gas sensors are a preferred system due to the reduction-oxidation
based transduction of concentration to current response and small response time. Although, over the
years many amperometric gas sensors have been fabricated using various modifications, limitations to
sensitivity and selectivity have necessitated exploration of catalytic materials for improving the current
gas sensor technology. Single atom catalysts decorated on carbonaceous compounds are novel sensing

materials that improve catalytic activity and can be used as sensing materials.

Chapter 2

Polyaniline (PANTI) is a conducting polymer and an attractive material for serving as a support matrix
for dispersing atomic metals. Through a bottom-up process, PANI has been previously decorated with

atomic size of gold atoms to yield many different atomic gold structures. An “odd-even” variation in the
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catalytic activity has been reported in the past with an odd number of gold atoms showing lower catalytic
activity and even number gold atoms showing larger catalytic activity. PANI electrodes decorated with

atomic gold are selected as a nanocomposite material for the amperometric sensing of various compounds.

Chapter 3

Cyclic voltammetry has been used as the primary technique for characterization. An electrochemical
system for the controlled decoration of atomic gold onto the PANT matrix is developed. Although several
atomic gold clusters are possible, PANI/Auy or PANI decorated with two atoms of gold is selected due
to its simple structure and high catalytic activity. SEM and EDX analysis on PANI/Auy nanocomposite

suggest agglomerates or nanoparticle formation, although further material characterization is needed.

Chapter 4

Gold clusters up to 4 atoms have been decorated on PANI. Cyclic voltammetry on normal-propanol
and iso-propanol reveal distinct shapes. Normal-propanol and iso-propanol are structural isomers of
propanol with identical molecular weight, hence difficult to classify them using traditional gas sensors.
Their electrooxidation patterns reveal an odd-even pattern in current density which is dependent on the
size of atomic gold clusters. It was expected due to the variation in HOMO-LUMO gap energy of atomic
gold clusters. PANI/Auy was also successfully used as a sensing material for discriminating propanol

isomers in the gas phase.

Chapter 5

Another compound that could be detected indirectly from the electrooxidation of the hydrolysis product
in alkaline medium is ethyl formate. Ethyl formate is a representative of the ester group, which are
widely used in many industrial compounds and their sensing is important for making olfactory sensors.
The presence of bi-atomic gold as an electrocatalyst contributed to high catalytic activity. Ethyl formate
was also measured in the gas phase with linear characteristics. In addition, binary mixtures of normal-
propanol and iso-propanol confirmed that voltammetric signals are non additive. Therefore, partial
least regression was explored as a technique to show preliminary quantification of these binary mixtures.

Results showed reasonable accuracy, although further research is needed with larger datasets.

Chapter 6

In this chapter, miniaturization of the amperometric sensor using interdigitation of two working electrodes
was suggested since sensor response is expected to improve. Interdigitated array electrodes were explored

in order to scale down the form factor from bulky macroelectrodes to microelectrode systems. PANI films
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with acceptable voltammetric responses were formed on commercially available platinum interdigitated

electrodes.

PANI/Auy nanocomposite electrodes were used for the detection of several compounds in liquid and
gaseous phases. However, due to the current resolution of the laboratory-fabricated potentiostat and
several unexplored microfabrication techniques, the limit of detection is mediocre. Design improvements

are recommended in order to fabricate an amperometric gas sensor for real-time applications.

In this research, the design and development of an electrochemical gas sensor based on atomic metal
catalysts has been explored. Although the process for decorating atomic metal clusters on conducting
polymers has already been reported in the past, this research is the first application of such novel sensing
materials for olfactory sensors. Polyaniline conducting polymer decorated with structured atomic gold
clusters is remarkable as a sensing film and several combinations of atomic gold clusters were studied in
both liquid and gas phases. In gas sensing, the discrimination of isomeric compounds using typical gas
sensors is typically challenging due to their many similar properties. In this research, an amperometric
gas sensor that can discriminate between isomers of propanol has been reported. Esters are another
group of organic compounds that have widespread usage in nature as well in industry. Moreover, an

indirect gas sensing mechanism for ester group (in this research, ethyl formate) has also been reported.

The explored nanocomposite fabrication process can be expanded to other metals (such as palladium,
silver, copper) and it is possible to prepare a large number of films by controlling the type of catalyst,
type of conducting polymer and the atomic metal structure. Large numbers of different sensing films are
desirable for realizing gas sensor arrays with variable selectivities, which is an indispensable property to
have in advanced biomimetic systems. Although this is very fundamental stage of machine olfaction, an
array of electrochemical sensors with atomic metals can be extended to a gold standard of odor sensing

system.
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Chapter 8

Future work

8.1 PANI/Au; nanocomposite on IDA electrodes

The future direction of this research is to produce PANI/Aus nanocomposite films on interdigitated array
electrodes. It can be achieved by using the newly-fabricated flow cell and controlled various parameters
during the atomic gold deposition process. Since IDA electrodes have planar structure, they are also

suitable surfaces for various material characterization techniques.

8.2 Tuning various parameters

8.2.1 Other atomic clusters

Growing clusters above Auy

5.9
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Figure 8.1: Cyclic voltammetry of 0.5 M n-propanol in 1 M KOH showing electrocatalytic activity of Aus
clusters. Reproduced from \ with permission from Springer Nature
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In related works, atomic clusters larger than Auy (upto Aug) have been decorated on the PANT matrix.
Largest catalytic activity was seen particularly with the Aug cluster (Fig. [8.1)). Growing larger atomic

clusters is therefore central to improving the sensitivity of the amperometric sensor.

Atomic alloys
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Figure 8.2: Survey of cyclic voltammograms for the AusPd; (top row) and Au;Pds (bottom row) structures.
Yellow represents gold (Au) atom and black represents palladium (Pd) atom. In-box illustrations show the
many structures possible for a particular atomic alloy owing to its oxidation peaks. Reproduced from with
permission from Springer Nature

Similar to macro-scale alloys which are essentially combinations of metals, alloys at atomic scale or
atomic alloys have been fabricated in related works. The reported alloys of Au and Pd further enhance
the selectivity of the nanocomposite, since at least two different metals function as electrocatalysts (Fig.
. For gas sensing, by incorporating other metals into the atomic metal fabrication process reported
in this research, it is possible to prepare atomic alloy catalysts that contribute to sensing films having

variable selectivity.

8.2.2 Design modifications
Bi-potentiostat circuit

Apart from fundamental modifications to the nanocomposite, some design modifications are recom-
mended as well. In order to generate a large response from the interdigitated electrodes, it is recom-

mended that a bi-potentiostat circuit for operating the two working electrodes in ‘dual mode’ is used. A
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Bipotentiostat is capable of controlling the two working electrodes simultaneously at different potentials

[137).

Pseudo-reference electrode

Another design recommendation is using ‘quasi’ or ‘pseudo-reference electrodes’. They are electrodes
through which no appreciable current is allowed to flow and are used to observe or control the potential at
a working electrode thus functioning as reference electrodes. Since typical reference electrodes are bulky,
they are a hindrance to the reduction of the form factor of the sensor [138]. "Pseudo-reference electrodes’
are an alternative for sensor miniaturization, which are simply metal wires of noble metals such as silver
or platinum. Pseudo (or quasi) reference electrodes are called so because they have low impedance and
provide a constant potential without participating in the reaction similar to a typical reference electrode.
However, since their surface electrochemistry is not well-documented, several fundamental studies are

awaited.

Material of working electrode

There is some preliminary evidence that platinum (Pt) material as working electrode contributes to
catalytic activity of PANI/Auy nanocomposite. On the other hand, dissimilar activity is seen with
PANI/Aus nanocomposite formed on glassy carbon electrode. It is therefore essential to investigate the

variation of catalytic activity with other working electrode materials.
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8.3 Room temperature ionic liquids (RTIL)

Tonic liquids

FTPLY, L PRV
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Figure 8.3: Room temperature ionic liquids: Different combinations of cations and anions can yield new ionic
liquids. Some of the cations and anions are shown A to D are cations and E to H are anions. Image copyright
2020 Merck KGaA, Darmstadt, Germany

Room temperature ionic liquids (RTILs) are molten salts that are liquid around room temperature (<100
°C). They usually contain an organic anion and/or cation with an irregular shape, which keeps them
liquid even at low temperatures. They have many advantages which make them superior electrolytic

materials. Some of these advantages are as follows.
1. Large range for voltammetric scan compared to conventional electrolytes (around - 4 V to + 4 V)
2. Low volatility, therefore can be used for a long period of time without drying up

3. Modifiable properties - different combinations of cations and anions yield new properties (Fig. [8.3)
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Figure 8.4: Concept of an electrochemical gas sensor module using ionic liquids

Figure 8.5: Gas sensors with different ionic liquids

Based on the modifications suggested in the previous sections, an electrochemical sensor module together

with room temperature ionic liquids is suggested (Fig. [139]). In fact, different ionic liquids are

also expected to produce different output responses due to inherent electrochemical properties such as

conductivity, concentration etc (Fig. [8.5).

Vision for sensory array

An assembly of differently modified sensors can be operated as a sensory array. A target analyte is

expected to respond differently to each sensor, thus providing a large feature set for further analysis

using machine learning tools such as multilayer perceptron (Fig. .
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Figure 8.6: Graphical representation of a multilayer perceptron

8.4 Closing remarks

Atomic metal electrocatalysts are novel nanomaterials in the field of heterogeneous catalysts. In this
research, a specific nanocomposite has been used for fabricating amperometric gas sensors. There is
still a plethora of research to be conducted based on the aforementioned modifications. Atomic metal

nanocomposite materials are therefore a new frontier in gas sensor technology.
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