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ABSTRACT

The quest for renewable, sustainable and environmentally compatible energy sources
have been on-going for decades. Green technology such as hydrogen fuel cell has
attained much attention as an alternative energy carrier to carbon-based fuels owing
to its renewability and cleanliness. However, hydrogen gas feed to the fuel cell can
easily be ignited if its concentration is above 4 wt.% at room temperature. Thus,
hydrogen safety mechanisms such as hydrogen sensors are vital to guarantee
people‘s safety in the hydrogen infrastructure. Sensors based on metals and metal
oxides have been widely applied for hydrogen gas detection.

Nonetheless, these materials are only sensitive to hydrogen gas at elevated
temperatures (> 100 °C) and they also possess low surface area (< 20 m?/g). Hence
in this work, we present polyaniline (PANI) doped with cobalt-based zeolitic
benzimidazolate framework (CoZIF) and zinc-ZIF to fabricate (PANI-CoZIF and PANI-
ZnZIF) composite nanofibers as effective electrocatalysts for hydrogen gas
sensing application. The composites were synthesised through chemical oxidative
polymerisation of aniline monomer in the presence of 3.6 wt.% CoZIF and ZnZIF,
respectively.

The structural properties of the synthesised materials were studied using Ultraviolet
visible (UV-vis), X-ray diffraction (XRD), Fourier transform infrared (FTIR), Raman
spectroscopy and simultaneous thermal analysis (STA). FTIR, Raman and XRD
studies showed successful synthesis of CoZIF, ZnZIF and their composites.
Furthermore, the studies indicated the co-existence of both CoZIF and ZnZIF in the
PANI matrix upon composites formation, indicated by reduction in crystalline size,
decrease in band gap and increase in thermal stability. as compared to the neat PANI.
Morphological characteristics of the prepared samples were investigated
usingscanning electron microscopy (SEM) and transmission electron microscopy
(TEM) coupled with both energy dispersive spectroscopy and X-ray (EDS/EDX). PANI-

CoZIF revealed the grafting of CoZIF on to the surface of PANI matrix while
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PANI-ZnZIF composite showed that PANI is wrapping the cube nanofiber-like
structures of ZnZIF also supported by selected area electron diffraction (SAED).
Cyclic voltammetry (CV), Tafel analysis and turn over frequencies (TOFs) were
performed to study the electrochemical performance of the synthesised materials
through hydrogen evolution reaction (HER) for gas sensing. Both composites
presented drastic enhancement in the catalytic H> evolution at 0.033 mol.L™* H2SO4
with the Tafel slope of 160 mV/dec and exchange current density of 3.98 A.m™ for
PANI-CoZIF composite, while the Tafel slope and exchange current density for PANI-
ZnZIF composite were 246 mV/dec and 5.01 A.m, respectively. Moreover, the TOFs
of the PANI-CoZIF composite (0,117 mol Hz.s™*) was higher as compared to neat PANI
(0.040 mol Ha.s™). The TOF values for PANI and PANI-ZnZIF composite were 0.04
and 0.45 mol Haz.s™, respectively. In addition, the chronoamperometric

(CA) results exhibited the significant improvement in the electrochemical hydrogen
sensing ability of PANI-CoZIF and PANI-ZnZIF composites with higher current
response and sensitivity values of 12 and 10.8 pA.mmol.L™* Hy, respectively. The
composites exhibited faster steady state response time of 5 s for PANI-CoZIF
composite and 4 s for PANI-ZnZIF composite accompanied by lower detection limit
(5.27 umol.L™) as compared to the neat PANI matrix. The high electrochemical current
response is due to extraordinary specific surface area, more accessible active sites
available for the electrolyte provided by CoZIF and ZnZIF and high conductivity
supplied by PANI. These results proved that the PANI-CoZIF and PANI- ZnZIF
composites are suitable electrocatalytic materials for hydrogen gas sensing
application through HER in acidic medium. These results further suggest that the
safety of people in mining sectors and other industries can be addressed through

simple electrocatalytic gas sensing systems.
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CHAPTER ONE

INTRODUCTION

1.1. BACKGROUND

Energy plays a crucial role in homes, agriculture, industries and transportation for
sustaining life. Recent studies have shown that the global population is growing
rapidly. As a result, the energy supply must increase in order to meet energy demands
[1]. The primary energy source depends on combustion of fossil fuels and they
contribute 80% of the energy utilised globally [1]. However, the combustion of fossil
fuels emit greenhouse gases such as carbon dioxide (CO2), nitrogen oxides (Nox),
hydrocarbons, carbon monoxide (CO), particulate matter and sulphur dioxide (SO>) [2-
4]. On the other hand, renewable energy sources such as wind, hydrothermal, biomass
and nuclear are considered as the alternative route since they produce less pollutants
as compared to fossil fuels [5,6]. Nonetheless, these resources are costly and
generate limited amount of energy [7]. Hydrogen technology can be considered as a
candidate to solve those limitations [8]. It is an appealing energy carrier for a variety
of fuel cell applications such as stationary, mobile and portable power technologies
[9]. Furthermore, H2 accounts for 75% of the whole universe’s mass and can be
produced from water which is in highly abundant [10]. It is renewable in a sense that it
gives water as a by-product which can be split further into hydrogen and oxygen gas.
In addition, H> can be stored as liquid, gas or solid. It can also be transported over
large distances using pipelines, tankers, or rail trucks. Moreover, H> can be converted
into electricity at a relatively high efficiency. Furthermore , hydrogen gives more energy

as compared to traditional gasoline based energy resources [11].



1.2. PROBLEM STATEMENT

Hydrogen gas has received much attention as an alternative energy carrier, yet there
are still some technically challenging barriers to its widespread usage as a form of
energy. One of the crucial limitations for hydrogen technology is its extreme
flammability. Hydrogen is highly flammable if its concentration is higher than 4 wt.% at
room temperature [12-14]. Therefore, a development of hydrogen gas sensors is
essential to alert to the formation of potentially explosive mixture during its production,
storage and transportation. According to the United states Department of Energy (US
DoE), materials are considered as good hydrogen sensors if they have operating
temperature between -30 °C to 80 °C, response time of less than 1 s and 10 years
lifetime [15]. Metal oxides (MOy), metals and their alloys have been used for H>
sensing due to their high selectivity and sensitivity for the adsorption of H> molecule
[16-18]. However, these materials are sensitive to hydrogen gas at high
temperatures (>100 °C) and also possesses low surface areas (<20 m?/g) [16]. In
addition, high capital cost, long response and recovery time, and difficulty in post-
modification process hamper their widespread application [18].

On the other hand, Intrinsic Conducting Polymers (ICPs) such as polyaniline (PANI)
and polypyrrole (PPY) have been widely used in the development of electrochemical
smart sensors owing to their special conduction mechanism, low fabrication cost, ease
of deposition onto a wide variety of substrates, and short response time when used at
room temperature [19, 20]. Furthermore, the ability to incorporate specific binding sites
into conducting polymers offers the improvement of selectivity and sensitivity [19].
Among ICPs, PANI has been found to be the most promising polymer due to its high
environmental stability, mechanical flexibility, simple and reversible doping/dedoping
chemistry [21-24]. However, PANI has limited sensitivity towards gas species as
compared to metal and metal oxides and its poor processability caused by its insoluble
nature in most organic solvents inhibit its use as potential electrochemical hydrogen
gas sensor [25]. The poor processability is due to its high aromaticity and its existence

in a relative low molecular weight form [26].



1.3. RATIONALE

To circumvent the problems encountered when utilising PANI as a hydrogen sensor,
different approaches have been reported [27-30]. The poor processability of PANI can
be addressed by development of the PANI based composites and blends [28]. This
will introduce new functional groups in the polymer backbone hence making the
benzene ring of PANI to be reactive [16]. Incorporation of porous compounds such as
metal organic frameworks (MOFs) to the polymer backbone can also help in increasing
the electrochemical stability of the polymer [28]. Amongst various types of MOFs,
zeolitic imidazolate frameworks (ZIFs) exhibit permanent porosity, high thermal and
chemical stability, which make them attractive candidates for many applications [29].
Its small pores (3.4 A) can be functionalised by tuning the pore sizes to make use of
size-exclusive effects for the separation and purification of small molecules such as
hydrogen [30]. ZIF/graphene oxide (ZIF/GO) composite had been reported to have
large aspect ratio, large surface area to volume ratio and large porosity [31]. These
properties play a major role in fabricating a suitable gas sensing materials with larger
absorptive capacity for gas analyte [32-33]. Hybridisation of PANI and ZIF to form a
composite could results in improved solubility in most organic solvents and also
enhanced electrochemical hydrogen sensing properties as compared to pure PANI or
ZIF based gas sensors. Based on this information, this study seeks to develop highly
efficient electrochemical hydrogen gas sensor induced by PANI-ZIF composites.

1.4. AIM AND OBJECTIVES

1.4.1. Research aim

The aim of this work is to synthesise and determine the efficiency of the PANI-ZIF

composite nanofibers for hydrogen gas sensing application.



1.4.2. Objectives

The objectives of this work are to:

=

synthesise PANI and ZIFs (Zn and Co based ZIFs) through chemical
polymerisation of aniline monomer and hydrothermal methods, respectively.
prepare PANI doped with cobalt based zeolitic benzimidazolate framework
(PANI-CoZIF) and PANI loaded with zinc based zeolitic benzimidazolate
framework (PANI-ZnZIF) composites using in-situ chemical polymerisation of
aniline monomer in the presence of CoZIF and ZnZIF, respectively.

study structural properties of the synthesised nanofibers using X-ray diffraction
(XRD), Fourier transform infrared (FTIR), Raman spectroscopy and ultraviolet-
visible spectroscopy (UV-vis).

evaluate the thermal stability of the prepared samples by simultaneous thermal
analysis (STA), which possess both thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC).

perform morphological and elemental characterisations using scanning electron
microscopy/energy dispersive spectroscopy (SEM/EDS), transmission
electron microscopy/energy dispersive X-ray spectroscopy (TEM/EDX) and
high resolution transmission electron microscopy/selected area electron
diffraction (HR-TEM/SAED)

study electrochemical behaviour of the synthesised materials using cyclic
voltammetry (CV) and square wave voltammetry (SWV).

evaluate HER studies of synthesised materials at room temperature using Tafel
parameters and turn over frequency (TOF).

determine the electrochemical hydrogen gas sensing capability of the

prepared nanofibers using CV and chronoamperometry (CA).



1.5. DISSERTATION OUTLINE

This dissertation is outlined into six chapters. All the chapters attempt to tune PANI

properties by functionalising it with ZIF thus enhancing its electrochemical hydrogen

gas sensing capability. Chapter one gives a brief background on PANI and its

composites, problem statement, aim and objectives and rational of the study. The

outline of the remaining chapters in the dissertation is as follows:

v

Chapter two: it gives emphases on recent developments in polyaniline
composites for electrochemical hydrogen gas sensing applications wherein it
focuses on the literature review of hydrogen technology, hydrogen sensing
methods, electrochemical hydrogen gas sensing, polyaniline, polyaniline
composites, zeolitic imidazolate frameworks.

Chapter three: concentrates on the review of analytical techniques employed
for structural, thermal, morphological and electrochemical characterisations of
the synthesised nanomaterials.

Chapter four: it is on the development of electrochemical gas sensor
technology induced by polyaniline doped with cobalt-zeolitic benzimidazolate
framework composite for hydrogen safety monitoring.

Chapter five: focuses on the fabrication of polyaniline decorated with zinc
based zeolitic benzimidazolate framework nanocomposite as an effective
electrocatalyst for hydrogen gas sensing.

Chapter six: general discussion, conclusions and recommendations.
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CHAPTER TWO

RECENT DEVELOPMENTS IN POLYANILINE COMPOSITES FOR
ELECTROCHEMICAL HYDROGEN GAS SENSING APPLICATIONS-REVIEW

This chapter was submitted for possible publication in Electrochemical Energy
Reviews

CHAPTER SUMMARY

The emergence of hydrogen gas (H2) sensors is essential for hydrogen to gain wide
acceptance as a fuel. This review gives an insight on different hydrogen sensing
methods, their advantages and limitations. Metals and metal-oxide based catalysts are
considered as good materials for hydrogen gas sensing; nonetheless they are not cost
effective and they operate at elevated temperatures. Furthermore, they are not
selective towards hydrogen gas and their calibration curves are prone to moisture
deviations. Therefore, it is of great importance to develop highly effective and reliable
hydrogen gas sensors which have the capability to operate at room temperature. In
this work, more focus is on hydrogen gas sensors induced by PANI composites and
their distinctive parameters such as response time, selectivity and sensitivity are being
reviewed. PANI is a conducting polymer which grasped much attention in gas sensing
applications owed to its easy synthesis and ability to detect various gases. Moreover,
it has become one of the most studied and reviewed conducting polymers in the past
decades due to its outstanding conductivity, chemical and thermal stability. This review
chapter also gives an overview on the latest developments in electrochemical
hydrogen sensors based on PANI composites; their drawbacks and future prospects
are being discussed. New nanotechnological approaches which uses PANI
composites for electrochemical hydrogen gas sensing are still in their infancy stage
and numerous electrochemical hydrogen sensors induced by these composites are
expected to increase in the near future in order for hydrogen gas to be utilised in

practical fuel cell applications.
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2.1. INTRODUCTION

Hydrogen technology has attained considerable attention as a clean and effective
alternative energy carrier for a variety of fuel cell applications such as stationary,
mobile and portable power applications [1]. It is expected to play a significant role in
the near future by supplying the world with green, renewable and sustainable energy
by replacing traditional fossil fuels. Hydrogen gas is highly abundant in fossil fuels,
water (H20), plants and animals but only exists as a free element only in trace amounts
[2]. Combustion of hydrogen gas generates no pollutants; only water is formed as a
bi-product [3]. In addition, hydrogen gives more energy (about 2.75 times) greater as
compared to traditional gasoline based energy resource [4]. For fuel cell application,
hydrogen gas is converted from chemical into electric energy in a simple and clean
way using electrochemical process [5]. Moreover, an electrocatalyst is required in a
fuel cell to increase the reaction rate, thus lowering the activation energy of the
process. The curve of overpotential as a function of current density (Tafel curve) is
usually employed to determine the exchange current density (i), which is related to
electrocatalytic performance of a material [5]. The higher the exchange current density,
the higher the electrochemical performance of the electrocatalyst [6]. Noble metals
such as palladium and platinum have shown better electrocatalytic performance hence
they are found at the apex of the volcano plot (Figure 2.1) [5]. However, they are not

ideal for practical use since they are not cost effective.
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Figure 2. 1: Volcano curve for hydrogen adsorption on different metals [5]

Due to the above mentioned limitations of noble metals, there is a continued search in
the science community to find better electrocatalysts for fuel cell applications.
Furthermore, to construct a fuel cell for electric motor and batteries applications using
hydrogen as energy carrier, there is still a need to solve the challenges which are
encountered in hydrogen technology which includes hydrogen extreme flammability
[7]. Hydrogen can easily be ignited if its concentration in air is above 4wt% [7]. For that
reason, hydrogen gas sensors are needed to assist in preventing the explosion
hazards which might take place during its production, storage and transportation [8],

hence this review focuses on the overview of hydrogen sensing technologies.

2.2. HYDROGEN SENSING TECHNOLOGY

Hydrogen is the least combustible gas at 4 wt.%, however its flammability window is
larger (4-75% v/v Hy) as compared to ethane, natural gas, propane and gasoline [8].

Therefore, it is vital for a hydrogen sensing material to possess a wider measuring
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range (1-99% v/v Hz) to monitor hydrogen gas [8]. Furthermore, hydrogen is the
lightest element and the tiniest molecule, as a result, it tends to leak easily [9].
Moreover, hydrogen cannot be detected by human senses and its leakage can be
more risky and challenging [10]. Based on this information, the emergence of hydrogen
sensing materials is essential for hydrogen to be used universally as a fuel [10].
Sensors are devices which are capable of responding to an external stimulus and give
a specific signal [11]. According to the National Fire Protection Association (NFPA),
for a hydrogen sensing material to grasp extensive acceptance to be used within the
hydrogen infrastructure of production, storage, transportation, and utilisation, it must
have good performance, be reliable and cost effective [12]. The United States
Department of Energy (US DoE) set a target that a hydrogen sensor must possess a
compact size, easy fabrication and control system, fast response, operational
temperature between -30 °C and 80 °C, excellent sensitivity and selectivity, lifetime of
10 years, must not be responsible for false alarms and be non- contaminating [12,13].
Different hydrogen sensing methods have been widely studied which includes gas
chromatography, metal oxides, thermal conduction, pellistor, palladium based and

electrochemical sensors [13].

2.2.1. Gas chromatography (GC)

A gas chromatography is a separation instrument which uses carrier gas as a mobile
phase. GC separates the component of a mixture based on their boiling points [12].
GC principle involves the interaction between gases of interest with walls of the column
resulting in the elution of the gases at different times (retention time). Gas
chromatography is one of the most selective and sensitive applied measuring principle
for hydrogen detection [12]. The drawbacks of GC include its long response time
caused by time-consuming expensive handling procedures and sample preparation
[14]. Furthermore, it has the ability to measure other gases such as carbon dioxide,
nitrogen and oxygen in the presence of hydrogen which adds time to the total analysis
[14].
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2.2.2 Metal oxides (MOx) sensors

Metal oxide sensors are also known as semiconductor-based sensors since they use
a semiconducting film as the sensing element [15]. Their sensing principle involves
heating them up to elevated temperatures (300-500 °C) in the presence of oxygen
wherein the grain boundary is formed in the MOXx thus resulting in detection of gases.
The MOx sensors such as zinc oxide and tin oxide are compact, inexpensive and they
have good sensitivity towards hydrogen gas [15]. However, MOx are only sensitive to
hydrogen gas at elevated temperatures for them to obtain a stable conductivity thus
resulting in complex configurations in comparison to other sensing

materials operating at room temperature [16]. The reported high operational
temperature of MOXx is due to the reaction temperature of O [16]. Other challenges
facing MOx sensors include structural instability, low surface area, moisture
deviations, long response and recovery time [15-17]

2.2.3. Thermal conduction sensors (TC)

Thermal conductivity (TC) sensors are widely used for hydrogen gas sensing and they
depend upon a change in temperature of an electrically heated sensing element when
exposed to the analyte [14]. The TC sensors are heated to a temperature in which the
resistance of the sensing element deviates from the linear limit of Ohm’s law [18]. They
possess advantages such as wide measuring range, long term stability, robustness
and they do not require O2 to operate. Moreover, they are resistant to poisoning and
they have simple and low cost construction [14]. Nonetheless, they exhibit higher low
detection limit, cross-sensitive to He and the reaction with heating wire can occur and
[19].
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2.2.4. Pellistor sensors

Pellistor sensors uses noble metals such as platinum as catalysts which surrounds a
ceramics that is electrically heated at 550 °C, thus offering a catalytic surface for
hydrogen ignition [14]. This lead to a change in the resistance and improvement in the
temperature of the sensing device [14]. Pellistor sensors have good stability, wider
operational temperature and longer lifetime [20]. However, they are not selective and
cannot distinguish between different flammable gases [20]. Moreover, they are prone
to poisoning by sulphur (S) , phosphorus (P), and silicon (Si), they require more power

and oxygen (O) to operate [21] .

2.2.5. Palladium based sensor

Palladium has attained much attention for hydrogen gas sensing due to its fast
response towards hydrogen gas [22]. Their operating principle involves the
dissociation of hydrogen in its molecular state to its elemental state (this is the rate-
determining step), followed by the diffusion of elemental hydrogen into the palladium
lattice causing it to expand and a phase transition from conductive phase to less
conductive phase occurs [12,22]. The shortcomings of palladium based hydrogen
sensors are their high operational temperature (above 100 °C) [12]. The high
operational temperature causes structural change of the sensor therefore resulting in
the response differences and instability [12]. Furthermore, elevated temperatures are

threats when detecting flammable gases.

2.2.6. Electrochemical sensors

Electrochemical sensor consists of a sensing, reference and a counter electrode,
separated by a thin layer of electrolyte [13]. Electrochemical sensors show significant
advantages of being highly sensitive, selective and portable at a modest cost [23] .

They have shown excellent analytical performance with low energy and power
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consumption [13]. Potentiometric and amperometric based sensors are the most

widely investigated types of electroctrochemical based sensors.

2.2.6.1. Potentiometric sensors

For potentiometric sensors, a local equilibrium is established at the sensor interface,
where either the electrode or membrane potential is measured, and information about
the composition of a sample is obtained from the potential difference between two
electrodes (potential is independent of the dimensions of the sensor) [13]. They are

miniaturised and they generate power that can be easily be measured precisely [24].

2.2.6.2. Amperometric sensors

In amperometric sensors, an electroactive species undergo oxidation or reduction
resulting from the applied potential between a working and reference electrode to
measure the current which is directly proportional to gas concentration [13,25].
Hydrogen can easily be sensed by electrochemical sensors, particularly amperometric
devices available commercially [13]. The mechanism of a hydrogen sensor involves
the diffusion of hydrogen through the gas diffusion barrier to the electrode and become
absorbed on the sensing electrode. This is followed by the occurrence of
electrochemical reaction accompanied by the transfer of electron and generation of
hydrogen proton. The proton conducting membrane facilitates the movement of proton
to the counter electrode, thus the product desorbs from the counter electrode and
diffuses away. Lastly, the electronic charge moves from or to the electrode followed
by appearance of current [13]. Amperometric gas sensors are known to be physically
small, have good sensitivity, and usually have a broad linear range [26]. Drawbacks
include moderate selectivity and poor sensitivity as compared to metals [27]. They are
very stable with lifetimes of up to 5 years or more. According to the US DoE a material

is considered a good hydrogen sensor if its lifetime is 10
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years [13]. Therefore there is a growing interest in the development of new sensors to

satisfy the US DoE requirements.

2.2.6.3. Key parameters for electrochemical gas sensing

There are several parameters, which influences the performance of an
electrochemical sensing material. Those key parameters include sensor sensitivity,
response time, selectivity and stability.

2.2.6.3.1. Sensitivity

Sensor sensitivity is the measure of how fast a sensor can detect the analyte of
interest. It is the measure of how the signal change per analyte concentration unit [11].
The detection limit of a material is the minimum value of an analyte that can be
measured by the sensor and it can be related to sensitivity [8]. The lower the limit of
detection of a sensor the higher the sensitivity. In electrochemical gas sensing, the
sensitivity can be determined from the slope of the calibration curve of current
response against different gas concentrations generated from amperometric or

potentiometric results [11].

2.2.6.3.2. Selectivity

Selectivity is also the key factor in gas sensing and is defined as the ability of the
sensor to differentiate between the target analytes and other materials [11]. It
measures the capability of a sensor to respond selectively to a specific analyte in a
group of analytes. Numerous sensors need functionalisation with recognition elements

for the selectivity to increase [8].
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2.2.6.3.3. Stability

Stability is another key parameter used to evaluate the performance of a sensor.
Stability means the ability of a sensor to give the same response signal for an identical
stimulus over time. According to Bochenkov and SergeeV stability is the ability of a
sensor to provide reproducible results for a certain period of time and the parameters
such as selectivity, sensitivity, response, and recovery time are retained [11]. To probe
the stability of a sensor over time, current-time responses at a fixed potential must be
performed using electrochemical techniques such as chronoamperometry and
chronopotentiometry [8]. A material is regarded as a good sensor if it remains stable

over the lifespan of the sensor [22].

2.2.6.3.4. Response and recovery time

Response time is the time the sensor needs to increase up to the 90% of its final stable
output after introducing the analyte [8]. It is the time needed for the sensor to respond
to a step concentration change from zero to a certain concentration value [11]. The
recovery time is the time the sensor takes to drop to the 10% of its baseline after the

removal of the analyte [11].

2.2.6.4. Sensing electrode materials for electrochemical gas sensing

The relationship between the key operating characteristics and kinetic factors such as
mass transfer of the analyte to the electrode and the electrocatalytic activity of the
sensing electrode are of great importance in electrochemical sensing [8]. Moreover,
the performance of the electrochemical gas sensor depends on the structural
properties of the material from which the sensor is made-up of. Furthermore, sensor
dimensions and geometry have a profound effect on the response time, sensitivity,
signal stability and selectivity of the hydrogen sensor [8]. Additionally, to control sensor

kinetics and thermodynamics, materials are selected based on their
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fundamental electrochemical and electronic properties, stability and specific chemical
interactions [25]. Realisation and commercialisation of hydrogen technology requires
the emergence of highly abundant, reliable and active electrocatalyst for hydrogen gas
sensing. Therefore, more research to find reliable electrocatalyst for hydrogen sensing
has increased recently. Materials such as carbon nanotubes, metal oxide
nanostructures, noble metals and intrinsic conducting polymers have been

investigated for hydrogen sensing [25,28,29].

2.2.6.4.1. Noble metals

Noble metals such as gold, palladium and platinum have being exploited in
electrochemical hydrogen sensing as the working electrodes and they are capable of
making a defined interface with the electrolyte in the cell to allow efficient diffusion of
the gas phase to a large-area and reactive electrode-electrolyte interface [8]. To date,
noble metals are the most studied materials for electrochemical hydrogen gas sensing
owed to their exceptional stability under polarised potential [25]. Korotcenkov et al.
reported that palladium electrodes have fast response (10 s) for all hydrogen

concentrations from 1-100% to achieve a signal level of 90% [8].

2.2.6.4.2. Carbon based materials

Carbons based material such as graphite, carbon nanotues (CNTs) and glassy carbon
are used as popular sensing electrodes [8]. Carbon is conductive and the sensing
electrode made of it can achieve an optimum combination properties such as porosity
and conductivity [8]. If carbon can be combined with noble metals such as platinum,
carbon provides good electrical contact between the grains of the metal thus improving
the performance [8].
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2.2.6.4.3. Intrinsic conducting polymers (ICP)

Among these materials, intrinsic conducting polymers (ICP) are the promising
candidates for gas sensing due to their ability to conduct electricity and their extended
m-electrons system in their structure [25,28]. The first ICP to be discovered was
polyacetylene (PA) in the 1970s by Shirakawa Louis et al [30]. ICPs possess low
energy optical transition, low ionisation potential and high electron affinity [3]. The
conductivity of these polymers can be influenced by factors such conjugation length,
polaron length, overall polymer length and the charge transfer to adjacent molecule
[31]. They have been studied extensively due to their great electrical and optical
properties, redox reversibility redox, flexibility in processing and ease of synthesis
[32,33]. Conducting polymer based gas sensors are having an advantage as
compared to the inorganic based sensors due to their variety, natural conductivity, fast
response, low cost, light weight, easy synthesis and sensitivity at the room
temperature. The first conducting polymer to be applied for gas sensing was
polypyrrole [32]. Nonetheless, it was found that this polymer lacks adsorption-
desorption reversibility. Furthermore, its longer response time and poor sensitivity has
hampered its wide application as a gas sensing material. Therefore, there is a
continued need to find reliable and better performing polymer based gas sensing
materials. Recently, PANI as one of the conducting polymers has grasped much
attention in various applications such as HER, water treatment as well as gas sensing.
Huang and co-authors [34] studied the response towards 100 ppm of HCI and NH3
vapor induced by PANI nanofiber. The authors found that the PANI nanofiber showed

better sensing performance.
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2.3. POLYANILINE

2.3.1. Background of polyaniline

The term PANI corresponds to a class of polymers having up to 1000 repeating units
(also called monomers) and was first reported in 1862 where it was formed through
oxidation of aniline monomer under mild conditions [19]. PANI exists in different
chemical structures due to different oxidation states of the polymer backbone. It exists
in fully reduced state, half oxidised state and fully oxidised known as leucoemeraldine,
emeraldine and pernigraniline respectively [35] . PANI in its half oxidised state is highly
stable at room temperature. The most common synthesis of PANI involves oxidative
polymerisation, in which the polymerisation may be accomplished either
electrochemically or chemically [34]. Furthermore it is known to be soluble in some

polar organic solvents such as N-methylpyrrolidone and dimethyl sulfoxide [3].

The electrochemical performance and the redox states of PANI are usually
investigated by employing cyclic voltammetry (CV). Song and Choi documented some
key electrochemical behavior of PANI (Figure 2.2) and further explained that the
electrochemical response depends on factors such as applied potential and the type
of material used [36]. They further explained that working temperature, surface area
of the electrode and the electrolyte composition also play a huge role on the
electrochemical behaviour of PANI [36]. The CV results give an insight about the
structural formula for PANI as it undergoes redox processes and such distinctive plot

is presented in Figure 2.2.
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Figure 2.2: A typical cyclic voltammetry (CV) curve of PANI in HCI (pH 1) showing two

sets of redox couples. The direction of potential scan is shown with the arrows [36]

It displays two distinctive redox couples wherein the redox couple at around 0 and
0.25 V using Ag/AgCl reference electrode pertains to where fully reduced
leucoemeraldine base is converted to the partly oxidised emeraldine, and the redox
couple appearing around 0.6 and 0.8 V is due to emeraldine being converted to fully
oxidised pernigraniline state [36].

PANI has been found to be the most promising and attractive conducting polymer due
to its low cost, easy synthesis, high environmental stability, mechanical flexibility,
simple and reversible doping/dedoping chemistry [3,38]. Moreover, it has become one
of the most studied and reviewed conducting polymers in the past decades due to its

high conductivity [38]. It has found its potential applications in
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multidisciplinary areas such as water treatment, supercapacitors as well as sensing
due to its easy synthesis, high conductivity and capability to detect various gases
[33,39]. Surface acoustic wave sensor based on PANI nanowire with the diameter
between 30-50 nm was used for detection of hydrogen and possessed the detection
limit of about 0.06% and response time of about 100 s [36]. However, its poor
processibility and limited sensitivity towards gas species as compared to metal oxides
limits its potential to be used in gas sensing application [34]. Different methods have
been employed to address the encountered limitations of PANI which includes
formation of PANI composites [3]. Furthermore, through oxidation-reduction and
doping, the conductivity of ICPs can also be improved [3]. The main focus of this review
is on the development of electrochemical hydrogen sensors induced by PANI based
composites.

2.3.2. PANI composites based sensors

PANI based composites comprise of PANI and one or more components such as
semiconductors, metal nanoparticle, organic compounds and inorganic compounds
[38,39]. This improves polymer backbone structure and its functionalities [37].
Composites are synthesised using a number of methods like physical mixing, sol—gel
technique, in-situ chemical polymerisation, emulsion technology and sonochemical
process [3,35,39]. Lina and the co-authors [40] studied the characterisation and gas
sensitivity study of PANI/SnO2 hybrid material prepared by hydrothermal route. The
PANI/SnO: hybrid material constitutes of PANI as the polymeric matrix and SnO; as
the semiconducting component, it exhibited good sensitivity towards ethanol and
acetone at 60 or 90 °C [40]. Moreover, it showed good reversibility, short response
and recover time within 1 minute. The material emerged overwhelmed the drawbacks
of longer response time of PANI and lowered the operational temperature of SnOo,
hence it can be opted for practical use [40]. Pandey compiled a comprehensive report
based on a highly sensitive and selective chemiresistor gas/vapor sensors induced

by PANI nanocomposite [40]. Gas sensing parameters
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such as sensitivity, response and recovery time for different gases such as NO2, NH3,

H2 and H.S were briefly discussed [40].

Sen et al. reported about PANI/Fe>O3 nanocomposite for room temperature liquefied
petroleum gas (LPG) sensing [41]. PANI/Fe2Os (3 wt.%) nanocomposite exhibited
excellent gas response at a low gas concentration of 50 ppm with a response time of
60 s [41]. Moreover, Yan et al. prepared NO> gas sensing with PANI nanofibers
synthesised by a facile aqueous/organic interfacial polymerisation [39]. Mekki et al.
investigated the chemiresistive gas sensing properties of PANI-silver (Ag) films on (3-
aminopropyl)trimethoxysilane (APTMS) modified biaxially oriented polyethylene
terephthalate BOPET and pristine BOPET achieved by the exposing 10 ppm of each
test gases such as NHs, H2S, Cl2, NO, NO,, CO, CH4, and C2HsOH [42]. The sensor
showed better performance on H>S than other gases as shown on Figure 2.3 and

Table 2. 1 shows PANI based nanocomposites used for detection of various gases.
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Figure 2.3: (a) Current—voltage characteristics of PANI-Ag films. Inset: base

resistance of the films versus AgNO3 concentration (b) Response curve for PANI-Ag

(0.5 M) films at various H>S concentration. Comparative response (%) as a function of

H>S concentrations (c) Comparative response curve for PANI-Ag (0.5 M) and PANI-

Ag (2 M). Inset: the selectivity histogram of PANI-Ag (0.5 M) at 10 ppm concentration

of different gases. (d) Response as a function of concentrations of H>S and AgNOs.

Inset: the response (%) of PANI-Ag films prepared varying concentration of AQNO3 at

25 ppm of H2S exposure [42].
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Table 2.1: Summary of PANI based composites for gas sensing application

Gas detected Range Response Sensitivity Refs.

Sensor _
(ppm) time
PANI/TIO> NH3 23-141 2s - [43]
PANI/SnO; N2 10ppm - 3.01x10%  [44]
NH3 100 46 s 91% [45]
PANI/SnO.-
CSA

RGO/PANI NH3 50 - 59.2 [18]

PANi/Fe20s3 LPG 50 60s -
PANI/ZnMoO4 LPG 800- - 45.8% [46]

1800

Zheng and co-workers [47] studied the electrochemical glucose sensing induced by
Cu/PANI/graphene. The composite exhibited the sensitivity, detection limit and
response time of 150 mA cm?M™, 0.27 uM and 3 s, respectively [47]. Lata et al. [23]
also reported an amperometric H.O2 biosensor based on cytochrome ¢ immobilized
onto nickel oxide nanoparticles/carboxylated multiwalled carbon nanotubes/PANI
(NIO/MWCNT/PANI) modified gold electrode. The biosensor was non-enzymatic and
exhibited good reproducibility, fast response, longer stability and broad linear range
[23]. Tovide et al. [48] investigated the electrochemical sensing behaviour of
graphenated-PANI nanocomposite systems based on amperometric and voltammetric
signal transductions. The authors obtained the dynamic linear range and detection
limit of 0.012—-1000 uM and 0.0044 uM, respectively. These results show that PANI

can be used for electrochemical sensing application.
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2.3.3. PANI based composites for hydrogen (H2) gas sensing

PANI is one of the intrinsic polymers which is studied extensively in hydrogen
technology [34]. Ramohlola et al. [3] elaborated on its electrochemical performance
(Figure 2.4) on hydrogen production and as an electrocatalysts for hydrogen evolution
reaction using Tafel plot. The results showed that formation of polyaniline composite
further improves the electrochemical performance of PANI as an electrocatalyst in
acidic medium which was indicated by an increase in exchange current density. The
exchange current density and Tafel slope were found to be

7.943 A.m? and 199.3 mV.dec™, respectively [3]. The authors further studied the
composite formed from PANI derivative poly(3-aminobenzoic acid) (PABA)
incorporated metal organic framework (MOF) denoted as PABA-MOF with exchange

current density and Tafel slope of 35.48 A.m?and 130.5 mV.dec™, respectively [6].
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Figure 2.4: Tafel plots of (a) blank, PANI, MOF and PANI/MOF composite (~2.0x10
* mol/L) in the presence 0.075 M H2SO4 at 0.10 Vs™ (b) MOF (c) PANI and

(d) PANI/MOF composite in different concentrations of H.SO4 and 0.10 Vs™ scan
rate on Au electrode in 0.1 M TBAP/DMSO electrode system [3].

2.3.3.1. PANI doped with metal oxides for H> sensing

PANI doped with metal oxides composites have been widely investigated for hydrogen
gas sensing application. Hydrogen sensor based on PANI/WO3 was investigated for
hydrogen detection in the range 0.06 - 1%, and showed better performance with the
response and recovery time of 40 and 100 s, respectively [40]. In another report, PANI
(emeraldine)/ anatase TiO2 was also investigated for sensing 0.8% of hydrogen gas.

The sensor exhibited the recovery and response time of
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around 130 and 83 s respectively, with the sensitivity of around 1.63% towards

hydrogen gas [40]

2.3.3.2. PANI doped with carbon based materials for H> sensing

PANI doped with carbon based materials such as graphene/PANI have been used for
hydrogen gas sensing application [38]. The graphene/PANI sensor was used to sense
hydrogen concentration between 0.06 - 1% and possessed the sensitivity of about
16.57% [38]. In another study a chemiresistive hydrogen sensor based on
Graphene/PANI with the diameter of less than 25 - 50 nm showed faster response of
about 1 minute towards hydrogen [36]. Furthermore, chemiresistive sensor induced
by PANI doped with camphor sulphonic acid (CSA) denoted as PANI/CSA with
diameter of 100 nm was also used for hydrogen sensing and exhibited the detection
limit of less than 1% [36].

2.3.3.3. PANI doped with multi-components for H2 sensing

In another study [40], a hydrogen sensor was fabricated using a multicomponent Al-
SnO2/PANI composite fibre and the sensor showed faster response and recovery time
of around 2 s with the sensitivity of 275% towards 1000 ppm of hydrogen. Recently,
Do et al. [25] studied the planar solid-state amperometric hydrogen gas sensor based
on Nafion/platinum/nano-structured polyaniline/gold/aluminium oxide
(Nafion®/Pt/nsPANIi/Au/Al>O3) electrode. The sensor exhibited the specific sensitivity
and the response time of 338.50 mA ppm™ g* and 100-250 s, respectively, for
measuring 10-10,000 ppm hydrogen as shown in Figure 2.5. Based on these results,
this sensor did not meet the US DoE requirements. Therefore,
Nafion®/Pt/nsPANi/Au/Al2,Oz cannot be regarded as an ideal material for
electrochemical hydrogen sensing. The long response time  of
Nafion®/Pt/nsPANi/Au/Al20z hydrogen sensing electrode might be attributed to the
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incorporation of platinum since noble metal Pt is known to work best at elevated

temperatures [21].

Figure 2.5: Relationships of (a) the sensing current and run time on Nafion®/Pt
(Qpt= 150 mC)/ns PANI (QPANI = 30 mC)/ Au/Al203, and (b) the sensing current and
concentration of Hz on Nafion®/Pt/nsPANI (QPANI = 30 mC)/Au/Al>O3 for Pt prepared
with the various charges (Q) passed. Counter electrode: Au/Al>Oz, reference
electrode: Au/Al2Os3, applied potential = 0.2 V, solid electrolyte: Nafion®
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film prepared by casting 5 pl 5 wt.% Nafion® solution, gas flow rate = 200 ml.min,
relative humidity = 100% [25]

Table 2.2: Summary of hydrogen sensors based on PANI composites.

Sensor Concentration Response Recovery Sensitivity Refs.
time (s) time (s)

PANI/WO3 0.06 -1%, 40 100 - [40]

PANI 0.8% 83 130 1.63% [40]

(emeraldine)/
anatase

titanium dioxide

(TiO2)
Aluminum/ Tin 1000 ppm 2 2 275% [40]
oxide (Al-SnOy)

/PANI
Graphene/PANI 0.06-1% - - 16.57% [38]

2.4. CURRENT CHALLENGES AND FUTURE PROSPECTS

Even though PANI composites have made an excessive progress as hydrogen
sensors, there are still some challenges facing them regarding their wide acceptance
in sensing technology. According to the US DOE a material must have a short
response time (1 s) and operational temperature between -30 to 80 °C for it to gain
wide acceptance as a hydrogen sensor [13]. Nonetheless, to the best of our knowledge
there is no existing hydrogen sensing technology which has met the US DoE
requirements and ideal for all applications. From literature, there are many reports on
PANI composites for hydrogen gas sensing applications. However, PANI composites

based sensors suffer from longer response time and poor sensitivity as
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compared to metal oxides [36]. Much work is currently underway to address these
issues with some areas already showing signs of success, and the number of
publications for these composites is expected to increase in the near future. One of
the available methods to overcome the above-mentioned challenges is by
development of PANI composites for electrochemical hydrogen gas sensing.
Electrochemical gas sensors are known to be good at sensing low concentrations
(ppm level) of hydrogen gas within a short response time and do not require heating.
However, reports on PANI composites for hydrogen gas detection at room temperature
are still scarce and their sensing mechanisms are not well understood.. In another
report, Do et al. [25] designed an amperometric hydrogen gas sensor (10- 10,000 ppm
H2) based on a multi-components Nafion®(5.7 pum)/Pt/nsPANI/Au/Al,O3 sensing
electrode with a Pt loading of 1.87 mg and obtained response time and

specific sensitivity of 100-250 s and 338.50 mA ppm™ g*, respectively. On the other
hand, organic—inorganic hybrid materiasl continues to be an exciting area of research
in the past due to their flexibility in different applications [18]. Furthermore, organic-
inorganic hybrids exhibit both properties of the organic part and the inorganic part. For
example, PANI-graphene oxide composite and also carbon nanotubes nanocomposite
have been reported to exhibits excellent electrical, mechanical and optical properties
such as surface hardness, modulus, strength, transparency and high refractive index
and used for gas sensing [18]. Yet, composites between PANI with inorganic porous
materials such as metal organic frameworks have not been studied well for
electrochemical hydrogen gas sensing application. Wu and the co- authors [49]
designed a hydrogen gas sensor based on zinc oxide@zeolitic imidazolate framework-
8 (ZNO@ZIF-8) core—Shell nanorod film. It was observed that the introduction of ZIF-
8 to form a composite introduced more oxygen vacancies in the complex film, thus
improving the sensitivity of ZnO@ZIF-8 towards hydrogen as compared with the raw
ZnO nanorod film. Moreover, the sensor was more porous and selective towards
hydrogen than carbon monoxide upon incorporating ZIF-8 [49]. Very recently, Yuan
and Liu developed an electrochemical sensor based on

Nafion/PANI/(ZIF-8) nanocomposite for the determination of dopamine. The sensor

exhibited the limit of detection of about 1.2x10~8 mol. L™ [50]. It also showed good
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selectivity, outstanding stability and high reproducibility wherein ZIF-8 provided larger
surface area and electrocatalytic activity while PANI provided the electrical
conductivity [50]. In the same manner, herein, we present for the first time that PANI
based ZIF is a promising electrochemical hydrogen gas sensor at a low operating

temperature.

2.5. CONCLUSIONS

Hydrogen sensors play a vital role for safety monitoring and for hydrogen to gain wide
acceptance as a fuel. In addition, they are important during hydrogen production,
transportation and utilisation. Briefly, this comprehensive review focused on the basic
principles, advantages and limitations of different types of hydrogen gas sensors. The
electrochemical based hydrogen gas sensors induced by PANI composites were the
core of interest and their distinctive parameters such as response time, selectivity,
stability and sensitivity were reviewed. This conducting polymer matrix has
advantages over metals and semiconductors owing to its ease of synthesis, low
fabrication cost and room temperature operation. Nevertheless, it possesses low
sensitivity to hydrogen gas as compared to metals and metal oxides. Moreover, its
poor processibility due to it being insoluble in many organic solvents limits its
application in electrochemical gas sensing. PANI based composite electrochemical
sensors have been found to possess enhanced sensitivity and short response time as
compared to neat polymer. However, previous reports have not yet satisfied the US
DOE requirements, thus more work has to be done on electrochemical hydrogen
sensing induced by these composites. Therefore, there is still plethora of work on
electrochemical sensing performance of based on polyaniline composites focusing on
other gases. Unfortunately, only a few reports exist on hydrogen gas sensing via
electrochemical route. This poses a serious challenge in the science community and
numerous electrochemical hydrogen sensors induced by PANI composites are
therefore expected to increase in the near future. To the best of our knowledge, there

are no attempts made for studying how this conducting PANI
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interact with ZIFs for electrochemical hydrogen gas sensing. Based on this
information, this has motivated our study to focus on PANI doped with different types
of zeolitic imidazolate framework materials as promising candidates for

electrochemical hydrogen gas sensing.
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CHAPTER THREE

CHARACTERISATION TECHNIQUES

3.1. INTRODUCTION

The aim of this chapter is to give a comprehensive review on characterisation
techniques, their general description, basic principles, advantages and limitations.
Characterisation techniques are set of methods used to characterise the structural,
physical, chemical, electrochemical and morphological nature of a material [1]. They
can also be used for quantitative analysis of certain species in a material. They are
used to identify and isolate components of a sample. Many characterisation
techniques have been practiced for centuries and new ones are constantly emerging
[1-3]. The emergence of electron microscopy and secondary ion mass spectroscopy
in the 20™ centuries have made it easy to analyse structures and composition of
materials thus making it possible to understand why different materials exhibit different
behaviour and properties [1]. Characterisation techniques can be divided into different
categories including physical, spectroscopy, microscopy, and electroanalytical
techniques. Common examples of microscopy instruments include optical microscope,
scanning electron microscope, transmission electron microscope and atomic force
microscope [2]. Spectroscopic techniques such as Ultraviolet- visible (UV-vis)
spectroscopy, photoluminescence (PL) and FTIR are used to reveal the chemical
composition, and photoelectric properties [1-3]. In this work, the following analytical
technigues were employed for characterisation and electrochemical hydrogen sensing

studies of the parent materials (PANI and ZIFs) and PANI-ZIF composites.
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3.2. PHYSICAL METHODS

Physical methods are characterisation technigues employed for determining the
structural properties such as crystallinity, surface area, mechanical and thermal
stability of the materials. Those methods include X-ray diffraction (XRD) and

simultaneous thermal analysis (STA) in this study.

3.2.1. X-ray diffraction (XRD)

XRD is a rapid, non-destructive analytical tool used for phase identification of
crystalline materials and can also supply information on unit cell dimensions [4].
Moreover, it is used to measure the average spacing between layers or rows of atoms,
determines the orientation, size, shape and internal stress of a single crystal or grain,
and determines the crystal structure of an unknown material such as minerals and
inorganic compounds [5]. It is based on constructive interference of monochromatic X-
rays and a crystalline sample of which interaction of the incident rays with the sample
induces constructive interference and Bragg’s law has to be satisfied. This law is

mathematical expressed in Equation 3.1 as follows [6].

nA = 2dsin 6 (3.1)

Wherein n is an integer usually equal to 1, A is the wavelength of the radiation beam,
d is the interplanar spacing between two diffracting lines and 6 is the diffraction angle
[7]. Conversion of the diffraction peaks to d-spacing allows identification of material
because each material has a set of unique d-spacing. This is achieved by comparison
of d-spacing with standard reference patterns. In this work, it was used to identify the
phases of the synthesised materials (PANI, ZIF and PANI-ZIFs) and d- spacing. In

addition, it was used to monitor the composite formation by using the
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obtained d-spacing values and the crystallite sizes. The crystallite sizes were
determined by using Debye Scherrer’s equation (Equation 3.2) [8].

—ka
D:ﬁ cos6 (32)

where, k = 0.9, A is the CuKq radiation wavelength (1.5406 A), 8 is the full-width at half
maximum in radians, 6 is the Bragg's angle [8]. Zheng et al. [9] reported typical XRD
diffraction peaks of PANI (Figure 3.1b) which exhibited a broad peak at around 26 =
20° corresponding to (110) reflection as an indicative of ordered structure. On the other
hand, Li et al. [10] showed that the XRD pattern of ZIF-7 is composed of pure ZIF-7
and free of ZnO as an impurity phase and there is no preferential orientation for this
material as given in Figure 3.2(a).
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Figure 3.1: (a) UV-vis spectra of PANI and CuNPs/PANI (discussed in the
spectroscopy section), insert is the schematic energy level diagram of PANI; (b) XRD
pattern of PANI and CuNPs/PANI [9].
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Figure 3.2: (a) XRD pattern, (b) SEM Top view, and (c) SEM cross-sectional view of

the ZIF-7 membrane (discussed in the spectroscopy section) [10].

3.2.2. Simultaneous thermal analysis (STA)

STA comprises of simultaneous themogravimetric analysis (TGA) and differential
scanning calorimmetry (DSC) techniques. TGA is a type of thermal analysis in which
physical and chemical changes of materials as a function of increasing temperature
are measured. One heating source is used and the heating rate must remain constant.
It gives information about thermal processes such as vaporisation, sublimation, and
adsorption and desorption. Information about chemical phenomenon such as
dessolvation and chemisorption is revealed [11]. During TGA analysis, either mass
loss or gain is observed upon decomposition. In the case of DSC, the technique
measures the difference in the amount of heat needed to increase the temperature of
a sample as function of temperature. Throughout the experiment, the sample and
reference samples are maintained at the same temperature and the sample holder
temperature increases linearly as a function of time [11]. It is a fast, simple thermal
analysis method used for quantitative analysis. Generally, if a material is thermally
stable, no change in mass will be observed [12].
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STA does not require a series of standards for calculation of an unknown and
instrumental errors are limited but it is only for single elemental analysis [13]. In the
present work, STA was used to check the thermal stability of the synthesised material
(PANI, ZIF and PANI-ZIF composites) achieved by checking the degradation steps
(weight loss) which appears when samples are heated from 25 to 525 °C. The thermal
analysis was investigated using STA (Perkin-Elmer 6000) and samples ranging from
1 - 4 mg were heated and scanned at the speed of 20 °C/min under inert environment.
STA was used to monitor changes phase transitions (heat flow rate) as temperature
increases. Bhanvase et al. [14] gave a report on a typical TGA of PANI (Figure 3.3)
and showed that the TGA curve of PANI synthesised by ultrasound assisted emulsion
polymerisation shows three stage thermal degradation steps. The first thermal
degradation step of PANI staged around 39% up to 250 °C was ascribed to the removal
of water molecules. The second weight loss around 33% in a temperature range of

250 — 400 °C might be owed to the phase transition occurred in PANI.

100 -
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Figure 3.3: TGA plot of (A) of neat PANI and (B) PANI/ZM nanocomposite [14].
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In another report, Zakzeski et al. [15] explained that the TGA plot of ZIF (Figure 3.4)
displayed four weight loss steps between 320 and 880 K. The first weight loss of 14.6%
at around 400 K corresponds to the removal of a portion of the DMF and H>O contained
in the framework Co-ZIF-9. The second degradation steps of about 22.3% between
560 and 680 K along with two small weight-loss steps of 3% and 3.5% (680—880 K)
were due to the decomposition of the ZIF framework. It was concluded that ZIF is
stable under reaction conditions, but temperatures exceeding 560 K have a deleterious

effect on the framework resulting in its decomposition.
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Figure 3.4: Thermal gravimetrical analysis of Co-ZIF-9 [15].

3.3. SPECTROSCOPY

Spectroscopy is the field of science which uses spectroscope in order to study the
interaction between electromagnetic radiation and matter, thus giving rise to UV
electronic excitations or IR molecular vibrations (IR).
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3.3.1. Fourier transform infrared spectroscopy (FTIR)

FTIR is a technique based on the vibrations of the atoms of a molecule. It is used to
obtain absorption or emission infrared spectrum of a solid, liquid or a gas [16]. It is
used for structure identification using functional groups present which give rise to
characteristics bands in terms of intensity and position [17]. The energy at which any
peak in an absorption spectrum appears corresponds to the frequency of a vibration
of a part of a sample molecule. This technique was used in this study to determine
functional groups present [18-19] in ZIF, and polyaniline and to check whether they
are consistent with previous reports qualitative analysis. It was also used to check

changes on PANI spectra upon loading 3.6 wt% of ZIF.

Ramohlola et al. [20] gave a report on FTIR spectroscopy of PANI as depicted in
Figure 3.5(a). The FTIR showed peaks at around 806, 1138, 1493, 1575 and between

2500 and 3500 cm ™ relating to C-H out of plane deformation bending of the benzene

ring, —NH"= vibration mode, C=N stretching vibration, C=C stretching vibration and =
N-H stretching vibration, respectively. Figure 3.6 shows FTIR basic components and
explains how the analysis can be performed.
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Figure 3.5: (a) FTIR and (b) Raman spectra of MOF, PANI and PANI/MOF composite
[20].
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Figure 3.6: Basic components of FTIR [16].

The FTIR of ZIF (ZIF-9) was reported by Lien et al. [21] as presented in Figure 3.7 and
shows that the ZIF-9 revealed a significant difference as compared to that of
benzimidazole linker. FT-IR spectra of benzimidazole, showed a strong and broad

band at the range from 3400 to 2200 cm™ with the maximum at approximately 2800

cm™ indicating the presence of the N-H bond. The important feature observed
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for the FT-IR spectra of the ZIF-9 as compared to those of benzimidazole was the
disappearance of this absorption band, proving that the benzimidazole linkers were

entirely deprotonated upon ZIF-9 formation.
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Figure 3.7: FTIR spectra of (a) ZIF-9 and (b) benzimidazole [21].

3.3.2. Ultraviolet-visible (UV-Vis) spectroscopy

UV-vis spectroscopy is the absorption spectroscopy that uses light in the visible and
near infrared region to study the electronic transitions that molecules undergo when
they are exposed to light [22-23]. When molecules are exposed to light the 11 electrons
or non-bonding electrons absorb the energy in the form of ultraviolet or visible light
and get promoted from ground state to higher energy state as summarised in Figure
3.8[22,24].
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Figure 3.8: Possible electronic transitions of r and n electrons [19]

The relationship between the energy of the ultra-violet radiation absorbed and the
energy difference between the ground state and the excited energy state is given by
the Equation 3.3 [25];

E=hv (3.3)

in which, E is the energy, h is the Planck constant and v is the frequency. Different
molecules absorb light at different wavelengths, A, so energy and wavelength are

related using Equation 3.4 [25].

E="% (3.4)

where c is the speed of light of the molecule. The intensity of light absorbed by the
molecule is called absorbance denoted by A, can be related to the transmittance of

light by the equation [25].
A = —logT (3.5)

In this work UV was used to check the relationship between absorbance and
concentration governed by Beer Lambert ‘s law given by Equation 3.6 [25].
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A = abc (3.6)

where A is the absorbance, a is the absorptivity constant, b is the path length of a cell
and c is the concentration of the analyte [25]. Since the concentration of the analyte is
commonly measured in molarity, M (moles per litre), the Beer’s law was rearranged to
determine the molar absorptivity (¢) of polyaniline and the composite. The expression

can be written as shown in Equation 3.7 [25].
&€ = abc (3.7)

The molar absorptivity of the material can be used to determine the conductivity of the
materials. Furthermore, in this communication, the UV-vis spectroscopy was used to
monitor composite formation by examining the optical properties, red shift blue shift
and also band gab of the composite as compared to PANI. Zheng et al. [9] also gave
a report on a typical UV-vis spectrum of PANI (Figure 3.1a) where the spectrum of the
polymer matrix showed two peaks at about 334 and 653 nm attributed to the m - *
and 1b (benzenoid) — 1Tq (quinoid) electron transfers, respectively. They further
showed that when they embedded CuNPs in PANI to form CuNPs/PANI composite,
both peaks were red-shifted, indicating that CuNPs have lifted the 1mb energy level.
Such energy level change is ascribed to the electron transfer from CuNPs to PANI that
would lead to the changes in peak intensity. Zakzeski et al. [15] evaluated the catalytic
oxidation of aromatic oxygenates by the heterogeneous catalyst Co-ZIF-9 and they
included a typical UV-vis spectrum of ZIF in that communication as displayed in Figure
3.9.
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Figure 3.9: UV-vis diffuse reflectance spectrum of Co-ZIF-9 sample and UV-vis of

reaction solution after 12 h at 423K following hot filtration (inset) [15].

3.3.3. Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational,
rotational, and other low-frequency modes in a system which mostly appears in the
fingerprint regions of FTIR. IR inactive molecules such as metal oxides vibrations can
also be determined using this type of spectroscopy. It is mostly employed in chemistry
to provide a fingerprint by which molecules can be identified [22]. This technique offers
several advantages for microscopic analysis. Since, it is a scattering technique,
specimens do not need to be fixed and that its spectra can be collected from a very
small volume. However, it faces difficulties when separating the weak inelastic
scattered light from the intense Rayleigh scattered laser light. It is most applicable in
chemistry since vibrational information is specific to the chemical bonds and symmetry
of molecules [22]. In this study it was used to determine vibrations corresponding to
polyaniline and zeolitic imidazolate frameworks in the composite. Ramohlola et al. [20]
also gave a report on Raman spectroscopy of polyaniline as depicted in Figure 3.5b.

The Raman spectrum of PANI showed vibrations at
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approximately 1197, 1220, 1500 and 1610 cm™ corresponding to C-H in-plane
bending vibration of benzenoid ring, C-N bonding modes of benzenoids ring, C=N
stretching vibrations of unprotonated quinoid ring and C-C stretching of emeraldine

salt, respectively.

Tanaka et al. [26] reported on adsorption and diffusion phenomena in crystal size
engineered ZIF-8 MOF and showed that the Raman spectra of ZIF-8 is dominated by
intense bands corresponding to methyl group and imidazole ring vibrations as shown
in Figure 3.10. Furthermore, the band observed at 282 cm™ was assigned to Zn-N
stretching, while the bands observed at 685, 1146, and 1460 cm™* were attributed to
imidazolium ring puckering, C5—-N stretching, and methyl bending, respectively. The
Raman modes of all samples are all in the same position and intensity, indicating
structural equality.
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Figure 3.10: Raman spectra of the crystal-size-engineered ZIF-8 samples. Schematic
illustration shows the atom nomenclature used for the imidazolium ring, where N is

shown in purple, C in black, H in gray, and Zn in red [26].
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3.4. MICROSCOPY

Microscopy involves techniques with different methods, which can be used to
characterise objects which cannot be detected by simple spectroscopic techniques
(UV-vis or IR) or naked eyes. Microscopy can be classified into optical microscopy
(uses visible light to produce enlarged images), scanning probe microscopy (uses a
probe to scan object) and electron microscopy (uses an electron beams to create an
image of an object).

3.4.1. Scanning electron microscopy (SEM)

SEM is a great method which uses focused beam of electrons for high-resolution
imaging of surfaces of the materials. It uses tungsten filament or field emission gun to
create a beam of electrons [27]. The electron beam is accelerated through a high
voltage (e.g. 20 kV) and pass through a system of apertures and electromagnetic
lenses to produce a thin beam of electrons [28,29]. Electrons are emitted from the
specimen by the action of the scanning beam and detector is used to collect them. In
this work, the SEM was used to check morphology of the synthesised materials and
confirm composite formation. Khuspe et al. [30] reported on ammonia gas sensing
properties of camphor sulfonic acid (CSA) doped PANi-SnO2 nanohybrid thin films and
showed that PANI possesses fibrous morphology with high porosity as shown in Figure
3.11.
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Figure 3.11: FE-SEM micrographs of (a) PANi, (b) PANi-SnO; (50%) and (c) 30%
CSA doped PANi-SnO2 nanohybrid [30].

On the other hand, the SEM results for ZIF were also reported by Li et al. [10] as
depicted in Figure 3.11(b and c) and showed that the ZIF-7 layer consists of randomly
oriented grains, which coincided with the XRD results shown in Figure 3.2(a).

3.4.2. Transmission electron microscopy (TEM)

TEM is a very powerful tool for material science. A high energy beam of electrons is
shone through a very thin sample, and the interactions between the electrons and the
atoms can be used to observe features such as the crystal structure and features in
the structure like dislocations and grain boundaries [31]. Chemical analysis can also
be performed. TEM can be used to study the growth of layers, their composition and
defects in semiconductors. High resolution can be used to analyze the quality, shape,
size and density of quantum wells, wires and dots. The TEM operates on the same
basic principles as the light microscope but uses electrons instead of light.
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Because the wavelength of electrons is much smaller than that of light, the optimal
resolution attainable for TEM images is many orders of magnitude better than that
from a light microscope [32]. Thus, TEMs can reveal the finest details of internal
structure [33]. In this communication, it was used for internal characterisations of the
synthesised materials, check the crystalinity and calculate the d-spacing and compare
it with the one from XRD. Ramohlola et al. [20] also reported the TEM results of PANI
(Figure 3.12(a)) coupled with SAED (inset) for crystallinity analysis and showed that it
has nanofibers/tubular structures and a disordered (amorphous) structure, which

indicated that the molecules are arranged to a certain definite position in the lattice.
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Figure 3.12: TEM images (a) PANI (b) MOF (c) PANI/MOF composite and (d) EDX

spectrum of PANI/MOF composite. Inset: SAED images of various samples [20].
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Lien et al. [21] gave a report on Metal-organic frameworks for catalysis: the
Knoevenagel reaction using zeolite imidazolate framework ZIF-9 as an efficient
heterogeneous catalyst. The TEM micrograph of ZIF-9 indicated that it possessed a
porous structure (Figure 3.13) and TEM results appeared to suggest that the pore
structure of the ZIF-9 was complex, containing both microporous and mesoporous

pores.

———

MAU ZIFS [ TEM

Figure 3.13: TEM micrograph of the ZIF-9 [21].

3.5. ELECTROANALYTICAL METHODS

Electroanalytical methods are a class of techniques in analytical chemistry, which
study an analyte by measuring the potential (volts) and/or current (amperes) in an
electrochemical cell containing the analyte. These methods can be broken down into
several categories depending on which aspects of the cell are controlled and which
are measured. The three main categories are potentiometry (the difference in
electrode potentials is measured), coulometry (the cell’s current is measured over
time), and voltammetry (the cell’s current is measured while actively altering the cell’s
potential) [33, 34]. Electroanalytical techniques follow the basics of electrochemistry

whereby redox reactions occur during operations and use the
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electrochemical cell principles. This means that there is an electron loss and gain
between the species in question. In a three compartment electrode system working,
counter and reference electrodes are placed in an electrolytic solution [35]. The most
commonly used working electrodes are such as gold, glassy carbon and mercury.
During operations, there must be a standardisation process, which occurs in reference
electrode [36]. The potential in reference electrode is fixed and the potential change is
monitored on working electrode. Silver/silver chloride (Ag/AgCIl) and saturated calomel
electrode (SCE) are the most commonly used reference electrodes. Counter
electrodes serves as a sink for electrons so that the current can be passed from the
external circuit [36]. The electroanalytical technique which are used in this wok are

voltammetry and amperommetry.

3.5.1. Cyclic voltammetry (CV)

CV is an electrochemical technique which uses electrochemical cell to measure
current in excess voltage, predicted by the Nernst equation [35].The CV is performed
by cycling the potential of a working electrode, and measuring the resulting current.
This technique consists of three electrodes namely; working, reference, and counter
electrode [35]. In order to provide sufficient conductivity electrolytic solution needs to
be added to the sample solution. CV is often used to study a variety of redox
processes, to determine the stability of reaction products, the presence of
intermediates in redox reactions, reaction and electron transfer kinetics and the
reversibility of a reaction [34-37]. The CV was used to evaluate the electrochemical
properties of polyaniline and composite. CV was also used for hydrogen evolution
studies using Tafel plot. Eftekhari et al. [37] documented some key CV electrochemical
behavior of PANI (Figure 3.14a) and reported that it consists of three redox pair
reactions over a wide range of potential, which includes the redox transition between
leucoemeraldine (insulating) and protonated emeraldine (conducting), the transition
between pbenzoquinone and hydroquinone, and the redox transition between the

emeraldine and the pernigraniline.
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Figure 3.14: (a) Cyclic voltammogram and (b) discharge profile of a typical PANI

electrode. (c) Experimental charge/discharge profile of a lithium-ion cell employing a
PANI cathode [37].

3.5.2. Square wave voltammetry (SWV)

SWYV is a form of linear potential sweep voltammetry which has found numerous
applications in various fields. In SWV experiments the current at a working electrode
is measured while the potential between the working electrode and a reference
electrode is swept linearly in time [38]. Its advantage is that it can be used to perform
an experiment much faster than the other electrochemical techniques. SWV is more
effective than cyclic voltammetry due its high sensitivity. In the current work, SWV was
used to support the CV analysis for evaluating electrochemical properties of the
synthesised materials. Ramohlola et al. [20] used SWYV to support CV as shown in
Figure 3.15 (a and b).
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Figure 3.15: (a) CV and (b) SWV curves of MOF, PANI and PANI/MOF (~3.0
x 10~ mol/L) in 0.1 M TBAP/DMSO electrolyte solution on Au electrode [20].

3.5.3. Chronoamperometry (CA)

In a CA experiment, current ‘amp’ is measured as a function of time ‘chrono’. The
chronoamperometry electrochemical technique involves stepping the potential applied
to the working electrode, where initially it is held at a value at which no Faradaic
reactions occur before jumping to a potential at which the surface concentration of the
electroactive species is zero, wherein the resulting current-time dependence is
recorded [39]. This technique is commonly used either as a single potential step, in
which only the current resulting from the forward step is recorded, or double potential
step, in which the potential is returned to a final value following a time period. The
mass transport process throughout this process is solely governed by diffusion, and
as such the current-time curve reflects the change in concentration at the electrodes
surface. This involves the continuing growth of the diffusion layer associated with the
depletion of reactant, thus a decrease in the concentration gradient is observed as
time progresses [39]. The most important equation in chronoamperometry is the
Cottrell equation, which describes the observed current
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(planar electrode of infinite size) at any time following a large forward potential step

in a reversible redox reaction (or to large overpotential) as a function of t~1/2[39].

1/2  -1/2-1/2
|=nFACD P t (3.8)

where n is the stoichiometric number of electrons involved in the reaction, F is the
Faraday's constant, A is the area of the electrode, C is the concentration of
electrocatalyst and D is the diffusion coefficient [39]. In this work, chronoamperometry
was used to determine the sensor sensitivity, limit of detection (LOD), limit of
guantification (LOQ), response time, catalytic rate constant and diffusion coefficient.

Yin et al. [40] presented a typical chronoamperogram as shown in Figure 3.16 below.
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Figure 3.16: (A) Chronoamperograms of Zr-PorMOF/MPC-2/GCE in the absence and
presence of 1 mM H20. concentration in PBS (pH 7.4) recorded at -0.2 V. (B)

Calibration curve of lcat/li versus t*2[40].
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3.6. CONCLUSIONS

Briefly, this chapter focused on different types of analytical instruments, their principle
behind, advantages, limitations and previous reports on their application in
characterising PANI, ZIF and their composites. FTIR was detailed to help with the
identification of functional groups corresponding to PANI and ZIF and in one report it
was used to confirm composite formation, displayed by the appearance and
disappearance of vibration bands. It was shown from the previous reports that the STA
(TGA-DSC) is employed to study the thermal properties such as degradation steps of
PANI and ZIF. The crystallinity, phase identification, interplanar d-spacing and
crystallite sizes of the synthesised materials are evaluated by using XRD.
Morphological characterisation techniques such as SEM/EDS and TEM/EDX were
reviewed and show to provide information about the surface and internal structural
morphology, elemental composition and mapping. The electrochemical properties of
the PANI and ZIF using CV potentiostat and SWYV were reviewed in this chapter which
will help in understanding the electrochemical behaviour of the synthesised materials.
Chronoamperometry is the core of this study and it was reviewed in detail in order to
have a better understanding in its practical application for electrochemical hydrogen

gas sensing.
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CHAPTER FOUR

DEVELOPMENT OF ELECTROCHEMICAL GAS SENSOR TECHNOLOGY
INDUCED BY POLYANILINE DOPED WITH COBALT-ZEOLITIC
BENZIMIDAZOLATE FRAMEWORK COMPOSITE FOR HYDROGEN SAFETY
MONITORING

This chapter was submitted for possible publication in Electrocatalysis (revised

manuscript is under review with provisional acceptance).

CHAPTER SUMMARY

The quest for smart sensors with excellent sensitivity, fast response and high accuracy
for hydrogen gas detection has been ongoing for decades. In this chapter, PANI doped
with CoZIF (ZIF-9) to fabricate the (PANI-CoZIF) composite for electrochemical
hydrogen gas sensing is presented. The composite was synthesised through chemical
oxidative polymerisation of aniline with 3.6 wt.% CoZIF present in the composite. The
structural properties of the synthesised materials were studied by employing UV-vis,
XRD, FTIR and Raman spectroscopy, and simultaneous thermal analysis (STA). The
SEM/EDS and TEM/EDX were used for morphological characterisation and revealed
grafting of CoZIF on to the surface of PANI upon composite formation. The XRD
diffraction pattern and SAED results showed that PANI and the composite structures
are amorphous in nature and the presence of CoZIF did not alter the amorphous
nature of PANI. Spectroscopic analyses using FTIR and Raman revealed the
coexistence of CoZIF and PANI in the composite displayed by a characteristic peak
intensities corresponding to both CoZIF and polymer. From the Tauc plot results, it
was found that PANI and the resultant composite possessed the energy band gap of
2.5 and 2.3 eV, distinctively, indicating that they are both semi-conductors. STA
studies showed that the PANI-CoZIF composite exhibits an enhancement in thermal
stability in comparison to PANI as indicative of improvement of thermal properties. CV,

Tafel analysis and TOFs were
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performed to study the electrochemical perfomance of the synthesised materials
through HER for gas sensing application. The PANI-CoZIF composite showed drastic
enhancement in the catalytic H2 evolution and the TOFs as compared to neat PANI. In
addition, the CA results exhibited the significant improvement in electrochemical
hydrogen sensing ability of PANI-CoZIF composite. The composite shows great

potential as a tool for practical applications for hydrogen fuel technology.

40.1. INTRODUCTION

Hydrogen is an appealing energy carrier for fuel cell application due to its high
abundance, renewability, environmental friendliness, fuel efficiency and produces
more energy as compared to gasoline [1]. Unfortunately, hydrogen is extremely
flammable if its concentration is higher than 4% in air [2]. Therefore, a development of
hydrogen gas sensors is vital to preclude explosion risks during its production, storage
and transportation [3]. Hydrogen sensors employing metals and metal oxides such
as tin oxide and zinc oxide have been widely studied [4,5]. Nonetheless, these
materials are only sensitive to hydrogen gas at high temperatures (>100 °C) and they
also possess low surface areas [6].

Conducting polymers have shown an increasing significance in the development of
smart sensors owing to their inexpensive fabrication price, deposition simplicity onto
different types of substrates, high sensitivity and short response time when used at
room temperature [7]. In addition, the ability to incorporate specific binding sites into
conducting polymers offers the improvement of selectivity and sensitivity [8]. Intrinsic
conducting polymers (ICPs), such as PANI, poly (p-phenylene-vinylene) (PPV) and
polypyrrole (PPY) have been extensively investigated for gas sensing owing to their
special conduction mechanism [9]. Among ICPs, PANI has been found to be the most
promising polymer due to its high environmental stability, mechanical flexibility, simple
and reversible doping/dedoping chemistry [10]. However, PANI has limited sensitivity

towards gas species as compared to metal oxides [11]. Furthermore, its
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poor solubility in many organic solvents hampers its application [11]. This can be
addressed by development of the PANI based composites and blends [12].
Incorporation of novel porous compounds such as metal organic frameworks (MOFs)
to PANI structure form a composite can help in order to increase the electrochemical
stability of the polymer [13]. As discussed in the previous chapters, ZIFs exhibit
permanent porosity, large structural diversity and outstanding chemical and thermal
stability, thus making them attractive candidates for various applications [14]. The ZIF
crystal structures are constructed from aluminosilicate zeolite nets, wherein the
tetrahedral Si(Al) sites are substituted by transition metal such as Co and Zn
tetrahedrally coordinated by imidazole ligands [15]. Herein, we present for the first time
that PANI-CoZIF is a promising hydrogen gas sensor through HER mechanism at
room temperature. The CoZIF is a kind of ZIF constructed from benzimidazole

organic linker and Co?" ions, establishing three dimensional microporous metal
organic networks. PANI-CoZIF composite synthesised by in-situ oxidative
polymerisation was characterised using FTIR, Raman, XRD, UV-vis, STA, SEM/EDS,
HR-TEM/EDX, SWV, CV and CA. High sensitivity towards hydrogen was successfully
achieved by employing PANI-CoZIF composite for electrochemical hydrogen gas
sensing application. The PANI-CoZIF composite have great potential as a tool for

practical applications in the hydrogen fuel technology.

40.2. EXPERIMENTAL SECTION

4.2.1. Materials

Aniline was procured from Sigma Aldrich, South Africa and it was distilled first before
use. Absolute ethanol, methanol, benzimidazole (C7HsN2), tetrabutylammonium
percholate (TBAP) and cobalt nitrate hexahydrate Co(NO3)..6H20 were all obtained
from Merck, South Africa. Ammonium per sulfate (APS) was procured from Riedel- de
Haen. Iron chloride (FeCls) was purchased from Educhem. The dimethyl sulfoxide
(DMSO) was bought from  Rochelle chemicals. In addition, Hydrochloric acid (HCI),
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and sulphuric acid (H2SO4) were also bought from Rochelle chemicals. H2SO4

standard solutions were prepared in 0.1 mol.L™ TBAP-DMSO electrolyte lest specified
else way.

4.2.2. Methods

4.2.2.1. Preparation of PANI, CoZIF and PANI-CoZIF composite

PANI was synthesised through oxidative polymerisation of aniline monomer in
accordance to previous method reported elsewhere [16]. The CoZIF was synthesised
according to the route reported previously with some modifications where methanol
and benzimidazole (BIM) were used instead of distilled water and 2- methyl imidazole,
respectively [17]. PANI-CoZIF composite was synthesised via in- situ chemical
oxidative polymerisation according to the synthetic method reported by Ramohlola et
al. [18,19] with some slight modifications, wherein aniline monomer and CoZIF

replaced 3-amino-benzoic acid monomer and MOF, respectively.

4.2.2.2. Characterisation techniques

Varian Cary 300 UV-Vis-NIR spectrophotometer was employed for absorption studies
at room temperature in the wavelength region 300 to 900 nm. The structural
characterisation of PANI, CoZIF and PANI-CoZIF composite was achieved by using
X-ray diffraction (XRD Phillips PW 1830 with CuKa radiation at wavelength of 1.5406
A. The thermal analysis was investigated using STA Perkin-Elmer 6000 and

samples which range from 1 - 4 mg were heated at a working temperature from 30-
500 °C at the scan speed of 20 °C.min™ under inert environment. FTIR spectrometer
(Spectrum 1l Perkin-Elmer) was used to confirm composite formation in the
wavenumbers between 400 and 4500 cm™ obtained at room temperature. At a

resolution of 4 cm™ a minimum of 32 scans were collected. SEM images were taken
by Auriga field emission-scanning electron microscope (FE-SEM) coupled with EDS
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detector to check the composition of the elements. They were carried out using
accelerating voltage of 200 kV. TEM investigation was made by using FEI Tecnai G2
20 TEM coupled with EDX to study the interior morphology of the prepared materials.
All the electrochemical results were achieved by employing EPSILON electrochemical
workstation. The results were obtained using bare gold working electrode (3 mm

diameter, 0.071 cm? area). In addition to that, platinum (Pt) and Silver-Silver chloride
Ag/AgCl were used as counter and reference electrode, respectively. PANI, CoZIF,

and PANI-CoZIF composite (~2.0 x 10 mol.L™) solutions readings were done at a
scan speed of 0.02 - 0.10 V.s™* swept from -1.0 to 1.0 V. Electrochemical behavior of
the materials were investigated in 10 mL of 0.1 mol.L"* TBAP-DMSO as the electrolyte.
Hydrogen evolution reaction was investigated using

0.033 mol.L™* of H2S04 as the source of hydrogen source and ~2.0 x 10 mol.L™ of

PANI, CoZIF and PANI-CoZIF as electrocatalysts and hydrogen sensing material.

Electrochemical experiments were done at 22 + 2 °C controlled by water bath.

4.3. RESULTS AND DISCUSSION

4.3.1. Structural characterisations

Figure 4.1(a) displays the FTIR spectra of Co(NO3)..6H>0, BIM and as-synthesised
CoZIF. The spectrum of BIM possesses the vibrations at around 3200, 3000, 1650
and 1200 cm™ for N-H, C-H, C=C and C-N, respectively. Huang et al. reported that
benzimidazole organic linker shows the aromatic C-H stretching vibrations between
3100-3000 cm™* and the stretch band of N-H group which absorbs strongly at 3250—
2500 cm™ *[20]. On the other hand, the cobalt nitrate shows vibration around 3000 cm’
! for moisture/H20 and intense peaks at around 1350 cm™ for nitrate groups. The
significant feature observed for the FTIR spectrum of the CoZIF as compared to the
one of BIM, it is the disappearance of the strong and broad N-H bands between 3250—

2500 cm™ !, substantiating that the benzimidazole linker has been fully deprotonated
during CoZIF formation [20]. This was supported by the
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appearance of characteristic Co-N stretching band at 3050 cm™in spectrum of CoZIF,
attributed to the interaction of Co®" with nitrogen in the benzimidazole linker

[20] .

The FTIR results of the synthesised PANI-CoZIF composite with reference to PANI
and CoZIF spectra are presented in Figure 4.1(b). The composite has similar
characteristic peak in comparison to the neat PANI. Both PANI-CoZIF composite and
the undoped PANI showed peaks at 806 cm™ (C-H out-of-phase bonding
corresponding to benzenoid ring), 1177 cm™ (C-H in-phase bonding ascribed to
benzenoid ring), 1338 cm™ and 1505 cm™ (C-N stretches of benzenoid and quinoid
rings, respectively) and 1605 cm™ (C=C attributed to aromatic ring) [16]. The peak at
3495 cm™ is attibuted to N-H bonding of the polymer [21]. The observed absorption
peaks for PANI are in accordance with previous reports, proving its successful
synthesis [19]. The composite showed an increase in aromaticity upon doping with
CoZIF as evidence that there was interaction between PANI and CoZIF.

The existence of CoZIF in the PANI-CoZIF composite was further confirmed using
Raman spectroscopy as depicted in Figure 4.1(c). The Raman spectrum of CoZIF
exhibits the strong bands at ~1200 cm ™ ascribed to benzene ring (C=C) of the organic
ligand [22]. The noticeable peaks at around 610 and 810 cm™ attributed to C-H
bending vibrations of the ring [23,24] . The peak around 1000 cm™ in spectrum of
PANI is the characteristic of conductive PANI and discerned from charge
delocalisation of polymer backbone [25]. The results for CoZIF provide characteristic
band at around 500 cm™ assigned to Co-C and Co-N coupled vibrations. On the other
hands, the introduction of CoZIF in PANI showed the presence of benzene at around
1000 cm™ and Co-N/C vibration at around 550 cm™. The peak intensities of the PANI
peaks drastically improved upon composite formation, which further indicates that both
CoZIF and PANI coexist in the PANI-CoZIF composite.

UV-vis spectroscopy was employed for optical studies of PANI and PANI-CoZIF
composite using DMSO as a solvent as shown in Figure 4.1(d). Figure 4.1(d) shows
that PANI has two distinctive bands at ~347 and 500 nm. The peak at around 347
nm is ascribed to the - transitions of the benzoid rings, and the broad peak at

approximately 500 nm is due to the m-mr* transitions of the quinine-imine groups
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confirming emerladine state of PANI [26]. Nonetheless, upon composite formation,
there is slight red shift and increase in absorbance of the benzoid and quinoid
absorption peaks, which is due to improved solubility in DMSO thus increasing the
electron density in the PANI backbone [19]. Based on this interpretation, it is obvious
that incorporation of CoZIF was a success and this has been supported with both
Raman and FTIR analyses. Figure 4.1(e) shows the effect of concentration on the
absorbance PANI-CoZIF composite. The higher the concentration, the higher the
absorbance of the composite, thus the Beer-Lambert law is obeyed [26]. An increase
in concentration does not shift the position of the peaks hence the conduction band on
the composite did not change [19].

Figure 4.1(f) presents Tauc plot variation of (ahv)?> as a function of hv for the
determination of the band gap of the synthesized materials [27]. The energy band gap
was determined by a linear extrapolation of the Tauc curve where it cuts the abscissa.
Abdulla et al. [28] reported that PANI possesses the energy band of 2.8 eV which
shows strong absorption for visible light and after doping it with TiO. the optical band
gap became 2.21 eV. Herein, the energy band gap values were found to be 2.5 and
2.3 eV for PANI and PANI-CoZIF composite (8% reduction), respectively. These
results agree very well with the previous report published elsewhere [28]. The CoZIF
is reported to have band gap of 3.01 eV [29] which is close to 3.25 eV obtained in this
current work. From these observations, it can be deduced that CoZIF has an insulator
characteristic due to organic linker and both PANI and PANI-CoZIF are
semiconductors [27]. There was a drop in the energy band gap upon composite
formation as expected [28]. This is attributed to an increase in electrons on the

composite in comparison to undoped PANI [16].
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Figure 4.1: (a) FTIR spectra of Co(NOz)2.6H20, BIM and as synthesised CoZIF (b)
FTIR, (c) Raman spectra and (d) UV results at 2ppm for PANI, CoZIF, and PANI-
CoZIF composite, (e) UV spectra of the composite obtained at varying concentrations;
2ppm to 8ppm in DMSO and (f) Tauc curve of PANI, CoZIF and PANI-CoZIF

composite.

The XRD analysis was employed to examine the crystallinity and phase structure of
PANI, CoZIF and PANI-CoZIF composite. The diffraction patterns of the samples are
depicted in Figure 4.2(a). As shown in Figure 4.2(a), the peaks at 26 angle of 6.98,
9.13, 13.03, 14.01, 15.44, 16.22, 18.73, 19.75, 21.14, and 23.04° are corresponding
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to the main peaks of CoZIF, which is in agreement with the isostructural CoZIF
reported by Shensuo et al. [30]. The diffraction peak of the pattern that appeared at 26
angle of 6.98°, accounting for the reflection (011) was used to determine the
interplanar d spacing of 12.4 A (estimated using Bragg’s equation: nA = 2dsin6 [31]
where n, A and 6 are the integer, wavelength and theta, respectively). The XRD
diffraction pattern of PANI displays a broad peak at around 20 angle of 20 and 23
corresponding to (100) and (200) planes, respectively [16]. This shows that PANI was
successfully synthesised and the results are in agreement with the previously reported
data [21]. The average crystallite sizes of PANI (at 26 angle of 21°) and PANI-CoZIF
(at 26 angle of 21°) were estimated from peak width using Debye Scherrer formula
(Equation 4.2) [32]:

_091
D =%coso (4.2)

Where ( is the full-width at half-maximum (FWHM) measured in radians, A is the
X-ray wavelength of Cu-Ka radiation (1.5406 A) and 6 is the Bragg's angle. The
crystallite sizes were found to be 4.04 nm and 3.22 nm for PANI-CoZIF and PANI
respectively. In situ polymerisation of PANI in the presence of CoZIF caused shift in
the XRD diffraction peaks intensities which reveal the coexistence of both PANI and
CoZIF in the composite [19].

Thermal analysis of solid materials is essential to detect the degradation behaviour of
the as-synthesised materials when subjected to elevated temperatures. It is also
important to check the exact weight loss ratio corresponding to every component in a
sample. Thermograms of mass loss versus temperature for PANI, CoZIF and PANI-
CoZIF were recorded at a heating rate of 10 °C/ min in a nitrogen atmosphere. The
results are depicted in Figure 4.2(b) below. The most important feature in the TGA
result for CoZIF was the 3% weight loss in the temperature ranges 22 - 220 °C. This
indicates that the CoZIF was still stable at that temperature range. This little weight
loss is owing to loss of moisture, solvent and unreacted species [33]. As the

temperature increased from 225 °C to 550 °C, little weight-loss step of over 8% was
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observed, indicating little thermal decomposition of the CoZIF in that temperature
range [20]. After 575 °C, around 92% of the starting weight remained, which shows
that CoZIF is applicable across a wide temperature range. TGA results for PANI
display two weight loss steps in the temperature range between 25 °C and 575 °C.
The first weight loss is ascribed to the evaporation of moisture [34]. The main
degradation at 275 °C can be attributed to the collapse of the polymer chains of PANI
[35]. Thermogravimetric analysis of PANI-CoZIF composite shows that the structure-
directing agent and solvent molecules are trapped within the porous cavities of the
frameworks. Furthermore, the composite shows slow and less steeper degradation
steps in comparison to undoped PANI. This suggests that there is an enhanced

thermal stability and a alteration in morphology upon composite formation [16].
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Figure 4.2: (a) XRD patterns and (b) TGA curves of PANI, CoZIF and PANI-CoZIF

composite.

Temperature (°C)

4.3.2. Morphological characterisations

The FE-SEM images helped to determine the morphological properties of the materials
as shown in Figure 4.3 (a, ¢, and e). SEM image of CoZIF (Figure 4.3(a)) exhibited the
spherical shaped crystals similar to morphology to the CoZIF crystals as reported in
literature [20], [36] and its the EDS (Figure 4.3(b)) shows the presences of C-, N- and
Co- atoms in the CoZIF network. The SEM image of PANI
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presented in Figure 4.3(c) shows some fibrous rod-like structures together with the
agglomerated structures [16]. The fiber-like morphology might be ascribed to soft
template-assisted development of polyaniline [19]. Its corresponding EDS results
(Figure 4.3(d)) revealed the existence of impurities of Fe, O, Cl and S. The impurities
are owed to the oxidising agents and HCI utilised through the synthetic procedure [37].
The SEM image further revealed the grafting of spherical CoZIF particles on the
surface of PANI matrix. On the other hand, EDS analysis of the PANI-CoZIF composite
(Figure 4.3(f)) displayed an increase in C and O percentage compositions.
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Figure 4.3: SEM results of (a) CoZIF, (c) PANI and (e) PANI-CoZIF; composite and
EDS spectrum of (b) CoZIF, (d) PANI and (f) PANI-CoZIF composite.
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Figure 4.4(a, ¢ and e) present TEM images for CoZIF, PANI and PANI-CoZIF,
respectively. PANI and CoZIF showed tubular morphological structures (Figure 4.4a
and c). PANI tubings are twisted together thus forming the aggregates. Upon
composite formation there is intertwinement of tubings of CoZIF and PANI, hence, the
morphology was modified showing the presence of both PANI and CoZIF. The EDX
spectra (Figure 4.4(d) and (f)) show the presence of various elements in the
synthesised PANI and PANI-CoZIF materials. The PANI structure consists of Fe, S, O
and Cl due to the oxidant and acidic medium used during the synthetic procedure [38].
The composite PANI-CoZIF shows a decrease in the composition of carbon which
might be due to the interaction between PANI and CoZIF (Figure 4.4(f)). These
findings prove the existence of CoZIF in the composite resulting in the modification of
polyaniline morphology. The presence of small peaks of Cu is due to copper grid used

during TEM experiments.
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Figure 4.4: TEM images of (a) CoZIF, (c) PANI and (e) PANI-CoZIF composite and
EDX spectrum of (b) CoZIF, (d) PANI and (f) PANI-CoZIF composite

HR-TEM was employed to study the internal morphologies of PANI, CoZIF and PANI-
CoZIF. The results are presented in Figure 4.5(a-c) together with the images of SAED
to check if the materials were crystalline. The SAED findings of CoZIF displayed
patterns of clearly visible rings confirming that it is crystalline which is in agreement
with the XRD patterns (Figure 4.2(a)). The SAED showed the d- spacing of 1.7 nm
which correspond to XRD d-spacing of 1.24 for the orientation (011). The neat PANI

displayed no clear rings, which indicated that is was in an amorphous
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state [16]. Furthermore, the composite retained the amorphous nature of the

polymer. Moreover, the structure of PANI was modified upon composite formation.

(@)

Figure 4.5: HRTEM images of (a) PANI, (c) CoZIF and (e) PANI-CoZIF composite;
and SAED patterns of (b) PANI, (d) CoZIF and (f) PANI-CoZIF.
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4.3.3. Electrochemistry

4.3.3.1 Electrochemical characterisation

The studies of Cyclic voltammetry (CV) and Square wave voltammetry (SWV) were
conducted to check the redox potentials and the electrochemical behavior of PANI,
CoZIF and PANI-CoZIF as presented in Figure 4.6 - 4.8. The redox process on to the
bare gold electrode (TBAP-DMSQO) was observed at around -0.58 V [39]. The
voltammogram of PANI indicated that the type of PANI synthesised is in the
emeraldine state since it is half reduced and half oxidised [19]. The anodic peak at
around -0.7 V was an oxidation peak owing to the polyleucoemarldine radical cation.
The redox couple at approximately -0.7 V (Epa) and -0.6 V (Epc ) corresponds to the
change of PANI from the reduced leucoemeraldine (LE) state to the partly oxidised
emeraldine state (EM). Further oxidation of PANI caused a change from (LE) state to
pernigraniline (PE) redox state of PANI, giving rise to the redox couple at around
0.7 V (Epa) and 0.6 V (Epc) [38]. The ratio of maximum anodic current (Ipa) and the
maximum cathodic current observed are symmetrical hence equal to unity shown in
Table 4.1. This is the characteristic of a reversible behavior [38,39]. The CoZIF showed
the anodic and cathodic peaks located at 0.35 V and 0.15 V ascribed to the redox
process of Co?*/Co® redox couple in the framework [40]. The introduction of CoZIF to
form the composite caused an increase in the conductivity as shown by the increase

in current. This could be attributed to the increased electron density around PANI [24].
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Figure 4.6: (a) CV curves of Blank, PANI, CoOZIF and PANI-CoZIF composite at
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Table 4.1: Experimental values of anodic and cathodic peak currents slope of log-log plot
of the absolute value of the peak current vs scan rate, diffusion coefficients (D) and the
anodic and cathodic peak current (Ipa/lpc) ratios of CoZIF, PANI and PANI-CoZIF
composite from CV and SWV.

Material ~ Technique Slope D r

Ipa |pC
A A kb (Avs) (cm2.3_1) (mol.cm )

CozIF cv 129 39 033 031 ggox10 12010

SWV 031 004 013 029  gogoxi0.  3.76x10

5 0

PANI cV 265 262 100 035  155x10 4.83x10

SWV 122 161 076 042  110x10 8.55x10

5 9

PANI- cv 428 348 120 036  gg7x10
CozIF

1.14x10

SWV 371 354 100 017  159x10°  6.10x10
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The SWV was utilised as the electrochemical analysis of the system owing to it being
highly sensitive. It was used to support CV and confirm whether there were no hidden
or additional redox couples on cyclic voltammetry. Therefore, as presented in Figure
4.7 (a-d) and 4.8 (a-d), it is clear that no additional redox couples are observed.
Moreover, SWV confirmed reversibility of the redox couples. The effect of varying scan
rates is presented in Figure 4.8 (b-d) for oxidation and Figure 4.7 (b-d) for reduction.
There was an increase in current response as scan a rate increase which is in
agreement with cyclic voltammetry results. PANI-CoZIF showed an enhancement in
current as compared to the undoped PANI and the same findings were obtained from
CV.
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Figure 4.7: (a) SWV curves representing reduction for Blank (TBAP-DMSO), PANI,

CoZIF and PANI-CoZIF composite at 0.1 V.s™in 0.1 mol.L"* TBAP-DMSO electrolyte
solution on Au electrode. (b-d) CoZIF, PANI and PANI-CoZIF respectively at various

scan rates (0.02 - 0.1 V.s™) in 0.1 mol.L™* TBAP-DMSO.
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Figure 4.8: (a) SWV curves showing oxidation for TBAP-DMSO (blank), PANI, CoZIF
and PANI-CoZIF composite at 0.1 V.s™in 0.1 mol.L™* TBAP-DMSO electrolyte solution
on Au electrode. (b-d) CoZIF, PANI and PANI-CoZIF respectively at various scan rates
(0.02-0.1V.sY) in 0.1 mol.L™* TBAP-DMSO.

The effect of scan rate on the electrochemical response of PANI, CoZIF and PANI-
CoZIF composite was achieved in 0.1 M TBAP- DMSO electrolyte system and the
multiscan voltammograms of the samples are shown in parts b-d of Figure 4.9,
respectively. The higher the scan rates the higher the current response. The PANI-
CoZIF composite showed an increase in current response in comparison to neat PANI
and CoZIF at all scan rates. These results showed that both PANI and CoZIF
structures in the composite were conductive and there was diffusion of electrons along
the polymer chain [41]. All redox couples exhibited electrochemical reversibility. Unity
of Ipa/lpc ratios at all scan rates (Table 4.1) and the logarithm of the absolute value of

the reductive peak current against the logarithm of the scan
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rate Figure 4.9 (a,b) shows the slopes close 0.5 as an indicative of diffusion controlled
characters [39] from both CV and SWV. The plot of current against the square root of
scan rate was used to determine the diffusion coefficient of the materials. The diffusion
coefficient, D, for electrocatalyst were obtained using SWV and CV following the

Randles-Sevéik equation (Equation 4.3) [37].
Ip = (2.65x10°)n¥?ACD 22 (4.3)
The D values were determined to be 8.67 x 10>, 1.55 x 10°and 9.92 x 10°cm?.s™®

from CV and 6.92 x 10, 1.10 x 10°, 1.59 x 10°® cm?.s ™ from SWV for CoZIF, PANI
and PANI-CoZIF, respectively (Table 4.1).
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Figure 4.9: (a) CV and (b) SWV The log-log plot of the absolute value of the peak
current vs scan rate and (c) CV and (d) SWV peak current against square root of scan

rate on gold in 0.1 mol.L™ TBAP-DMSO electrolyte system at varying scan rates
(0.02— 0.10 V.s™) generated from CV and SWV respectively.

In addition, Figure 4.10 (a and b) displays the peak current as a function scan rate

from cyclic voltammetry and square wave voltammetry. The peak currents are directly

proportional to the scan rate, suggesting that the reaction is an adsorption- controlled

[41]. The peak current were then directly related to the surface coverage (I') and the

potential scan rate as given by Equation 4.4 [41].

Ip =

n*FAv
4RT

(4.4)
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From the slope in Figure 9(a, b) the surface coverages for CoZIF, PANI and PANI-
CoZIF were found to be 1.20x10°, 4.83x10™° and 1.14x10° mol.cm™, respectively
from CV and 3.76x10°°, 8.55x10 and 6.10x10"" mol.cm™from SWYV (Table 4.1), which
further confirm the adsorption of the material on the gold bare electrode and the

process is surface controlled.
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Figure 4.10: (a) CV (b) SWV peak current against scan rate for PANI, CoZIF and
PANI-CoZIF on gold in 0.1 mol.L* TBAP-DMSO electrolyte system at varying scan
rates (0.02 — 0.10 V.s™).

4.3.3.2. Hydrogen evolution studies

Electrocatalytic performance of PANI, CoZIF and PANI-CoZIF composites on HER
was done in TBAP-DMSO electrolyte using sulphuric acid (H2SO4) as a hydrogen
source and the findings are depicted in Figure 4.11. CV was used to determine the
potential at which sulphuric acid is reduced to hydrogen gas. Hydrogen reduction peak
was observed at approximately -0,9 V due to hydrogen evolution reaction [19] hence
all chronoamperometric results were performed at this potential for hydrogen sensing.
There is a relationship between the current intensities of the materials and the amount
of hydrogen produced; thus the higher the current the larger the amount of hydrogen

is produced [19]. Based on these findings the PANI-CoZIF composite
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had higher current readings hence it is the best electrocatalyst for HER as compared
to other materials.
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Figure 4.11: (a) CV curves (b) Tafel plots of TBAP-DMSO, CoZIF, PANI and PANI-
CoZIF composite (~2.0 x 10“*mol.L™) in the presence of 0.033 mol.L™* H,SO4 at 0.10

V.s™ scan rate on gold bare electrode in 0.1 mol.L™* TBAP-DMSO electrolyte system.
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Table 4.2: Experimental values of Tafel slope (b), charge transfer coefficient (1-a),
exchange current density (ig) and TOF of PANI, CoZIF and PANI-CoZIF composite.

Materials H2SO4 Slope -b 1-a logig io TOF

(mol.LY) (b) (mV.dec™) (MA.m?) (A.m?) (m°|-H2-S_1)
(V.dec™)

Blank 0.033 -0.2414 242 0.25 59

CoZIF 0.033 -03826 383 0.15 6.1 1.26 0.003

PANI 0.033 -0.1541 154 0.38 6.4 251 0.040

PANI- 0.033 -0.1600 160 0.37 6.6 3.98 0.117

CoZIF

PANI/MOF 0.075 -0.2393 239.3 0.247 0.50 3.162 -

[16]

In order to have a better understanding of a material‘s kinectics of HER and the
electrochemical properties, the Tafel plots were utilised [40]. The Tafel slope value is
used to convey information about the electrochemical reaction rate determining step
[39]. The linear plot that displays the relationship between (overpotential) against log
io for blank electrode, CoZIF, PANI and PANI-CoZIF in acidic medium is presented in
Figure 4.11. The Tafel plots were obtained from current density-potential data at
0.033 mol.L™ acid concentration. The exchange current density, i, was determined
from the intercept of the Tafel line with the current axis and it is related to the
electrochemical surface area of the catalyst. The exchange current density i, gives
very significant information about the performance of an electrocatalyst. In this work,
the values of b and iy were estimated by linear polarisation curves and the results are
shown in Table 4.2. The composite had higher exchange current density, thus the
faster the reaction and better performance of this material as an electrocatalyst for
HER. Moreover, Tafel plot gives information about reaction mechanism and it can be
used to determine the cathodic transfer coefficient (1-a) [37]. The cathodic transfer
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coefficient was calculated using region of high overpotential, wherein the Butler-
Volmer equation simplifies to the Tafel equation and the Tafel slope, b is given by
Equation 4.5:

b = =2.303RT (4.5)
1-a)F

Previous reports explained that Tafel slopes between 105 - 150 mV.dec™ indicate that
Volmer is the rate determining step for HER [39]. In this communication, PANI- CoZIF
composite possessed Tafel slope of 160 mV.dec™ at 0.033 mol.L™ H.SO, as indicated
in Table 4.2. From these findings it can be conferred that Volmer is the rate determining
step of the composite. Furthermore, PANI showed lower Tafel slope

values as compared to the composite. Moreover, the charge-transfer coefficient
(a = 0.5), describes a mechanism where the rate determining step is the Volmer
reaction or the Volmer reaction coupled with one of the other two reactions. Herein,
the charge transfer coefficients for PANI and PANI-CoZIF composite are close to 0.5,
hence Volmer is the rate determining step of HER on this work (Table 4.2). In addition,
the Tafel plot gives an insight about the turnover frequency (TOF) which gives the
information about the efficiency of electrocatalysts [42]. The TOF is defined as the
mass of molecules reacting for a certain reaction per unit time [43] and calculated

using Equation 4.6:

TOF = M (4.6)
2Fm

wherein | is the current density, M is mass percentage of materials, F is Faraday's
constant, and m is the mass of per square centimetre of catalysts estimated from BET
surface area of PANI (30.8 m%.g™) [44] and CoZIF (413.0 m2.g™) [45]. The TOF values
for the synthesised materials are shown in the Table 4.2. The composite had

higher TOF values as compared to its starting materials (Table 4.2) due to the
enhancement of electronic density of the polymer backbone [16]. With all these
findings, it can be concluded that PANI-CoZIF composite is a better electrocatalyst for

HER and a suitable material for hydrogen sensing at -0.9 V hence the hydrogen
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sensing ability of the materials was investigated using chronoamperometry at -0.9 V

since it is the potential at which HER occurs and reported in Section 4.3.3.3.

4.3.3.3. Hydrogen sensing studies

The reduction kinetics of H.SO4 and hydrogen sensing capability of the materials were
further investigated by means of chronoamperometry (CA) as depicted in Figure 4.12.
Figure 4.12 (a) shows the CA curves of 0.1 mol.L™ TBAP-DMSO, CoZIF, PANI and
PANI-CoZIF in the absence of H>SO4. It has been reported that CA shows better
electrochemical properties of a material as compared to CV [25]. It was observed that
PANI-CoZIF composite showed high current response with time as compared to neat
PANI. These results are in agreement with the cyclic voltammetry

results. Figure 4.12 (b-d) display the CA curves of TBAP-DMSO, CoZIF, PANI and
PANI-CoZIF in the presence of HoSO4 at applied potential of -0.9 V. They show that
the current response increases with an increase in H.SO4 concentration. The current
response of all the materials reaches a steady-state within 5 s, indicating the fast
response [46] on hydrogen gas sensing. The composite showed high current response
hence it can be concluded that the composite has better hydrogen sensing capability

as compared to the undoped PANI.
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Figure 4.12: (a) Chronoamperograms for Blank, PANI, CoZIF and PANI-CoZIF
composite at -0.9 V and (b-d) CoZIF, PANI and PANI-CoZIF respectively at different

acid concentrations (6 — 30 x10™ mol.L™) in 0.1 mol.L"* TBAP-DMSO electrolyte
solution on Au bare electrode.

Figure 4.13 (a, b, c) shows current versus 1/square root of time, steady state current
against PANI, CoZIF and PANI-CoZIF composites in different concentration of

hydrogen source (6 — 30 x10™ mol.L™ H2S0O4) and ratio of current (presence/absence)
of acid against the square root of time at -0,9 V on bare gold bare electrode in 0.1

mol.L™* TBAP-DMSO as an electrolyte. Using the Cottrell Equation (Equation 4.7) [41].

1/2 -1/2 -1/2
|=nFACD P t (4.7)
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In Figure 4.13 (a), the D values were found to be 0.60x10™, 1.18x10* and 2.24x10
*cm?.s™. From the slope of the linear plot of concentration as a function of current
(Figure 4.13(b)), the sensitivity was found to be 5, 8 and 12 pAmM™ for CoZIF, PANI
and PANI-CoZIF respectively. Based on these results the composite showed better
sensitivity, meaning it is very effective for hydrogen sensing application. The
correlation coefficient (R?) was found to be 0.95, 0.86 and 0.99 for PANI, CoZIF and
PANI-CoZIF respectively. Using a signal-to-noise factor of 3 (S/N) = LOD (where N, S
and LOD are the standard deviation, sensitivity and limit of detection, respectively
[47], the LOD was calculated as 5.25, 5.19 and 5.27 uM for CoZIF, PANI and PANI-
CoZIF, respectively. The limit of quantification (LOQ = 10xS/N) was
calculated and found to be 17.5, 17.3 and 17.7 uM for CoZIF, PANI and PANI- CoZIF,
respectively.

The catalytic rate constant (Kcat) of the materials can be calculated using Equation
4.8 [48]:

Ica’[/IL = TrKcatCotllz (48)

wherein lcatand I are the catalytic and limiting currents of the materials in the presence
and absence of H2SO4 respectively, Kcat is the catalytic rate constant and Co is the
concentration of the substrate and t is the time elapsed [47]. Figure 4.13 (c) shows

such plot of lcalL versus t*?2

derived from the CA curves. The inset graph

shows the linear region of the plot which was used to determine the Kca. From the
slope of lea/lL against t*2, the values of Kcat were found to be 1.9x10%, 6.4x10° and
11.9x10% L.mol™s™ for CozIF, PANI and PANI-CoZIF respectively. PANI-CoZIF had
larger catalytic constant than PANI due to a greater electrocatalytic H> sensitivity of

the composite through HER mechanism [47].
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Figure 4.13: (a) Current against of 1/square root of time and (b) Steady state current
against different concentrations (0.6 - 3.0 mmol.L™) of hydrogen source (H2SO4) and

1/2

(c) calibration curve of lea/lL versus t?at -0,9 V on gold bare electrode in 0.1 mol.L™

TBAP-DMSO electrolyte system for PANI, CoZIF and PANI-CoZIF composites.
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4.4. CONCLUSIONS

This workdemonstrated the synthesis of PANI-CoZIF by in-situ chemical oxidative
polymerisation of PANI in the presence of CoZIF, which was employed for hydrogen
sensing application through HER. FTIR and Raman spectra have proven the
successful synthesis of CoZIF and PANI and PANI-CoZIF. Moreover, an increase in
peak intensities upon composite formation on FTIR spectra has proven the successful
synthesis of PANI-CoZIF composite. UV-Vis spectroscopy has shown the decrease in
energy band gap of composite on irradiation ascribed to an increase in electron density
on the polymer chains upon PANI-CoZIF composite formation. Thermal analysis
revealed an enhancement in the thermal stability of PANI-CoZIF as compared to pure
PANI. These results indicate that the composite can be used for high temperature
application purposes. XRD study showed the amorphous structure of PANI, which is
retained by the composite. Morphological characterisation using SEM and TEM
revealed the grafting of CoZIF particles on the surface of PANI matrix. In addition, the
composite exhibited better electrocatalytic performance for hydrogen production
through HER in comparison to undoped PANI. This is due to an increase in electron
density on the polymer backbone. Moreover, the Tafel slope and charge-transfer
coefficients revealed that the rate determining step of Hydrogen evolution reaction on
PANI-CoZIF composite is the Volmer reaction. Furthermore, the composite showed
good sensitivity, fast response time and higher catalytic rate constant. These results
proved that PANI-CoZIF based composite can be used as alternative electrocatalyst
for hydrogen production through HER and it has a significant potential as a safety

sensor during hydrogen production, storage and transportation.
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CHAPTER FIVE

FABRICATION OF POLYANILINE DECORATED WITH ZINC BASED ZEOLITIC
BENZIMIDAZOLATE FRAMEWORK NANOCOMPOSITE AS AN EFFECTIVE
ELECTROCATALYST FOR HYDROGEN GAS SENSING APPLICATION

This chapter was submitted for possible publication in Materials Chemistry and

Physics (revised manuscript is under review with provisional acceptance).

CHAPTER SUMMARY

Herein, we report on the in-situ chemical polymerisation of PANI doped with zinc based
zeolitic benzimidazolate framework denoted as PANI-ZnZIF (ZIF-7) composite for
electrochemical hydrogen gas sensing. Both FTIR and Raman studies of PANI- ZnZIF
composite revealed the presence of functional groups corresponding to both ZnZIF
and PANI. XRD and STA analyses showed the co-existence of both PANI and ZnZIF
in the composite supported by the decrease in crystallite size and the improvement in
the thermal stability, respectively. The SEM/EDX, TEM/EDS, HR- TEM/SAED
revealed that PANI nanofibers are wrapping the cube nanofiber-like structures of
ZnZIF. The SWV, CV and CA presented good electrochemical performance indicated
by an increase in current response with 3.6 wt.% loading of ZnZIF. The high
electrochemical current response is due to extraordinary specific surface area, more
accessible active sites available for the electrolyte provided by ZnZIF and high
conductivity supplied by PANI. Moreover, Tafel parameters and TOF values derived
from CV showed an improvement in the catalytic hydrogen evolution of PANI-ZnZIF
composite. The resulting PANI-ZnZIF composite was found to be

highly responsive to hydrogen gas indicated by higher current response and sensitivity
(10.8 pA.mmol.L ™! Hy), faster steady state response time (4 s) accompanied by lower
detection limit (5.27 pmol.L™) as compared to pure PANI.

Therefore, the composite has a potential as an electrocatalyst for hydrogen gas

sensing application.
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5.1. INTRODUCTION

Exploring hydrogen as an energy carrier to replace traditional fossil fuel- based energy
sources has been a hot topic over the past years owing to its renewability, recyclability,
and free pollution [1,2]. However, during utilisation, hydrogen gas can be easily ignited
if its concentration in air is above 4 wt.% [2]. Thus, hydrogen safety sensors are vital
to guarantee safety of people in the hydrogen infrastructure [3]. A broad range of
sensing methods exist to detect hydrogen gas which include thermal conduction,
electrochemical and catalytic technologies [3]. An effective sensing method to reach
the target set by Department of Energy of the United States is required. They set a
target that the sensor must have the measuring range between

0.1 to 10%, operating temperature of -30 to 80 °C and response time of less than 1s
[4]. Among the above mentioned methods, electrochemical gas sensors demonstrated
the capability to sense low concentration (ppm level) of hydrogen gas and does not
require heating [5].

As mentioned in the previous chapters, a number of conducting polymers including
PANI have been studied extensively for gas sensing applications due to their
fascinating properties [6,7]. Some of these polymers such as PPY have some suffers
from longer response time, lack of adsorption-desorption reversibility and poor
sensitivity which can hamper its wide application as a gas sensing material [7]. Thus,
PANI particularly as half-reduced emeraldine form has been exploited as an excellent
tool for hydrogen gas sensing application due to its exceptional electrical conducting,
environmental stability and unique acid/base doping process as compared to other
CPs [5,8]. However, its wide application in Hz sensing is limited due to its insoluble
nature in most organic solvents [9], poor sensitivity and selectivity towards gas species
as compared to metals and metal oxides [5]. Onn the other hand, it was reported that
hybridisation or composite formation of polyaniline with other materials such as metals,
carbonaceous materials and metal oxide semiconductors can improve selectivity,
sensitivity as well as processibility [3,6,10]. For example, Willis and Haron [5]
fabricated a hydrogen gas sensor based on PANI/ZnO composite doped with Pd
wherein this metal was used to enhance the selectivity of the composite towards

hydrogen gas. In another report by Al-mashat et
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al. [11] graphene/PANI nanocomposite was designed for hydrogen sensing and the
composite showed better sensitivity (i.e. 16.57%) towards 1% of hydrogen as
compared to graphene sheets and PANI nanofibers alone. Furthermore, Do and the
co-authors [3] designed an amperometric hydrogen gas sensor (10-10,000 ppm H>)
based on Nafion®(5.7 pum)/Pt/nsPANIi/Au/Al.O3 sensing electrode with a Pt loading of
1.87 mg and obtained response time and specific sensitivity of 100-250 s and

338.50 mA ppm™ g, respectively. Recently, Yuan and Liu [12] incorporated ZIF-8

into PANI backbone to produce a novel nanocomposite for electrochemical
determination of dopamine. The nanocomposite exhibited better electrocatalytic
performance towards dopamine due to excellent electrocatalytic activity and larger
surface area of ZIF-8 and exceptional electric conductivity of PANI [12,13]. ZIF has
ultrahigh surface area, high crystallinity, abundant functionalities and exceptional
thermal and chemical stabilities which have led to its usage in a wide range of potential
applications such as gas separation, catalysis, sensing and drug delivery in the past
years [13,14]. Motivated by previously reported literature, this work reports for the first
time the synthesis and characterisation of PANI based zinc benzimidazolate
framework composite nanofiber denoted as PANI-ZnZIF (ZIF-7) for electrochemical
hydrogen gas. The prepared PANI-ZnZIF nanofiber demonstrated to possess good
electrochemical behavior towards hydrogen gas detection through hydrogen evolution
reaction with high sensitivity, fast response time, low detection limit and high diffusion

coefficient.

5.2. EXPERIMENTAL SECTION

5.2.1. Materials

Methanol (CHsOH), absolute ethanol (C2HsOH), zinc chloride (ZnCly),
tetrabutylammonium percholate (TBAP) and benzimidazole (C7HsN2) (BIZ) were all
procured from Merck. Ammonium persulfate (APS) and iron chloride (FeCls) were
purchased from Riedel-de Haen and Educhem, respectively. Aniline was acquired
from Sigma Aldrich and it was distilled before use. Hydrochloric acid (HCI), dimethyl
sulfoxide (DMSO) and sulphuric acid (H2SO4) were obtained from Rochelle
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chemicals. Sulphuric acid was used to prepare standard solutions, prepared in DMSO
solution and 0.1 mol.L™* TBAP as a supporting electrolyte system.

5.2.2. Methods

5.2.2.1. Synthesis of PANI, ZnZIF and PANI-ZnZIF composite

PANI was synthesised as per discussion given in chapter 4 [15] (see supporting
information). ZnZIF (ZIF-7) was synthesised as described by Quan et al. [16] (see
supporting information) with some a modification wherein methanol and benzimidazole
(B1Z) were used as a solvent and linker, respectively. PANI-ZnZIF composite was
prepared by following a reported procedure by Ramohlola et al. [15] with some

modification, whereby MOF was replaced by ZnZIF .

5.2.2.2. Characterisations

The functional group determination and composite formation in the wave number
range between 400-4500 cm™ were achieved at room temperature using Spectrum |I
Perkin-Elmer and about 32 scans were collected at a resolution of 4 cm™. Raman
spectroscopy measurements were achieved with a Horiba Jobin-Yvon Labram HR
2000 confocal using a clean SiO2/Si substrate. The synthesised materials were
characterised by X-ray diffraction (XRD) using a system XRD Phillip (CuKq radiation,
A = 1.5406 A ) operated at 1830 W power. The STA thermal analysis measurements
of samples ranging from 1 - 4 mg at a heating temperature (30-500 °C) and heating
rate (20 °C.min™ under inert atmosphere were performed by employing STA Perkin-
Elmer 6000 model adsorption analyser. Transmission electron microscopy (TEM)
coupled with EDX and Scanning Electron Microscopy (SEM) coupled EDS were
recorded with FEI Tecnai G2 20 transmission electron microscope at 200 kV and
Auriga Field Emmision Scanning Electron Microscope. Electrochemical experiments
were conducted on EPSILON electrochemical workstation containing three-
electrodes: a Pt electrode and gold electrode with the diameter of 3 mm and area of
0.071 cm? as the working and auxiliary electrodes, respectively, and Ag/AgCl

electrode as the reference electrode. Electrochemical analysis were measured at 22
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+ 2 °C controlled by water bath. The multiscans of solutions of the synthesised
materials (2.0 x 10“* mol.L™") in 10 mL of 0.1 mol.L™* TBAP-DMSO electrolyte were
obtained at a potential window in the range between -1.0 to 1.0 V and scan rate of

0.02 - 0.10 V.s™. Hydrogen evolution reaction and hydrogen gas sensing were
conducted in TBAP-DMSO electrolyte using ZnZIF, PANI and PANI-ZnZIF (2.0

x 10* mol.L™Y) as electrocatalysts or sensing electrode and 0.033 mol.L™* of H2SO4

(HER) and 0.6 to 3.0 x 10" mol.L™* H2S04 (hydrogen sensing) as the proton source.

5.3. RESULTS AND DISCUSSION

5.3.1. Spectroscopic and physical characterisations

Figure 5.1 shows the FTIR, Raman, XRD pattern and STA curves (TGA and DSC) of
the synthesised materials. FTIR was recorded to compare the as-synthesised ZnZIF
(ZIF-7) results and its precursors (ZnCl> and benzimidazole, BIZ), as shown in
Figure 5.1 (a), the BIZ ligand showed vibrations at about 1200, 1640 and 3050 cm™
corresponding to C-N, C=C and C-H, respectively. It was shown by Huang et al. [17]
that BIZ organic ligand possesses the C-H vibration stretch at about 3100-3000 cm™,
C=C stretch at around 1600-1500 cm™ and a strong N-H peak at approximately 3500-
2500 cm™. The broad peak resonating at 3200 cm ™ * was ascribed to N-H of the ligand
and this peak disappeared when ZnZIF was formed. Meanwhile, the FTIR spectra of
ZnZIF displayed the characteristic Zn-N peak at around 3050 cm™. These results
show that BIZ organic ligand was entirely deprotonated upon crystallisation and it
signifies the successful synthesis of ZnZIF [17].

In order to confirm composite formation, the FTIR spectra of PANI, ZnZIF and PANI-
ZnZIF are presented in Figure 5.1(b). PANI and PANI-ZnZIF exhibit characteristic
peaks at 780 and 1000 cm™ corresponding to C-H out of plane bending vibration and
C-H in-plane bonding of the para-disubstituted benzene rings, respectively [18]. The
peaks at 1300 and 2000 cm™ were assigned to C-N stretch of benzenoid and quinoid
rings, respectively [18]. Furthermore, the bands at 2550 and 3350 cm™ were attributed
to the C-H stretch and N-H bonding of polyaniline which are in agreement with Geng
et al. [19]. The existence of benzenoid and quinoid peaks indicates clearly
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that the synthesised PANI consists of amine and imine units thus this PANI is in its
emeraldine form [15,20]. Furthermore, to reveal the type of interaction between PANI
and ZnZIF, we discuss the changes of the spectrum of pure PANI and ZnZIF upon
forming the composite. The resultant PANI-ZnZIF composite retained PANI
characteristic peaks and presented an increase in the aromaticity, which proved that
both ZnZIF and PANI are co-existing in the composite.

The co-existence of PANI and ZnZIF in the composite was further analysed by
employing Raman spectroscopy as shown in Figure 5.1(c). The main contributions of
the ZnZIF spectrum primarily come from the vibrational modes of the benzimidazole
organic linker [21]. ZnZIF spectrum exhibited organic linker prominent peak at about
1210 cm™ attributed to C=C bond of the benzene ring [21]. Moreover, the C-H bending
vibrations of the ring resonated at around 611 and 812 cm™. Tanaka et al.

[22] assigned the peak which appears at approximately 282 cm™ to Zn-N using
methyl imidazole as the organic linker. However, in this work the peak shifted to 500
cm™ which might be due to the presence of benzimidazole linker instead of methyl
imidazole. Spectrum of PANI exhibited a peak at about 1001 cm™ as an indicative of
a successful synthesis of conductive PANI [23]. The spectrum of PANI- ZnZIF
confirmed the incorporation of ZnZIF indicated by the presence of Zn-N peak at
approximately 551 cm™ [22]. Furthermore, there was a drastic enhancement in the
peak intensities upon composite formation.

108



-~ (b)
o\c‘ = v V
. 3 o
=] )
= £
= =
£ =
% E —— PANI-ZnZIF
S Z ZnZIF
= = ——PANI
T T T T T T T ] = L T T T T T T /
3900 3400 2900 2400 1900 1400 900 400 3950 3450 2950 2450 1950 1450 950 450
Wavenumber (cm) Wavenumber (cm?)
(c) ZnZIF (d) g ——PANI
_ ——PANI = ——PANI-ZnZIF
- =
3 ——PANI-ZnZIF -
N 2
Z Z
= =
w 172}
5 S
- Nt
= =
200 12000 2200 3200 4200 4 8 12 16 20 24 28 32 36 40 44
Raman shift (cm™) 2 Theta degree
120 (o) 2100 (1)
100 =
~ % 50 -
e Q
= 60 | s 0 %
ﬁn . PANI ; — PANI
g ZnZIF £ s S—
20 |— PANI-ZuZIF = — PANLZAZIF
0 T T T T T I 1 £-100 T T T T T T 1
25 100 175 250 325 400 475 550 25 100 175 250 325 400 475 550
Temperature (°C) Temperature (°C)

Figure 5.1: (a) FTIR spectra of ZnCl,, BIM and as synthesised ZnZIF (b) FTIR,
(c) Raman spectra (d) XRD pattern (e) TGA and (f) DSC thermograms for PANI,
ZnZIF, and PANI-ZnZIF composite

XRD was employed to examine the diffraction phases and interplaner d-spacing of the
synthesised PANI, ZnZIF and PANI-ZnZIF composite, and the results are depicted in
Figure 5.1(d). The recorded pattern for ZnZIF matches well with reported data by Li et
al. [24] The XRD shows pure ZnZIF phases which are crystalline [25]. The diffraction
peak that appeared at 26 angle values of 6.88° for ZnZIF, which accounts for the
reflection (011), was used to determine the interplanar d-spacing value of 1.28 nm
(estimated using Bragg'’s equation: nA = 2dsin6 [26] where n, A and 0 are the integer,

wavelength and Bragg's angle, respectively).
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The XRD pattern of PANI displays broad peaks at around 26 = 21 and 23°
corresponding to (100) and (110) reflections of polyaniline, respectively [19,20]. These
results show that PANI was synthesised in its amorphous state and the results are in
accordance with the previous reports in JCPDS file no 53-1717 [23]. The d-spacing of
PANI was found to be 0.4 nm at 26 angle of 21° accounting for

(100) reflection. The crystallite size of PANI was calculated from the peak width using

Debye Scherrer’s equation [27] (Equation 5.1), given by

—kA
D :[3 cosO (51)

Wherein, k = 0.9, A is the CuKq radiation wavelength (1.5406 A), g is the full width at
half maximum in radians, 6 is the Bragg‘'s angle [20]. From the above mentioned
eqguation the crystallite size was found to be 3.22 nm at 26 angle of 21°.
Bhanvase et al. studied the XRD phases of PANI/ZnMoO4 (ZM) nanocomposite
prepared by ultrasound assisted synthesis to improve PANI anticorrosion and physico-
chemical properties [20]. The diffraction peaks of PANI in the PANI/ZM nanocomposite
shifted slightly and broadened as compared to neat PANI upon the incorporation of
ZM nanoparticles [20]. In our work , in situ oxidative polymerisation of PANI in the
presence of ZnZIF caused a shift in the diffraction peaks of PANI, thus revealing the
coexistence of both PANI and ZnZIF in PANI-ZnZIF composite. Furthermore, the XRD
patterns of PANI-ZnZIF composite show amorphous structure evidenced by a broad
peak at around 26 = 21 and 23° even after doping with ZnZIF indicating that the PANI
structure has been preserved. It was seen that PANI-ZnZIF nanofiber possessed the
average crystallite size of 2.58 nm which was smaller than that of undoped PANI
confirming successful composite formation. The smaller the crystallite size of a
material, the higher the surface to volume ratio leading to greater response towards
gas species [28].
STA (TGA and DSC) is an important technique used to examine the thermal stability
and different sample transitions of solid materials when subjected to elevated
temperatures. Furthermore, it can be used to check the precise weight ratio of each
component in solid samples. TGA thermograms and DSC curves of PANI, ZnZIF and
PANI-ZnZIF composite under heating rate of 10 °C/min areshown in Figure 5.1(e and
f), respectively. The TGA thermograms of ZnZIF (Figure 5.1e) consists of two
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important degradation step from 25 to 550 °C. The first 2.0% weight loss step observed
at about 25-175 °C resulted from the removal of trapped guest molecules and
unreacted species such as solvent and moisture within the porous cavities of ZnZIF
structure [24]. The degradation step of about 8 wt.% observed at around

225 - 525 °C was due to the thermal decomposition of ZnZIF [25]. At this degradation
step about 93 wt.% of the starting material remained. The remaining 93 wt.% shows
that the BIZ organic linker was not pyrolysed hence ZnZIF was still intact and thermally
stable at temperature up to 525 °C. Similar results were obtained in the study
conducted by Lien et.al, when they studied the heterogeneous catalyst based on ZIF-
9 [29]. On the other hand, TGA results of PANI displayed three thermal degradation
steps at about 98, 250 and 400 °C, mainly attributed to the removal of moisture present
in the structure of polyaniline, phase transition or cross- linking and collapse of
polyaniline chains, respectively [20]. Furthermore, the TGA results of PANI, ZnZIF and
PANI-ZnZIF composite exhibited an overall weight loss of around 60%, 10% and 30%,
respectively. PANI-ZnZIF composite exhibited lower weight loss at higher temperature
as compared to undoped PANI indicating the enhancement in the thermal stability
upon forming the composite. The improvement in the thermal stability indicates a
successful incorporation of ZnZIF in PANI structure supporting the observed analysis
above in XRD and FTIR.

Figure 5.1(e) shows the DSC results of the synthesised solid materials. The DSC
thermograph of PANI displayed three exothermal peaks at around 98, 250 and 400
°C. The peak at 98 °C can be ascribed to the loss of moisture present in polymer
backbone [30]. The exothermal peak at 252 °C may be due to the cross-linking or
oxidation of polyaniline, while the small exothermic peak at about 400 °C attributed to
the degradation temperature of PANI [30]. PANI-ZnZIF composite presents two
endothermal peaks corresponding to the crystallisation transition (at 55 °C) and
melting transition (at 350 °C) in the composite. These transitions may be due to the
dehydration of the composite and the absorption of heat by the composite as it
experiences the change from solid to liquid phase (endothermic phase transition) [15].
PANI and ZnZIF have higher heat flow rates as compared to PANI-ZnZIF. All DSC
transition results of ZnZIF, PANI and PANI-ZnZIF were found to correlate well with the

degradation steps observed in TGA.
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5.3.2. Morphological characterisations

Morphological characterisation of the synthesised materials is very essential to
evaluate different shape, structure and elemental composition of the precursor
materials and also to confirm the success in synthesising the composite material.
Figure 5.2 ((a, ¢ and e)) shows SEM images of ZnZIF, PANI and PANI-ZnZIF
composite nanofibers, respectively, and indicated that they consists of pores and
voids, cubic structure and nanofiber like shaped crystals, which are consistent with the
previous literature reports [24,25]. The corresponding EDS of ZnZIF (Figure 5.2b)
confirmed the existence of zinc (Zn), nitrogen (N), chlorine (Cl) and carbon atoms (C)
with the elemental composition of 63, 11 and 26% for C, Zn and N, respectively. The
little impurity of Cl is from the starting material ZnCl,. SEM image of PANI (Figure
5.2(c)) show some agglomerates of interconnected tubules and the nanofiber rod like
structures which may be attributed to soft template assisted development of PANI
[23,31]. The EDS results (Figure 5.2d) showed the presence of C, N, iron (Fe), Cl,
oxygen (O) and Sulphur (S) which comes from dopant (HCI), oxidising agents (APS,
FeClz) and the aniline monomer used during the synthesis. The elemental
compositions were found to be 68 and 32% for C and N respectively, corresponding
to the empirical formula of aniline. The SEM image of PANI-ZnZIF (Figure 5.2(e))
revealed that PANI nanofibers were wrapping the cubic structures of ZnZIF suggesting
the electrostatic interaction. Meanwhile the EDS (Figure 5.2f) of the composite
presented an increase in the percentage of C and N atoms which confirms successful
composite formation. The percentage composition with respect to aniline monomer is
53% and 47% for C and N, respectively.
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Figure 5.2: SEM images of (a) ZnZIF, (c) PANI and (e) PANI-ZnZIF; composite and
EDS spectrum of (b) ZnZIF, (d) PANI and (f) PANI-ZnZIF composite.

The TEM micrograph of the synthesised materials are presented in Figure 5.3(a, ¢ and
e). The synthesised ZnZIF possessed porous rectangular or cube like structures
(Figure 5.3(a)). The EDX spectrum of ZnZIF constitutes of copper (Cu), Zn and C.
These elements are due to the copper grid used, metal center (ZnCl;) and
benzimidazole organic material. On the other hand, PANI (Figure 5.3(c)) displayed
twisted fiber like structure with some agglomerate or clusters of particles. The
corresponding EDX of PANI (Figure 5.3(d)) consists of elements suchas C, N, Fe, S,
O, Cl and Cu [32]. The impurities of S, CI, O, Fe and Cu are due to dopant, oxidants
and copper grid [23]. The micrograph of PANI-ZnZIF (Figure 5.3(e)) showed the
modification of PANI morphology with the intertwinement of ZnZIF and PANI
morphology. The corresponding EDX of PANI-ZnZIF (Figure 5.3(f)) showed an
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increase in nitrogen percentage proving the co-existence of nitrogen coming from

benzimidazole in ZnZIF and aniline in polyaniline
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Figure 5.3: TEM images of (a) ZnZIF, (c) PANI and (e) PANI-ZnZIF composite and
EDX spectrum of (b) ZnZIF, (d) PANI and (f) PANI-ZnZIF composite

Figure 5.4 shows the HRTEM images of PANI, ZnZIF and PANI-ZnZIF composite; and
their corresponding SAED patterns. The HRTEM and SAED results of PANI shows

nanofibrous morphology and no indication of any clear rings meaning it is amorphous

as shown in both Figure 5.4(a and b). The d-spacing of PANI using SAED image was
found to be 0.733 nm (7.3 A) which is closer to 0.4 nm (4 A) from XRD results at 2 6
angle of 21° accounting for (100) reflection. HRTEM results for
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ZnZIF (Figure 5.4(c)) showed porous nanofibers and crystalline structures. The
corresponding SAED (Figure 5.4(d)) showed clearly visible crystalline diffraction spots
as conferred by XRD. Using the SAED image, the d-spacing was determined to be
1.26 nm (12 A) which is closer to 1 nm (10 A) obtained from XRD using Bragg's law.
Based on the HRTEM studies, the surface of the PANI sample closely resemble that
of PANI-ZnZIF as shown in Figure 5.4(e and f) and a slight morphology change is
caused by introducing ZnZIF. Upon composite formation both nanofibrous and tubular
like structures of ZnZIF and PANI are visible as shown in Figure 5.4(e). The d-spacing
of PANI-ZnZIF using SAED (Figure 5.4f) was found to be 0.710 nm (7.1 A ) which was

lower than that of PANI which is in accordance with previous reports [15].
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Figure 5.4: HRTEM images of (a) ZnZIF, (c) PANI and (e) PANI-ZnZIF composite;
and SAED images of (b) ZnZIF, (d) PANI and (f) PANI-ZnZIF composite.

5.3.3. Electrochemistry

5.3.3.1 Electrochemical characterisation

Figure 5.5(a) shows the cyclic voltammograms overlay of the blank (TBAP-DMSO),
ZnZIF, PANI and PANI-ZnZIF. The bare gold electrode in TBAP-DMSO electrolyte
system showed current response with a redox behavior at about 0.6 V due to the
oxidation and reduction of gold. Furthermore, cyclic voltamogram was used to evaluate
the electrochemical performance and redox states of PANI as shown in Figure 5.5(a)

to. CV was used to interpret the structural formula of PANI as it
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undergoes reduction and oxidation processes. As documented in Figure 5.5(a), the
CV results of polyaniline shows two sets of distinctive redox processes shown by the
appearance of two redox couples (cathodic and anodic peaks). The redox couple at
about -0.7 and -0.6 V) is related with the change of the fully reduced base
(leucoemeraldine) to the partly oxidised base (emeraldine) form of polyaniline [7]. The
other redox pair appearing at around 0.7 and 0.6 V is associated to the alteration of
emeraldine to the fully oxidised base (pernigraniline) form of polyaniline [7]. The
presence of both leucoemeraldine and pernigraniline components on the CV of the
synthesised PANI suggest that PANI consists of both amine and imine groups, thus
polyaniline is synthesised in its emeraldine form [7]. The emeraldine form is known to
be highly conductive as compared to other forms of PANI which is essential in
electrochemical sensing application [12,33,34]. PANI presented a distinctive reversible
character wherein the ratio of peak height current at the anode and cathode (la/lc)
equals to unity. Cyclic voltammogram of ZnZIF exhibited anodic peak at around -0.2
V and cathodic peak at about -0.4 V pertaining to the change in

oxidation state of Zn®* to Zn** (Zn**/zn®*") in the structure [35]. The resultant
composite presented higher electrical conductivity as compared to the precursor
materials PANI and ZnZIF. The higher electrical conductivitywas witnessed by higher
current response (see Figure 5.5 a),due to the synergy between the PANI and ZnZIF.
The observed drastic increase in current response is due to an increase in electron

density around polymer matrix [23].
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Figure 5.5: (a) Overlaid cyclic voltammograms of (a) Blank, PANI, ZnZIF and PANI-

ZnZIF composite at the scan rate of 0.1 V.s™in 0.1 mol.L™* TBAP-DMSO electrolyte
solution on Au electrode, (b-d) ZnZIF, PANI and PANI-ZnZIF, respectively, in

0.1 mol.L™* TBAP-DMSO at different scan rates (0.02 - 0.1 V.s™), in 0.1 mol.L™* TBAP-

DMSO electrolyte solution using Au as current collector.
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Table 5.1: Experimental values of anodic and cathodic peak currents slope of log-log plot of the
absolute value of the peak current vs scan rate, diffusion coefficients (D) and the ratio of anodic
and cathodic peak current Ipa/lpc ratios of ZnZIF, PANI and PANI-ZnZIF composite from CV and
SWV.

I I lp. /1 Slope D r
Material ~ Technique b e PaPe 1 2 2
(A) (A) (AVs) (m .s ) (mol.cm)
cV 130 027 481 023  890x10  1.12x10°
ZnZIF -6 -6
SWvV 0.31 0.04 0.13 0.29 6.92x10 3.76%x10
1.00 -5 -10
Cv 2.65 2.62 0.35 1.55x10 4.83x10
PANI
SWvV 1.22 1.61 0.76 0.42 1.10x1 5  855x1 -7
0 0
0.82 0.5 1.17%x1 -10
cVv 2.37 2.90 9.55x] -5 0
0
PANI-ZnZIF

SWV 1.33 0.40 3.32 0.34 5_17><1o'5 2_77><1o'10
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Figure 5.6 and 5.7 shows the overlaid square-wave voltammograms (SWV) indicating
the reduction and oxidation results, respectively, of the blank, ZnZIF, PANI and PANI-
ZnZIF. SWV was used as an analytical probe to support CV and check whether there
are no additional redox processes that are not shown by CV. The results show that
there are no additional peaks, hence the results observed from the SWV complement
the one observed from CV. From both Figure 5.6(a) and 5.7(a), it was found that the
PANI-ZnZIF composite with 3.6 wt.% loading of ZnZIF had higher electrochemical
properties such as current response than its starting materials. This increase in current
response is ascribed to the increase in electron density on the polymer chains caused
by high specific surface area and pore volume [15,36] of ZnZIF. Introduction of ZnZIF
makes it possible for all interior active sites to be accessible to the electrolyte, thus
electron diffusion increases as witnessed by increase in the diffusion coefficient (Table
5.1) [36]. Similar results were also obtained when studying the electrochemical

behavior of the composite using CV.
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Figure 5.6: (a) Overlaid square-wave voltammograms (SWV) showing reduction for
Blank (TBAP-DMSO), PANI, ZnZIF and PANI-ZnZIF composite at 0.1 V.s™, (b-d)
ZnZIF, PANI and PANI-ZnZIF respectively,at different scan rates (0.02-0.1 V.s?)in
0.1 mol.L™* TBAP-DMSO electrolyte using Au as current collector.
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Figure 5.7: (a) Overlaid square-wave voltammograms showing oxidation for TBAP-
DMSO (blank), PANI, ZnZIF and PANI-ZnZIF composite at 0.1 V.s™, (b-d) ZnZIF, PANI
and PANI-ZnZIF, respectively, at different scan rates (0.02-0.1 V.s™)
0.1 mol.L™* TBAP-DMSO electrolyte using Au as current collector.

in

The multiscan voltammograms derived from both CV (Figure 5.5(b-d)) and SWV
((Figure 5.6(b-d) and 5.7(b-d)) were conducted to evaluate the effect of scan rates on
the current response of the synthesised PANI, ZnZIF and PANI-ZnZIF composite
nanofiber. In both cyclic and square-wave, voltammograms, there was a direct
proportionality between current responses and increasing scan rates. The multiscan
voltammograms further revealed that PANI-ZnZIF possesses higher current response
due to the synergistic effect resulting from the conductive structures of both ZnZIF
and PANI. The rise in electrochemical performance of the composite indicates the
easiness in diffusion of electrons around the polymer matrix. The redox pairs in all
multiscan voltamograms displayed electrochemical quasi-reversible process at
different peak potentials (AEp). Additionally, Ipa/Ipc values (Table 5.1) at different scan
rates displayed a quasi-reversible character for both PANI and PANI- ZnZIF
composite. The slope of the plot of logarithm of the absolute value of the cathodic peak

current versus the logarithm of the scan rate (Figure 5.8(a and b))
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showed the slope of about 0.5, signifying electron transfer limited process. This redox
processes involves the diffusion of electrons and thus known as diffusion controlled
process [1].

Since all the multiscan voltammograms indicated a diffusion controlled process, the
diffusion coefficient of the materials were determined using the plot of current versus

1/2

the square root of scan rates (v-°) shown in Figure 5.8(c and d). It was observed that

Y2 The D values were derived

there was a direct proportionality between current and v
from both CV and SWV using the Randles-Sevcik equation (Equation 5.2) given as

follows [1]
lp = (2.65x10°)n¥2ACDY?(v)*? (5.2)

wherein, n is the number of transferred electrons, A is the area of the electrode (cm?),
D is the diffusion coefficient (cm?.s™), C is the concentration of catalyst (mol.cm™) and

v is scan rate (V.s™) [1].

PANI, ZnZIF and PANI-ZnZIF possessed the D values (Table 5.1) of 8.90 x 10”7, 1.55
x 10™ and 9.55 x 10 cm?s™ from CV and 1.20 x 10°, 1.10 x 10° and 5.17 x

10° cm?.s™ from SWV for ZnZIF, PANI and PANI-ZnZIF, respectively. These results
showed that PANI-ZnZIF is a good electrocatalyst as compared to its precursor
materials. Furthermore, the peak currents were related to the scan rates and a linear
relationship between them was observed. The peak current increased with an increase
in scan rates as an indication of an adsorption controlled process [12]. The peak
currents were then linked with the surface coverage of the synthesised materials using
the following equation of Laviron [12] (Equation 5.3)

nEAuT (5.3)

Using the slopes of graphs in the Figure (5.8e and f), the surface coverage values (I
were found to be 1.12 x 10° 1.10 x 10™° and 4.83 x 10™"° from CV and
1.33 x 10™°, 1.17 x 10" and 2.77 x 10™ mol.cm™ from SWV for ZnZIF, PANI and
PANI-ZnZIF, respectively (Table 5.1). From these results it was observed that the
composite exhibited higher surface coverage as compared to neat PANI and ZnZIF
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which further confirm the adsorption of the material on the gold bare electrode and the

process is adsorption controlled process [12].
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Figure 5.8: The log-log plot of the absolute value of the peak current vs scan rate from
CV (a) and SWV (b); peak current as a function of square root of scan rate from CV
(c) and SWYV (d) and peak current as a function of scan rate from CV (e) and SWYV (f)

for PANI, ZnZIF and PANI-ZnZIF on gold in 0.1 mol.L™ TBAP-DMSO electrode system

at different scan rates (0.02— 0.10 V.s™).

5.3.3.2. Hydrogen evolution studies

Since it was observed from the previous results that PANI-ZnZIF composite exhibited
good electrocalytic behavior, the studies on electrocatalytic performance of PANI,
ZnZIF and PANI-ZnZIF towards hydrogen evolution reaction (HER) were further
investigated by using CV in 0.1 M TBAP-DMSO electrolyte solution and H.SO4 as

hydrogen source. The results are shown in Figure 5.9(a). The cathodic
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peak potential corresponding to reduction of H>SO4 was observed at around -0.9 V
similar to other reports [1]. High current response observed signifies more hydrogen
produced [15]. PANI-ZnZIF showed better hydrogen production capability indicated by
high current response thus it can be considered as a good electrocatalyst for HER as
compared to pure PANI and ZnZIF. Tafel curve was employed to study the kinetics of
HER using PANI, ZnZIF and PANI-ZnZIF composite nanofiber and the results are
shown in Figure 5.9(b). The curves of overpotential versus log io at

0.033 mol.L™* H2S04 were used to determine electrochemical parameters such as
Tafel slope (b) and exchange current density io which are essential to probe the
performance of an electrocatalyst. The Tafel slope gives an insight about the
electrochemical rate determing step [9]. Monama et al. [1] have reported that the Tafel
slope, b can tell if HER is through Heyrovsky, Volmer or Tafel in a multi-step proton
transfer process. Furthermore, it was previously reported that for HER on platinum
electrode in acidic solutions, the reactions show the Tafel slope values of

120 mV, 40 mV and 30 mV for the Volmer, the Heyrovsky and the Tafel, respectively
[23]. In the present study, b was found to be 544, 154 and 246 mV.dec™ for ZnZIF,
PANI and PANI-ZnZIF composite, respectively. From these results it can be noted that
Volmer is the rate determing step for PANI, however, introduction of ZnZIF
caused an increase in Tafel slope. The exchange current density, io was determined
from the Tafel plot were it cuts the x-axis and it conveys information about
electrocatalyst performance [15]. It can be related to the electrochemical active surface
area of the catalyst [15]. PANI-ZnZIF composite exhibited higher exchange current
density (5.01 A.m™) as compared to pristine ZIF (0.32 A.m™) and homopolymer PANI
(2.51 A.m™) indicating the large surface area, fast electron transfer rate, and favorable
HER kinetics [37].

Cathodic transfer coefficient (1-a) is another important electrochemical parameter
which can be evaluated using Tafel plot [9]. It can be calculated using region of high
overpotential, whereby Butler-Volmer equation simplifies to the Tafel equation

(Equation 5.4) and Tafel slope is given by [9].

=2303 RT
b =" oF (5.4)

As displayed in Table 5.2, the cathodic transfer coefficients values for PANI and

PANI-ZnZIF composite were found to be close to 0.5. Therefore, the rate
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determining step of HER on these materials may possibly be the Volmer reaction or
the Volmer reaction coupled with Heyrovsky or Tafel as described by Ramohlola et al.
[23].

Turnover frequency (TOF) which is described as mass of molecules reacting for a
certain reaction per unit time was further used to evaluate the efficiency of the
electrocatalysts [38]. The TOF given by Equation 5.5 below [39].

_ M
TOF =— (5.5)

where | represent current density at a given potential, M is mass percentage of
materials, F is Faraday's constant, and m is the mass per square centimeter of
catalysts [39]. From the BET surface area of ZnZIF (312 m?.g) [25] and PANI (30.8
m2.g™}), PANI and PANI-ZnZIF composite possessed the estimated TOF values of
0.04 and 0.45 mol H2.s™ as depicted in the Table 5.2. From these results it was
observed that the synthesised PANI-ZnZIF composite exhibited displayed higher TOF
value using 0.033 mol.L™ H,SO4 as compared to pure PANI owing due to an increase
in electronic density of polymer backbone [23]. All Tafel parameters determined in this
study shows that PANI-ZnZIF has a potential as an electrocatalyst for HER in
hydrogen sensing technology.
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Figure 5.9: (a) CV curves (b) Tafel plots of TBAP-DMSO, ZnZIF, PANI and PANI-
ZnZIF composite (~2.0x10™* mol.L™") in the presence of 0.033 mol.L™ HSO; in
0.1 mol.L™* TBAP-DMSO electrode system on Au electrode at 0.10 V.s scan rate.

126



Table 5.2: Experimental values of Tafel slope (b), charge transfer coefficient (1-a),
exchange current density (io) and TOF of PANI, ZnZIF and PANI-ZnZIF composite.

) H.SOs  Slope (b) -b logiy 5 TOF
Materials L L 1 l-a . fo(A.m™) L
(mol.L™) (V.dec™) (mV.dec™) (MA.m™) (mol.H2.s™)
Blank 0.033 -0.241 241 0.25 5.90 0.79
ZnZIF 0.033 -0.544 544 0.11 5.50 0.32 0.05
PANI 0.033 -0.154 154 0.38 6.40 251 0.04
PANI-
0.033 -0.246 246 0.24 6.70 5.01 0.45
ZnZIF
PANI/MOF
140] 0.075 -0.239 239 0.247 0.50 3.162 0.28

5.3.3.3 Electrochemical hydrogen gas sensing studies

The electrochemical gas sensing behaviour of PANI doped with ZnZIF was examined
to grasp a better understanding of its sensing capability. Figure 5.10(a-d) reports on
the plot of current response against time (Chronoamperometry, CA) of PANI, ZnZIF
and PANI-ZnZIF sensors in the absence and present of H,SO4 concentration at room
temperature. The synthesised PANI-ZnZIF composite exhibited higher current
response (Figure 5.10(a)) as compared to PANI homopolymer, as time progresses
from 0 to 60 s. The increase in current response was also conferred by both CV (Figure
5.5) and SWYV (Figure 5.6) in the absent of hydrogen source. In case of the synthesised
PANI-ZnZIF composite, the presence of hydrogen source caused drastic improvement
in the electrochemical current response (Figure 5.10(d)) as compared to PANI (Figure
5.10(c)) and ZnZIF (Figure 5.10(b)). This sudden increase in current response is
due to the absorption of

hydrogen gas on PANI-ZnZIF composite which resulted in the deprotonation of N*—H
sites (emeraldine salt) of polyaniline to form NH4" [41]. The deprotonation of PANI-

ZnZIF might have caused a change in conductivity [41] of the composite leading to
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better electrochemical properties of the composite for hydrogen gas sensing. The
observed high current response is attributed to high conductivity of polyaniline in acidic
medium [34]. From these findings, it can be deduced that the leading sensing
mechanism of PANI-ZnZIF composite is due to deprotonation of PANI. Similar gas
sensing mechanism was reported by Lim et al. [41]. Furthermore, it was observed that
current increases with an increasing concentration (Figure 5.10(b-d)). At high acid
concentrations, movement and number of hydrogen gas molecules reaching the

electrode surface increases thus stimulating fast achievement of steady-state [42].
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Figure 5.10: (a) Chronoamperometric results for (a) TBAP-DMSO, PANI, ZnZIF and

PANI-ZnZIF composite at -0.9 V in 0.1 mol.L™* TBAP-DMSO electrolyte solution on
gold bare electrode. (b-d) ZnZIF, PANI and PANI-ZnZIF respectively at different H>SO4

concentrations in 0.1 mol. L* TBAP-DMSO.

Figure 5.11(a) reports the linear plot of steady state current response of PANI-ZnZIF
sensors against different concentrations (6.0 x 10— 30 x 10* mol.L™) of H2SO4. PANI-
ZnZIF composite possessed a lower detection limit (LOD = 3 x S/N) of

5.27 pumol.L™ towards Hz, in which the LOD is the concentration which gives a signal-
to-noise ratio of at least 3 [40]. PANI and ZnZIF gave higher detection limit as
compared to the composite which indicates poor gas sensing performance [40]. The
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limit of quantification (LOQ = 10 x S/N) was found to be 17.3, 17.6 and 17.5 pmol.L™
for PANI, PANI-ZnZIF and ZnZIF, respectively. The synthesised materials were found
to possess the correlation coefficient values (R?) of 0.86, 0.95 and 0.98 for ZnZIF,
PANI and PANI-ZnZIF composite, respectively. Moreover, PANI-ZnZIF
composite showed a linear relationship between current response and hydrogen
source at concentrations from 6.0 x 10%— 30 x 10 mol.L ™ with the sensitivity of about
10.8 pAmmol.L™* Hz, which is much larger than 8.22 and 5 uA.mmol.L™ H. sensitivity
values for PANI and ZnZIF, respectively. The steady state response time was found
to be approximately 4 s.

Figure 5.11(b) shows linear relationship between current and 1/square root of time
(t71/2) at-0.9 V on bare gold electrode using 0.1mol.L™* TBAP-DMSO as an electrolyte.
Using Figure 5.11(b) and Cottrell Equation (Equation 5.6) given by [43]

I = nFACDY?p=1/2¢=1/2 (5.6)

The diffusion coefficient values of PANI, ZnZIF and PANI-ZnZIF were found to be
1.184x10%, 1.23x10* and 2.72x10* cm?.s™, respectively. The composite showed an
increase in diffusion coefficient attributed to greater mobility of polymer electrons
caused by the presence of ZnZIF in the polymer backbone thus increasing the sensing

performance [44].
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Figure 5.11: (a) steady state current versus different proton source (H2SOa)

concentrations (0.6 - 3.0 mmol.L™) and (b) current versus of 1/square root of time
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for PANI, ZnZIF and PANI-ZnZIF composites at -0.9 V on bare Au electrode in
0.1 mol.L™* TBAP-BMSO electrolyte system.

5.4. CONCLUSION

This work studied the in-situ chemical polymerisation of polyaniline doped with zinc
zeolitic benzimidazolate framework (PANI-ZnZIF composite) for electrochemical
hydrogen gas sensing application. The FTIR and Raman spectroscopy analyses
revealed the successful incorporation of ZnZIF on PANI. XRD and Simultaneous
thermal analysis (STA) displayed the co-existence of both PANI and ZnZIF observed
by the decrease in crystallite size and the improvement in the thermal properties upon
loading of ZnZIF, thus making it an attractive material for high temperature application
purposes. SEM/EDS, TEM/EDX, and HR-TEM/SAED revealed that PANI nanofibers
are wrapping the cube like nanofiber particles of ZnZIF suggesting electrostatic
interaction. This behavior might be due to the interaction between the partially positive
ZnZIF and partially negative polyaniline. SWV, CV and CA results presented higher
electrochemical properties HER and hydrogen sensing properties, indicated by an
increase in current response with loading of ZnZIF. These results may be owed to high
specific surface area of ZnZIF and high conductivity of PANI. Furthermore, the
resulting PANI-ZnZIF composite exhibited exceptional electrochemical hydrogen gas
sensing performance indicated by high current

response and sensitivity (10.8 uAmmol.L™ Hy), faster steady state response time (4
s) accompanied by lower detection limit (5.27 pmol.L™) as compared to pure PANI.
Therefore, the composite has a potential as an electrocatalyst for hydrogen gas
sensing application induced by hydrogen evolution reaction.
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CHAPTER SIX

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

6.1. GENERAL DISCUSSION AND CONCLUSIONS

This chapter focuses on the general discussion and conclusions of the study and make
further recommendations for future electrocatalysts for hydrogen gas sensing
application through hydrogen evolution reaction. The overall aim of this work was to
fabricate smart sensors with excellent sensitivity, fast response and high accuracy
induced by polyaniline (PANI) based zeolitic benzimdazolate framework (ZIF)
composite nanofiber for electrochemical detection of hydrogen gas for safety
monitoring. The sensing materials studied in this work were selected based on their
outstanding properties they offer. PANI particularly half-reduced emeraldine form has
been exploited as an excellent tool for hydrogen gas sensing application due to its
exceptional electrical conducting, environmental stability and unique acid/base doping
process. On the other hand, ZIF was chosen due to its permanent porosity, large
surface area and structural diversity, and outstanding chemical and thermal stability,
the ZIF crystal structures are based on aluminolilicate zeolitic nets, whereby the
tetrahedral Si(Al) sites are replaced by transition metal such as Co and Zn
tetrahedrally coordinated by imidazole ligands.

This dissertation was outlined into six chapters. Chapter one (introduction) was on the
general background of energy. More focus was on hydrogen technology as an
alternative energy carrier to carbon based fuels such as gasoline. However, hydrogen
gas feed to the hydrogen fuel cell is highly flammable if its concentration is above 4
wt.% at room temperature. As a result, PANI was chosen as an alternative
electrocatalyst to detect hydrogen gas thus ensuring people’s safety. This was
supported by a well organised aim and objectives of the study. The aim was to
fabricate polyaniline decorated with Co-/Zn-zeolitic benzimidazolate framework
nanocomposite as effective electrocatalyst for hydrogen gas sensing application
through electrochemical HER studies. Chapter two (literature review) was on
comprehensive survey of recent developments in polyaniline composites for
electrochemical hydrogen gas sensing applications and future prospects. Hydrogen

sensing technologies were thoroughly reviewed. Furthermore, the electrochemical
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sensing electrodes more especially PANI were reviewed. In addition, the current
drawbacks of PANI nanocomposite and future prospect were presented wherein
zeolitic benzimidazolade framework was suggested as a possible dopant to enhance
the electrochemical sensing performance of PANI nanocomposite. Chapter three
(analytical techniques) a short background advantages, disadvantages, previous
reports on PANI and ZIF characterisations and their application in this work were
reviewed.

The first approach was taken in Chapter four which involves the development of
electrochemical gas sensor technology induced by polyaniline doped with cobalt-
zeolitic benzimidazolate framework composite for hydrogen safety monitoring. CoZIF
was prepared using solvothermal method which allows precise control over the shape,
size, crystallinity and controlled morphology, the composite was synthesised through
chemical oxidative polymerisation of aniline monomer in the presence of

3.6 wt.% CoZIF. The structural properties of the synthesised materials were studied
by employing ultraviolet visible (UV-vis), powder X-ray diffraction (XRD), Fourier
transform infrared (FTIR) and Raman spectroscopy, and simultaneous thermal
analysis (STA). The scanning electron microscope (SEM/EDS) and transmission
electron microscope (TEM/EDX) were used for morphological characterisation and
revealed grafting of CoZIF on to the surface of PANI upon composite formation. The
XRD diffraction pattern and SAED results showed that PANI and the composite
structures are amorphous in nature and the presence of CoZIF did not alter the
amorphous nature of PANI. Spectroscopic analyses using FTIR and Raman revealed
the coexistence of CoZIF and PANI in the composite displayed by a characteristic
peak intensities corresponding to both ZIF and polymer. Furthermore, PANI and the
resultant composite possessed the energy band gap of 2.5 and 2.3 eV, distinctively,
using Tauc plot which shows that they are both semi-conductors. STA results
presented that the resultant composite exhibits an enhancement in thermal stability in
comparison to PANI as indicative of improvement of thermal properties. Cyclic
voltammetry (CV), Tafel analysis and turn over frequencies (TOFs) were performed to
study the electrochemical performance of the synthesised materials through hydrogen
evolution reaction (HER) for gas sensing. The PANI-CoZIF composite showed drastic
enhancement in the catalytic H» evolution and the TOFs as compared to neat PANI.

In addition to that the chronoamperometric (CA) results
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exhibited the significant improvement in electrochemical hydrogen sensing ability of
PANI-CoZIF composite.

The second approach was taken in Chapter five which involves fabrication of
polyaniline decorated with zinc based zeolitic benzimidazolate framework
nanocomposite as an effective electrocatalyst for hydrogen gas sensing. ZnZIF was
prepared using solvothermal method. The composite was synthesised using in-situ
chemical polymerisation synthesis of polyaniline in the presence of ZnZIF. (FTIR)
spectroscopy and Raman spectroscopy were used to evaluate structure of PANI-
ZnZIF composite and the vibrations for functional groups of ZnZIF and PANI in the
composite. X-ray diffraction (XRD) and simultaneous thermal analysis (STA) studies
showed the co-existence of both PANI and ZnZIF in the composite supported by the
decrease in crystallite size and the improvement in the thermal stability, respectively.
The Scanning electron microscope (SEM), transmission electron microscope (TEM),
energy dispersive X-ray spectroscopy (EDS, EDX), and selected area electron
diffraction (HRTEM/SAED) revealed that PANI nanofibers are wrapping the cube
nanofiber like structures of ZnZIF. The Square wave voltammetry (SWV), Cyclic
voltammetry (CV) and Chronoamperommetry (CA) presented good electrochemical
performance indicated by an increase in current response with 3 wt.% loading of
ZnZIF. The high electrochemical current response is due to extraordinary specific
surface area, more accessible active sites available for the electrolyte provided by
ZnZIF and high conductivity supplied by PANI. Moreover, Tafel parameters and
Turnover frequency values derived from CV showed an improvement in the catalytic
hydrogen evolution of PANI-ZnZIF composite. The resulting PANI-ZnZIF composite
was found to be highly responsive to hydrogen gas indicated by higher current
response and sensitivity (10.8 pA.mmol.L™" Hy), faster steady state response time
(4 s) accompanied by lower detection limit (5.27 pmol.L ™) as compared to pure PANI.
These results showed that both PANI-CoZIF and PANI-ZnZIF nanofibers are suitable
electrocatalytic for hydrogen gas sensing application through HER in acidic medium.
Based on these findings it was observed that PANI-CoZIF have better hydrogen
sensing performance indicated by high sensitivity (11.9 pA.mmol.L™* Hy) as
compared to PANI-ZnZIF (10.8 uA.mmol.L™ Hy). This is due to high electron affinity
of Co towards hydrogen molecules thus improving the hydrogen gas sensing ability.
On the other hand, PANI-ZnZIF showed better electroctrocatalytic performance for

HER as compared as PANI-CoZIF. This is due to an increase in electron density
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around polymer backbone caused by the excess electrons from the Zn metal centre

and the bulkiness of benzimidazole organic linker.

6.2. RECOMMENDATIONS FOR FUTURE WORK

An important innovation in this work was to fabricate an alternative polymer based
electrochemical hydrogen gas sensor through HER. In order to improve the
electrocatalytic performance of hydrogen gas sensing materials, further improvement
of the materials needs to be done. In future characterisation using Brunauer-Emmett-
Teller (BET) will be important to know the surface areas of the synthesised PANI, ZIF
and PANI-ZIF composite in order to determine the TOF. Furthermore, characterisation
using X-ray photon spectroscopy (XPS) will be of great importance to elucidate the
interaction mechanism between PANI and ZIF. Furthermore, XPS can reveal the
electrochemical hydrogen evolution on the electrocatalyst before and after HER
studies. It was observed from this work that PANI-CoZIF and PANI-ZnZIF composites
had higher HER responses as compared to neat PANI and ZIF. Moreover, since the
PANI-CoZIF and PANI-ZnZIF composites are insoluble and partially soluble, in the
conventional solvents such DMSO or DMF and completely decomposed in
concentrated acid, it would be useful to consider other solvents that can be used for
homogeneous HER applications.

Furthermore, low HER responses of pure PANI and ZIF were due to instability of the
radical cations produced during HER experiment in acidic condition. Two alternatives
can be utilised in the future to enhance the HER response of the materials. The first
approach is to consider alkaline medium as the alternative solvents for HER studies.
The second approach is to evaluate the HER of the composites films on interdigitated
electrodes in the future through electrochemical polymerisation as heterogeneous
HER studies. This is because the results showed that the cross reaction between the
PANI-CoZIF and PANI-ZnZIF composites radicals and the electrolytic solution is an
important contributing process which influences the HER performance as reflected in
the scan rate dependent studies. HER performance of the synthesised materials must
be conducted using glassy carbon working electrode which will make it possible to
coat. More experimental work needs to be done to optimise the PANI-CoZIF and PANI-

ZnZIF composites for electrochemical hydrogen
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gas sensing which includes the usage of different ratios of PANI and ZIF as the dopant.
HER studies can also be done using different pH’s and temperatures to optimise the
eletrocatalytic performance of the composites. Even though the materials exhibited
good catalytic performance, the stability and durability of the materials during HER
studies also needs to be investigated for practical application of these materials.
Furthermore, quantification of the amount of hydrogen produced is vital and it can be
achieved by coupling CV experiments with gas chromatography or mass spectroscopy
to form a hyphened instrument that can reveal the amount of gases in the HER. The
substitution of gold electrode with glassic carbon working electrode for hydrogen gas
sensing through HER of these materials is a possible alternative route to be employed
in future. This will make it possible to coat the synthesised materials on the surface of
the electrode instead of preparing them in solutions which can improve electrons
movement. The Photo-catalytic hydrogen evolution reaction studies of these materials
are also alternative route to be used in future for HER studies. Moreover, it will be
important to couple photo-and-electro- catalytic hydrogen evolution studies in future.

The HER mechanism for some of the materials are well known but there are majority
of materials whose mechanism are still in their infancy, and it is more than ideal to
know the mechanism of all these materials in order to improve their performance. The
composites also showed good hydrogen sensing capability deduced by low detection
limit, fast response time, greater sensitivity and diffusion coefficient. However sensing
parameters such as selectivity, stability and durability are also important. In addition,
great progress is being made in the polymer based materials for electrochemical
hydrogen gas sensing. Much help has come from the computational tools available
today, and we believe that a material which essentially matches metal and metal
oxides as an electrocatalyst for hydrogen gas sensing will be found therefore it will be
good to implement computational model in hydrogen sensing. In future more work has
to be done on achieving selective-long term hydrogen gas sensing electrocatalysts,

scalable synthesis techniques, and a real- world electrolyte system.
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S1: EXPERIMENTAL SECTION

Polyaniline (PANI) was synthesised according to the route reported previously by
Ramohlola et al. [1]. The synthesis of polyaniline was achieved by dissolving
approximately 1 mL of the distilled aniline monomer in a solution of 10 ml HCI/200 mL
distilled water in a 250 mL round-bottom flask. The solution was stirred for 30 minutes
at 50 °C whereafter 2.40 g of ammonium persulphate (APS), (NH4)20g and

1.88 g of FeCls were added, respectively, in the solution. The resulted mixture was
stirred for another 3 hours at 50 °C, and the content of the reaction was placed in the
oven at the same temperature for overnight to evaporate the solvents, and remaining
content was washed with ethanol and re-dried. ZnZIF (ZIF-7) was synthesised as
described by Quan et al. [2] with some modifications wherein methanol, zinc chloride
and benzimidazole (BIZ) were used as a solvent, metal center and linker, respectively
instead of distilled water cobalt nitrate hexahydrate and 2-methyl imidazole. In a typical
synthesis, 0.45 g of zinc chloride was dissolved in 3 mL of deionized (DI) water; then
5.5 g of benzimidazole (BIZ was dissolved in 20 mL of DI water. Those two solutions
were mixed and stirred for 6 hours at room temperature, then the resulting
precipitates were collected, washed with water and methanol

subsequently for 3 times, and finally dried at 80 °C for 24 hours. PANI-ZnZIF
composite was prepared by following a reported procedure of PANI/MOF composite
by Ramohlola et al. [1] with some modification, ZnZIF was used as a dopant instead
of MOF. The synthesis of PANI-ZnZIF composite was achieved by dissolving
approximately 1 mL of the distilled aniline monomer and 3.6 wt.% ZnZIF in a solution
of 10 ml HCI/100 mL distilled water in a 250 mL round-bottom flask. The solution was
stirred for 30 minutes at 50 °C whereafter 2.40 g of ammonium persulphate (APS),
(NH4)20g and 1.88 g of FeClz were added, respectively, in the solution. The resulted
mixture was stirred for another 3 hours at 50 °C, and the content of the reaction was
placed in the oven at the same temperature for overnight to evaporate the solvents,

and remaining content was washed with ethanol and re-dried.
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Abstract

The hydrogen evolution reaction (HER) of CuPc/MOF composite was investigated for hydrogen production. The
SEM and EDS analyses showed that CuPc was incorporated into MOF through impregnation method. The
electrochemical measurements were studied using cyclic voltammetry (CV) and it was found that CuPc/MOF
composite exhibited favourable catalytic activity for HER. The Tafel slope value of the CuP¢/MOF composite was
found to be 185.3 mV.dec™' and noticeably lower than that of the bare MOF (236.7 mV.dec™") at 0.30 M of the acid,
and the charge transfer coefficients are all close to 0.5, suggesting the Volmer reaction coupled with either
Heyrovsky or Tafel reaction for hydrogen production. The exchange current density, (io) of all the samples increased
with increasing the concentration of the hydrogen source. Nonetheless, the CuPc/MOF composite showed a higher
io as compared to bare MOF. These observations provide a platform to synthesize promising low-cost CuPc/MOF
electrocatalyst with high efficiency and excellent electrocatalytic performance for HER.

Keywords: Metal organic frameworks; Phthalocyanine; Hydrogen evolution reaction
1. Introduction

In recent years, fossil fuels are considered as the main energy resources. Nonetheless, they possess some
disadvantages such as limited resources, global warming and environmental pollution. A numerous efforts have
been considered to use alternative energy sources instead of fossil fuels to circumvent these problems. In this
context, hydrogen fuel cell technology is one of the promising technology for sustainable energy applications owing
to its various advantages such as recyclability, pollution-free and fuel efficiency Ren et al (2013). In addition, Hz2 gas
yields more energy, which is about 2.75 times greater as compared to traditional gasoline based energy resources.
However, the problem for practical usage of Hz gas as an energy carrier lies in the production and storage
technology Ehsan and Wahid (2016). Up to this stage, electrochemical reduction of water is preferred as an effective
and alternative route to produce hydrogen with high purity and in large quantity because of its simplicity and
economical way Ren et al (2013). A number of porous materials such as carbon nanotubes, metal organic
frameworks (MOFs), graphite nanofibers, zeolites and activated carbon were proposed as candidates for HER Ren
et al. (2013) and Benck (2014). Among these materials, MOFs hold a greater promise as potential candidates in the
design of advanced muitifunctional materials due to their unique structures Zheng and Jiao (2017). MOFs are
inorganic-organic hybrid compounds built from metal ions or clusters and organic ligands by coordination bonds,
providing highly crystalline porous structures with large surface area, high pore volume as well as uniform nanoscale
cavities Ramohlola et al. (2017). Thus, MOFs have been used in various applications such as energy storage, CO2
adsorption, hydrocarbon adsorption/separation, catalysis, advanced sorbents for solids extraction and sensors.
However, MOFs possess some drawbacks as HER material because of H2 embrittiement, moisture instability and
poor Hz adsorption and desorption at ambient conditions Ramohlola et al. (2017). To the best of our knowledge,
there are no studies reported on the formation and observation of HER using CuPc incorporated on the MOF surface
to prepare an effective electrocatalyst. Therefore, this study reports on the synthesis, characterization and
application of the hybrid-hybrid CuPc/MOF composite as a suitable electrocatalyst for HER.

1l. Experimental Set-up and Procedure

MOF was synthesized following our recent published work Ramohlola et al (2017). In brief, 4.5 mmol of
Cu(NO3)2.3H20 was dissolved in 10 ml of distilled water and then mixed with 0.525 g (2.5 mmol) of HsBTC dissolved
in 10 ml of ethanol. The mixture was stirred for 30 min and then transferred into a 23 mi Teflon stainless-steel
autoclave and sealed to react for 36 hours at 120 °C in thermostatic drying oven. Copper phthalocyanine (CuPc)
was synthesised from phthalimide according to previous method reported elsewhere Chiang et al. (2012). Typically,
a mixture of phthalimide (3.00 g, 0.0200 mol) in the presence of excess urea (3.00 g, 0.0500 mol), ammonium
heptamolybdate (0.0800g, 0.0600 mmol) and copper nitrate (1.40 g, 0.0058 mol) in nitrobenzene (15.00 mL) was
refluxed for 5 hours at 180 °C to give a target compound. CuPc/MOF composite (Scheme 1) was prepared by
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analysis. The Tafel slope of the composite was 176.9 mV/dec and the transfer coefficient of 0.67 which is
close to 0.5. The HER results revealed that the PA@CuPc/MOF composite has better catalytic characteristic
such as high catalytic activity and lowest onset potential compared to MOE More importantly, the sig-
nificant enhancement of HER performance at ambient temperature for the composite with Pd content
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1. Introduction

0,) consists of two half reactions known as oxygen reduction re-
action (ORR) and hydrogen evolution reaction (HER) [3]. The ORR

The growing concern of energy crisis and environmental
pollution promotes the development of an effective clean energy
technology. Hydrogen gas has a potential to be an altemative en-
ergy carrier because it offers clean, effident and renewable energy
characteristics [1]. In addition, H; gas yields more energy, which is
about 2.75 times greater as compared to traditional gasoline based
energy resources [2]. However, the problem for practical usage of
H; gas as an energy carrier lies in the production and storage
technology [2,3]. Electrochemical water splitting (H,O — Hz +%
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and HER nomnally take place on the anode and the cathode,
respectively. The reaction mechanism of HER (2H+ + e- —H)in
aqueous add or alkaline solutions proceeds in a series of three
elementary reaction steps which comprise of two electrochemical
reactions and one chemical reaction [4]. In addic medium, the HER
could proceed via three main steps given in Egs. (1)—(3) [5]:

H' + e~ — Had Volmer reaction (electrochemical adsorption) (1)

Had + H' 4 e- — H2 Heyrovsky reaction (electrochemical
desorption) (2)

Had + Had — H; Tafel reaction (catalytic desorption) (3)
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