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Abstract

Electrochemical sensing technology is predominantly used to detect and monitor potentially toxic elements in
water. Carbonous-based new screen-printed-based electrochemical sensors were built and further
modified with interesting nanomaterials for the detection of heavy metal ions using various electrochemical
techniques. As a vast amount of research work has been done in this research area, there are many practical
issues in handling them for infield application. Even exhibiting a reasonable performance in the approach
towards real field applications, A majority of electrochemical sensors reported have never left the laboratory
conditions even while providing advantages over expensive conventional sensing system and their methods.
The work focuses on guiding beginners approaching the research field of the printed electrochemical sensor
and provides an in-depth understanding ofa step-by-step approach to sensor fabrication, sensor
characterisation, data collecting, data processing, and data analysis and further proceeds towards building the

bridge between the technical gap between using the laboratory-based and field practicality application.

The work described in this thesis majorly includes 1) fabricating new printed electrochemical sensors for the
detection of potentially toxic elements such as Ag, Au, Cd, Co, Cu, Fe, Mn, and Pb ions in water using multiple
electrochemical techniques; 2) Discussion on the precondition, and Postconditioning stages for the reusability
of the sensor; 3) An insight on pulsed anodic stripping voltammetry and the requirement of optimisation
between the deposition and condition stages for the reproducibility of the printed sensor; and 4) Different
nanomaterials such as molybdenum disulphide, graphitic carbonic nitride, Zinc oxide, and a mixture of
Titanium dioxide and Magnesium oxide were infused with the screen-printed carbon electrode as a working
sensing electrode for the detection of targeted analyte with excellent sensitivity and selectivity among

interfering akin analyte ions.

A comparison of sensor performance between conventional and printed electrochemical sensors was executed
to achieve improved sensing performance. Two Arduino-based readout equipments were developed as sensing
technology for low-cost potentiostats, and they were further incorporated with the nanomaterial developed for
field deployments with two unique electrochemical techniques, i.e., chronoamperometric and Voltammetric

detection.
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[1] 1.Introduction

1.1 Introduction

In Modern times, Electrochemical (EC) Sensing has become widely employed in detection and monitoring
applications in various fields, including environmental monitoring, clinical diagnostics, food safety, and more.
Among these applications, the detection and monitoring of heavy metals in water is a primary global concern
that has impacted both human health and the ecosystem.!"! From the middle of the 20th century especially after
the third Industrial revolution'?, due to the expanding population, the global demand for people has increased
in many product-based industries such as pesticides, electronics, semiconductors, paints, etc.*# This results
in an enormous amount of industrial wastewater being disposed into the water resources on a daily basis.
Heavy metals are significant and potentially impactful outcomes of such industrial wastewater, and they have
led to a sudden increase in heavy metals across natural resources in recent centuries.® ¢ Often toxic in nature,
the presence of such non-degradable heavy metals in both surface water and groundwater becomes one of the
major global threats as main water pollutants, concerning all living organisms as well as the environment due
to their huge adverse effects.” ¥ Even though broad research on electrochemical sensors for detecting such
heavy metal ions has been conducted vigorously for the last few decades for its advantageous easier
commercialisation and mass production agenda, the execution of such electrochemical sensing technologies
in field operations is still lacking in comparison to other common conventional sensing technologies." '%!
However, the recent utilisation of printed electrochemical sensors displays promising field operation
possibilities for field deployment along with attractive benefits such as low-cost production and less manpower
requirement. Therefore this leaves an exciting gap in their implementation towards practical application in
field conditions, especially in the case of screen-printed electrochemical sensors, which can be studied and
improved in each stage of sensor development and deployment (designing, fabrication, and characterisation of
the sensors, laboratory-based testing and building appropriate readout equipment and further field deployment

of the sensing system, to data transmission, data collection, and data analysis).[!! 1?]

1.1. Research Motivation (Context and Background)

In addition to comprehensive research on electrochemical sensing techniques, traditional methods for detecting
heavy metal ions in water quality monitoring are primarily divided into two main categories: spectroscopy
techniques and optical methods. Most highly sensitive conventional spectroscopy methods such as atomic
absorption spectroscopy, atomic emission spectroscopy, inductively coupled plasma mass spectrometry, and
cold vapour atomic fluorescence spectrometry generally require a pretreatment laboratory condition, which

13-16] This sensing equipment is

lacks continuous operation in field conditions and is not easily transportable.!
expensive and requires regular maintenance. Conventional Optical methods such as absorption, reflection, or
luminescence spectrometry, or with the help of dye indicators, optical fibres, integrated optics, and capillary-

type devices, also result in high maintenance and require expensive instrumentation.!'”- '8 The precision hugely
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demands laboratory conditions as it is challenging to operate in field conditions.!'” Unlike traditional methods,
electrochemical sensors offer several advantages, including portability, real-time monitoring, rapid response
times, high sensitivity and selectivity, low power consumption, and cost-effectiveness. These features make

them an excellent option for applications requiring real-time monitoring.

A technical gap exists among most of the electrochemical sensors reported in literature and research articles,
and they fail to adapt from laboratory-based testing to field deployment as they tackle interfering physical and
physicochemical changes that occur in real-time field conditions.[20] Most reported sensors follow a typical
electrochemical sensor setup that fails to adapt due to rigidity and eventually breaks in real time.?! 22 While
addressing field deployment of conventional rigid laboratory-based EC sensors, they were limited in their
adaptability to phenomena of water properties, such as physical parameters like flowrate velocity, temperature,
and pH, and chemical parameters, such as the influence of external chemical agents, which affect the sensor’s
performance in selectivity, non-repetitiveness, sensitivity, and damage towards such rigid sensors.?*-*!
Therefore, flexible printed sensors were tested in laboratory conditions to detect potentially toxic heavy metal
ions in water selectively and further investigated to check the feasibility of the sensor technology to reach the

measurable range of such trace elements present in the water sources.?% 27

Such printed sensors were built using techniques such as Die coating, inkjet, stencil, screen-printing, printer,
and 3D printing.****) Among these techniques, Screen-printed electrochemical sensors were widely explored
mainly due to their manufacturing benefits, such as high production rate and simpler equipment operations.™*:
341 Even though these printed sensors are more robust, deploying them presents a few common challenges,
such as a high noise output signal, a lack of better coating leading to easier pealing of material layers, and
the influence of interfering ions affecting the sensor’s selectivity.*>) However, these limitations can be
considerably avoided and improved at every stage of sensor development, from material selection, sample
preparation, calibration, and validation to the readout equipment, environmental conditions, data logging and

analysis, maintenance and cleaning, and safety considerations.% 3"

Apart from printing technologies, the usage of single or multiple nanomaterials as a receptor or sensing layer
among electrochemical sensors has been extensively used for their prominent performance of the sensor.
Having excellent material and electronic properties such as high surface area, selectivity, good electrochemical
properties, and tuneable electric conductivity, printing technologies were built with the utilisation of

nanomaterial.[3% 3]

Therefore, in this work, to escort the practical complexity of utilising nanomaterial-based screen-printed
electrochemical sensors for the detection of HMIs in water samples, The source and further adaptability
towards such limitations of EC sensors were discussed in detail by exploring new novel sensors for sensing
towards various heavy metals detection in water in the case of Ag, Au, Cd, Cu, Fe, Mn, Ni, Pb, Zn and further

conducting case studies for improved sensing performance in field operation were conducted.
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1.2.  Objectives and Key Findings:

Some of the optimisation processes for the development of new electrochemical sensors have not been
explored in a way to address the practical difficulties of their integration towards field operation. This includes
selecting materials and optimising the electrodes' ideal thickness, shape design, and texture regarding the
conductive material. The robust nature of the coating layer in regard to the solvent usage at ink formulation
can be improvised. The selectivity of certain nanomaterials can be explored towards akin interfering analyte
ions in water samples. The Electrochemical Impedance Spectroscopy (EIS) technique can be explored for

optimisation.

Pros
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Figure 1-1: Schematic representation of the technical gaps that need to be overcome for field deployment

while using a printed electrochemical sensor-based system.
In this thesis work, the research has the following objectives and key findings:

e The development of a two-dimensional Molybdenum disulfide (2D-MoS;) nanoparticles-based
flexible electrochemical sensor for the detection of copper ions in water and further used for the
determination of copper ion concentration. This entails the comparison of rigid-based conventional
electrochemical sensors and flexible printed sensors on the basis of fine-tuning operation with the help
of an EIS study. This study also includes the selective detection of copper from other interfering heavy

metal ions.

e The comparison study on utilising various electrochemical detection techniques on cobalt ions in water
was demonstrated with the help of the newly developed 2D graphitic carbon nitride (2D-gCsNy4) based
electrochemical sensor. Different electrode materials, such as screen-printed carbon electrodes (SPCE)
and screen-printed silver electrodes (SPSE), were investigated for detecting Fe*" ions in water. The
above sensor was also used to illustrate the detection of ferrous ions in water, which helps to
understand the simultaneous detection between multiple analyte ions. The utilisation of g-Cs;N4
material for modifying SPCE was explored with various electrochemical techniques such as Cyclic
Voltammetry (CV), Differential Pulsed Volatmmtery (DPV), and Squarewave Voltammetry (SWV)

for the Co*" ion detection to see how the response time and data acquisition impacted these methods.
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Mixed metal oxide nanoparticles, such as titanium dioxide and magnesium oxide, will be explored to
detect the concentration of toxic heavy metal ions, such as Pb and Cd. Differential pulsed anodic
stripping techniques will be compared with normal differential pulsed techniques to understand the

selection of detection techniques in unique cases.

The demonstration of a Zinc oxide (ZnQO) nanoparticle-based electrochemical sensor for detecting
multiple heavy metal ions concentrations such as Ag, Au, Co, and Mn. The integration of low-cost
readout potentiostat will be optimised for the detection of Mn ions in water. A comparative study
between the newly built readout and commercial workstation will be further explored for field

deployment applications.

A few of the field deployment complications such as repeatability, and interference ions will be studied
using appropriate experiments, and their conclusions with common observations will be made. Also,
the selection of materials will be discussed for various electrode materials and substrates in terms of

their applications.
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1.3.  Structure and scope of this thesis

Chapter 1 Chapter 2 Chapter 3 Chapter 4

Chapter 6

Conclusion Designing of readout equipment Data acquisition for the detection
for field application of iron ions in water using
multiple electrode materials
4 Introduction U Introduction
Q Conclusion 3 Cobalt ions detection using g- 0 SPCE for the detection of Fe**
C3N4 modified SPCE & Fe** ions
0 Future perspective
O Readout using Arduino 0 G-C;N, modified SPSE for Fe**
detection
O Possible detection of multiple
ions using ZnO 0 G-C;N, modified GCE for Fe*
detection

& PCB-based Readout
O Conclusion
3 Conclusion

Figure 1-2 The organisation of the thesis chapters

This thesis work covers the views that were highlighted in the preceding section and was divided into seven
chapters along with their reference and appendix. During the development of newly fabricated sensors for the
detection and monitoring of heavy metal ions in water, several synthesis processes of nanomaterial such as
MoS,, gCsNa4, ZnO, and TiO-MgO were included, and further, the ink formulation for each printing technique
was discussed. A comparative study between several printing techniques was displayed for a brief
understanding. This work also includes the development of a suitable low-cost potentiostat that was built
accordingly to resonate similar laboratory-based electrochemical workstations. The selectivity and
repeatability of the fabricated sensor were discussed in detail in regard to each unique sensor. It also includes
a comparative study of various designs for three electrode systems where the mini portable sensor was
characterised by both COMSOL simulation and EIS technique, in order to understand the sensing mechanism
of the fabricated sensor. This Ph.D. work contains all the above aspects, and each chapter briefly describes its

content at the beginning to give an overview of the topic covered.

The brief description of each chapter was organised in the following way.
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Chapter 2 contains a detailed literature survey on the toxicity of heavy metal, which leads to the importance of
the detection and monitoring purpose, a brief topic of common conventional detection methods, Various
electrochemical sensor mechanisms, and the common electrochemical techniques that were commonly
utilised. Here, a few sensing parameters for the characterisation methods were briefly described. The brief
topic covers the already pre-existing printing methods, a detailed literature research study based on the
materials available in the existing literature, and their adapted detection technique. A detailed discussion on

reported readout types of equipment for field deployment was included.

The work in Chapter 3 describes my view on the selection and optimisation process that will be undertaken
for the subsequent sensors. This chapter involves five portions i.e., 1) Description of the experimental setup,
2) fabrication methods, 3) Optimisation of printing parameters such as design and thickness, and 4) the
methodology towards detection and characterisation, 5) Design and optimisation of integrated readout
equipment printing technique. Optimisation of printing thickness for carbon-based electrodes was done for the

detection of ascorbic acid in water using EIS results, which also showed affinity-based EC detection.

Chapter 4 covers the selection process of material for the development of MoS, nanoparticles-based flexible
screen printed carbon-based electrochemical sensors, which were discussed, and a comparison study between
the conventional electrochemical sensor and flexible printed sensors were explored using the EIS study.
Initially, the material synthesis and characterisation technique for MoS, nanoparticles was mentioned. The
work also includes several studies on the developed sensor such as concentration studies, accumulation studies,

the effect of scan rate, interference studies, and repeatability studies.

Chapter 5 involves the detection of iron in different oxidation states, i.e., Fe*" and Fe*" ions in water. There
are three sections: (1) The development and testing of SPCE for detecting Fe** and Fe** ions in water. (2) The
development and testing of g-CsN4 modified SPSE and g-Cs;N4 modified Glassy Carbon Electrode (GCE),
SPCE for detecting Fe** ions in water. Here, the material synthesis and their characterisation are involved. The
EC-based characterisation and their testing results. This chapter includes a synthesis of g-C3;N4 nanomaterial,
and their material characterisation results, such as X-ray Diffraction (XRD), and scanning electrode
microscopy (SEM). The fabricated sensor was used for the detection of iron ions in water. The Glassy carbon
electrode (GCE) which is the typical conventional electrode was compared with SPCE-based electrodes. This
work enables us to understand the lack of sensitivity between laboratory setup and printed electrodes for field

conditions.

Chapter 6 consists of two sections: 1) mixed metal oxide-based nanomaterials assisted screen printed
electrodes were used for the detection of Pb, Cd, and Zinc. Here, Differential pulse voltammetry is associated
with the anodic stripping voltammetry (ASV) technique to detect the presence of such toxic analytes. Later, a
comparative study between Differential pulsed anodic stripping voltammetry (DPASV) with DPV technique
was executed. 2) To achieve good recovery of the used sensor, this chapter focuses on optimising the DPASV
technique for several substages, such as preconditioning, deposition of ions, and post-conditioning of the

S€nsor.
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In Chapter 7, which consists of two sections, the ZnO-modified SPCE sensor was tested for the simultaneous
detection of multiple heavy metal ion analytes (Ag, Au, Co, and Mn ions) in water. The designed readout is
optimised for detecting Mn ions in water, and the results were further compared with those from the
electrochemical workstation. This also involves the study of similar interfering heavy metal ions. The second

section includes a g-C3N4 modified SPCE-based EC sensor for the detection of cobalt ions.

By Chapter 8, a conclusive discussion of the collective result and future aspects will be discussed for the worth
investigating. To conclude, A final summary of all the above-printed sensors was presented in a brief way with

insight suggestions, that were given for possible future directions.

1.4. Methodology

The methodological approach for the upcoming chapter includes

e Synthesis of desired nanoparticles and further material characterisation was done using XRD and
SEM.

e Fabrication of newly printed sensors using a screen printing method.

e Characterisation of the printed sensor towards the detection of targeted analytes.

e Screen printing was done for different electrode materials, and further thickness optimisation was done
using the EIS study.

e A comparative study on the designs of 3 electrode systems of a conventional setup and the printed-
based sensor was done using the EIS technique.

e To find the electrochemical detection property of each sensor, an electrochemical technique such as
Cyclic voltammetry (CV), DPV, and DPASV was used,

e For application purposes of monitoring, other techniques, such as Amperometry and open circuit
potential (OCP), were used.

e For conducting the concentration study, the effect of scan rate, repeatability, and interference study,
Both CV and DPV were used for the spiked water samples.

e For the calibration of readout equipment, results from the electrochemical workstation were used for
similar detection procedures.

e Significance of preconditioning and postconditioning stages towards anodic stripping voltammetry-

based detection.
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[2] State of the Art in a nanoparticle-based Printed
Electrochemical Sensors — A Literature Survey

Introduction

In this Chapter, the literature survey is divided into 4 sub-categories which are 1) Adverse effects of Heavy
metal ions on living organisms and the environment, 2) literature studies on the electrochemical sensors that
have been used for the sensing application towards heavy metal ions in water, 3) literature survey on the printed
electrochemical sensors commonly used for the detection of heavy metal ions and 4) readout circuits for

deploying sensors in water resources.

2.1 The significance of monitoring Heavy Metal Ions in the hydrosphere

Heavy metal element traces are fundamentally needed for the living organism as each element plays a crucial
role in leading a healthy life.[*! Nowadays, heavy metal ions (HMI) are among the most serious pollutants

41, 42] Because these substances are non-

found in water resources due to increased industrial activities.!
biodegradable, they can remain and accumulate in the air, water, and food for centuries, leading to severe
health and environmental concerns.[** As a result, identifying harmful and toxic heavy metals in drinking
water has become essential and is regulated by multiple organisations. Various permissible limits for the
concentration of each heavy metal have been set by both international and local government organisations
including Several international organisations like the World Health Organization (WHO), the US
Environmental Protection Agency (EPA), Centre for Disease Control (CDC), Joint Food and Agricultural
Organization (FAO), and the European Union (EU). As lower concentrations for most of the heavy metal ions

are necessary for living organisms to carry out their daily activities, there is a constant need to check their

concentrations. Therefore, these permissible levels of such HMIs are in subparts per millions or billions (ppm

or ppb).

2.1.1 Toxicity and human health adverse

HMIs naturally enter the food cycle chain and further reach human beings in the form of food, air, and water.*4
As shown in Figure 2-1, the impact of heavy metals can be outlined that both deficiency and overconsumption
lead to several fatal health issues. The permissible levels were introduced to avoid the excess intake of such
potentially toxic heavy metals daily. Unmonitored contaminated water is the major source of several health-
based outbreaks in living beings, and regulatory organisations such as WHO, EPA, CDC, FAO, and the
European Union have set a permissible limit for such HMI concentration. In this thesis, the detection of heavy
metal ions which are focused are Cu**, Fe**, Pb*", Cd**, Co**, Au**, Ag**, and Mn?". Their negative impacts

on health are discussed below.
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Figure 2-1 : Deficiency and overconsumption of heavy metal ions on Human health

Lead: The Environmental Protection Act (EPA) establishes the maximum allowable pollutant level at 15 pg/L,
with oversight from the United States Environmental Protection Agency. High levels of lead consumption can
damage several organs, such as the kidneys, liver, and reproductive system.!*> It can also adversely affect vital

cellular functions, the central nervous system, and brain activity.[*%47)

Zinc: Zinc is an essential and ubiquitous metal that plays a crucial role in various biological processes. The
World Health Organization recommends a maximum zinc concentration of 3 mg/L in drinking water to ensure
safe consumption.!8! The toxicity of zinc varies depending on how and how long of the metal one is exposed
through water consumption.*”! Significant sources of zinc exposure include industrial activities such as
smelting and mining. A substantial portion of zinc released into the environment comes from mineral
processing activities, which can have a considerable impact on ecosystems and the organisms that inhabit
them.® Zinc is involved in numerous enzymatic reactions by functioning as a cofactor, which is vital for the
proper activity of many enzymes. Excessive zinc intake can lead to zinc toxicity, which may cause nausea,
vomiting, diarrhoea, and abdominal pain in the short term. Long-term exposure to high levels of zinc can

interfere with copper absorption, resulting in anaemia, immune dysfunction and neurological issues.

Iron: Iron is an essential nutrient for health, but ingestion of excessive amounts of iron in drinking water can
be detrimental. The World Health Organization sets a 0.3 mg/L concentration of copper ions as a permissible
limit in drinking water. Elevated concentrations of iron in drinking water can lead to gastrointestinal issues
such as nausea, vomiting, and diarrhoea. Prolonged exposure to high iron levels may also result in more severe

44, 51

health problems, including liver damage and iron overload disorders.!** 3! This is particularly worrisome for

those with genetic disorders such as hemochromatosis, which makes them prone to iron buildup. Elevated iron
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concentrations can negatively impact aquatic ecosystems by promoting the excessive growth of algae and other
aquatic plants, disrupting the natural balance of these environments. When these plants die and decompose,
the process consumes oxygen from the water, potentially leading to hypoxia (low oxygen levels) and harming

fish and other aquatic organisms. 4 32!

Copper: Copper is an essential micronutrient crucial for the health and functioning of living organisms. Here,
WHO sets the permissible limit to 2 milligrams per liter. Copper is necessary for various physiological
processes in plants, including chlorophyll synthesis, photosynthesis, and carbohydrate and protein metabolism.
A lack of copper can interfere with these crucial metabolic functions, resulting in adverse effects. On the other
hand, excessive copper exposure can cause toxicity, which can be detrimental to both plants and other

organisms.[33-5%

Cadmium: Humans can be exposed to cadmium by consuming contaminated food, inhaling polluted air, or
ingesting water containing high levels of the metal. WHO recommends a cadmium limit of 3 micrograms per
Liter in drinking water. Cadmium can enter the atmosphere through both natural processes and human
activities, leading to exposure for animals and humans in various ways. In aquatic ecosystems, cadmium
pollution originates from sources like absorption, industrial discharges, and surface runoff, leading to its
accumulation in soil and sediments. Cadmium is not advantageous for plant growth or metabolic functions and

does not play a positive role in these processes.[¢-38]

Cobalt: Cobalt is abundantly found in the environment, including plants, soils, rocks, and water, and is
frequently utilised in alloy production. Although its discharge rate is relatively low, cobalt still poses
considerable health risks. While small amounts of cobalt can be beneficial and generally do not cause harm,
excessive releases into the environment can be extremely dangerous and potentially fatal, affecting the lungs,
heart, and thyroid. The World Health Organization (WHO) has not set a specific cobalt limit for drinking

water.>% 0]

Gold: Gold is generally regarded as non-toxic and is commonly used in various medical applications and
devices. However, gold ions, particularly at higher concentrations, can be harmful. Drinking water with
elevated levels of gold ions may lead to gastrointestinal symptoms such as nausea, vomiting, and stomach pain.
Extended exposure or high doses might cause more severe health issues, including kidney damage or systemic
toxicity, though such instances are rare. Increased gold ion levels in aquatic environments can disrupt
ecosystems. Gold ions can impair the health and growth of aquatic plants and animals, and in high
concentrations, they can be toxic to fish and other wildlife, potentially causing developmental problems or
death. Additionally, gold ions can interfere with natural biochemical processes, leading to imbalances in
aquatic ecosystems. Gold ions in water can impact its visual quality. While gold generally does not
significantly impact taste or colour, higher concentrations can lead to discolouration or reduced clarity, which
may influence the water's suitability for drinking or recreational purposes. The World Health Organisation and
other regulatory bodies have not specified an official permissible limit for gold in drinking water, as gold is

not typically present at harmful levels in natural water sources. Gold is generally considered low toxicity, and
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concerns about its safety mainly arise in industrial or medical contexts rather than environmental exposure

through drinking water.!°!- ¢

Silver: WHO has set the permissible limit as 0.1 mg/L for the silver content in drinking water. Silver in water
can become toxic to humans, especially at higher concentrations. Although small amounts are generally
harmless, prolonged exposure or high levels of silver can result in several health concerns. Here's an overview
of how silver in water can affect human health. Health Effects of overdosage of Silver in Water include

Gastrointestinal Issues, Kidney and Liver Damage, and Neurological effects, Skin and Eye Irritation.

Manganese: Manganese is an important trace element for human health, but when present in high
concentrations in drinking water, it can become toxic and lead to various health issues, including neurological
damage, cognitive and developmental impairments, and gastrointestinal problems. Elevated levels of
manganese can adversely impact aquatic ecosystems. The World Health Organization (WHO) has established
a guideline value of 0.4 mg/L for manganese in drinking water. High concentrations may disrupt the growth
and reproduction of fish and other aquatic organisms, potentially resulting in population declines. While small
amounts of manganese are beneficial, excessive levels in drinking water can result in serious health issues,
particularly affecting neurological and cognitive functions. Monitoring manganese levels in water is crucial to

63, 64

avoid toxicity and safeguard public health.[®*: ¢, The main drinking-water guideline or regulatory limits for

the metal ions considered in this work are summarised in Table 2-1.

Table 2-1. Regulatory / guideline concentration limits for the metals studied in this thesis.

Analyte Typical limit | Units | Main regulation / guideline and notes
(ion) in drinking
water
Copper 2.0 mg L' | Health-based guideline value in WHO Guidelines for
(Cu*) Drinking-Water Quality, 4th ed. (support.esdat.net) and

parametric value in the EU Drinking Water Directive

98/83/EC. (lenntech.com)

Iron 0.2 mg L' | Indicator parameter in the EU Drinking Water Directive
(Fe**/Fe’*") (aesthetic/operational limit rather than a health-based

value). (lenntech.com)

Zinc (Zn**) | =3 (aesthetic | mg L' | WHO does not set a health-based guideline value for zinc;
threshold) concentrations above ~3 mg L' may cause unacceptable
taste and appearance. (World Health Organization)

Lead (Pb*) | 0.01 (10) mg L' | Health-based guideline value of 0.01 mg L' in WHO

(ug Guidelines for Drinking-Water Quality (support.esdat.net)

L™ and parametric value in the EU Drinking Water Directive.

(lenntech.com)
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Cadmium

(Cd*)

0.003 (3)

mg L™

(ng
L)

Health-based guideline value in WHO Guidelines for
Drinking-Water Quality; (support.esdat.net) EU parametric

value is slightly higher at 0.005 mg L. (drinking-water-

testing.co.uk)

Cobalt
(Co*)

No WHO guideline value and no parametric value in the
EU Drinking Water Directive; cobalt is generally not

regulated specifically in drinking-water at international

level. (dwqgr.scot)

Silver (Ag")

0.1

mg L™’

WHO has not set a general health-based guideline, but a
provisional reference value of ~0.1 mg L' has been
proposed in the context of silver—copper disinfection

systems. (World Health Organization)

Gold (Au*")

No specific guideline value is given for gold in the WHO
Guidelines for Drinking-Water Quality or in the EU
Drinking Water Directive, reflecting its very low expected

concentrations in drinking water. (World Health

Organization)

Manganese

(Mn2")

0.05

mg L™

Indicator parameter (0.05 mg L) in the EU Drinking
Water Directive. (lenntech.com) WHO previously
proposed a health-based value of 0.4 mg L' for manganese
but later discontinued a formal guideline because typical

concentrations are much lower. (Europe PMC)

2.1.2 Sensing technologies for Detection and Monitoring Heavy metal ions in water:

Existing water quality monitoring sensing technologies:

Apart from recent fascinating research on electrochemical sensing methods, conventional sensing techniques

for heavy metal ion detection in water quality monitoring applications were divided into two major categories:

spectroscopy methods and optical methods.[®°] Most highly sensitive conventional spectroscopy methods,

such as atomic absorption spectroscopy, atomic emission spectroscopy, inductively coupled plasma mass

spectrometry, and cold vapour atomic fluorescence spectrometry, generally require a pretreatment laboratory

condition. This condition lacks continuous operation in field conditions and is not easily transportable. This

sensing equipment is expensive (on average, the cost of laboratory-based techniques for analysing heavy

metals per sample ranges from £16 to £80) and requires regular maintenance.®! Conventional Optical methods

such as absorption, reflection, or luminescence spectrometry, or with the help of dye indicators, optical fibres,

integrated optics, and capillary-type devices, also result in high maintenance and require expensive
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instrumentation. The precision hugely demands laboratory conditions as it is a bit challenging to operate in
field conditions. In contrast to conventional techniques, electrochemical sensors are known for their
advantages traits in terms of portability, real-time monitoring, quick responses, sensitivity and selectivity, low
power consumption, and cost-effectiveness, making them a suitable alternative for real-time monitoring
applications. Figure 2-2 shows the detection range of existing conventional analysing technologies and

electrochemical-based techniques.

Currently, the accurate dosage level of heavy metal ions can be identified from several instrumental analysis
methods, including X-ray fluorescence spectroscopy (XRF), ultraviolet-visible spectrophotometry (UV),
atomic absorption spectroscopy (AAS) and inductively coupled plasma mass spectrometry (ICP-MS). It
provides a lower detection limit in the range of femtomolar and can simultaneously detect multiple heavy metal
ions in various complex matrices. Nevertheless, sophisticated treatment procedures by professional operators
with high costs are required in the above methods. Also, the storage and handling of samples lead to changes
in the sample's composition, which leads to risk. Moreover, multiple samples are required to perform these
difficult analytical procedures.[** ") Most optical methods require high-precision fabrication methods, complex
equipment such as lasers, etc., and high-power operations, and therefore, they are not suited for performing

infield measurements.
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Figure 2-2 : Common detection range of various sensing technologies.
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On the contrary, electrochemical techniques can be carried out in a more friendly and economical way and
most importantly it is well suited to in-field applications as discussed in Table 2-1. They provide a considerably
better detection range with the lower limit of detection in ppm and ppb concentration levels. The quicker
response time and selective nature of the electrochemical sensor have provided impeccable opportunities for
immediate in-field testing and measurement of individual HMI targets. It also helps in individually identifying
various oxidation state natures of heavy metal ions. Compared to the other detection methods, simple
fabrication procedures allow for the design or/and improvement of the sensing performance, which can also
allow for a short analytical time in more reliable on-field testing. [** The electrochemical detection toolkit is a
quicker and more reliable determination method in infield conditions, and it can be easily integrated with
Internet of Things (IoT)- based devices. It provides cost-effective equipment, simpler fabrication, and an

analytical procedure.

Table 2-2: Instrumentation cost of sensing technologies available for the detection of heavy metal ions in

water.

Conventional Various methods Instrumentation Field
methods approximate cost Deployable

(Price range)

Spectroscopy Atomic Absorption Spectroscopy | 3000-6500 USD

methods (AAS)
Atomic  Emission  Spectroscopy | 10000-50000 USD N
(AES)
Inductively Coupled Plasma Mass | 50000-500000 USD N
Spectrometry (ICP-MS)
Cold Vapor Atomic Fluorescence | 4500-35000 USD N
Spectrometry

Optical methods Fluorescence Spectroscopy 3800-10000 USD N
Colorimetric Spectroscopy Around 1500 USD N
Raman Spectroscopy Around 12000 USD Y
Chemiluminescence Spectroscopy 20000-100000 USD N
Infrared Spectroscopy 15000-20000 USD N
Refractive  Index  Spectroscopy | Around 9500 USD N
Sensing

Electrochemical Conventional electrochemical 10000-15000 USD (EC | N

methods workstation)
Mini-Portable potentiostat Starts 1500 USD Y ( but requires

a  specialised
sensor)

Printed sensor with our readout | Less than 150 GBP Y (our sensor)
potentiostat equipment
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2.2 Electrochemical sensors in the field of water quality monitoring

This section provides general content on the electrochemical sensing mechanism, various methods of detection
used in this electrochemical sector, and collective literature studies on reported electrochemical-based research
articles. Figure 2-3 shows the idea of the work, represented by the red line to show the aspects where this thesis

focuses.
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2.2.1 General sensing mechanism of electrochemical sensor

Electrochemical sensing relies on the interaction between an analyte and an electrode within an
electrochemical cell, where redox (oxidation-reduction) reactions produce a measurable signal. An
electrochemical cell generally consists of a working electrode (WE), a reference electrode (RE), a counter
electrode (CE), and an electrolyte. The working electrode is where the analyte undergoes electrochemical
interaction, the reference electrode maintains a stable potential, and the counter electrode completes the circuit
by allowing current to flow. The electrolyte is a conductive solution that facilitates ion movement between

electrodes to support electrochemical reactions.[*® 711

Electrochemical sensing can be based on faradaic or non-faradaic processes. In faradaic processes, the analyte
participates in oxidation or reduction reactions that involve direct electron transfer between the analyte and the
electrode. The current generated is proportional to the analyte concentration, enabling quantitative analysis. In
contrast, non-faradaic processes do not involve electron transfer but rather involve changes in the electrical
double layer, such as capacitive charging, where the analyte's presence influences the electrode's surface
properties without undergoing redox reactions. In the current setup, an aqueous solution containing heavy
metal ions (HMIs) serves as the electrolyte. The cell potential is measured at the interface between the electrode
and the electrolyte solution. While multiple half-reactions may occur, the primary electrochemical event

typically takes place at the working electrode.’>7"]

Here, the resulting interaction (change in current, potential or frequency) can be measured using various
electrochemical techniques. Then, these data can be interpreted further for calibration and quantification to
determine the concentrations of the targeted analytes. In the first stage, the sensor's response is typically
calibrated with known concentrations of the analyte to establish a correlation between the measured signal and
the analyte concentration. the collected signal data is analysed to determine the analyte concentration using the
calibration curve or applying relevant mathematical models. For the second stage of using sensors in the field,
The raw signal is refined to eliminate noise and improve accuracy. Advanced signal processing methods may
extract significant information from the measurements. Finally, the processed data is presented or reported in

an easily understandable format, offering details on the analyte concentration or other pertinent parameters.!’®

77]

2.2.2 Electrochemical Technique Methods

The general electrochemical cell comprises a delicate electrode, an electrolyte, and electronic circuitry that
manages the current flow or the potential between the electrodes. In standard electrochemical techniques, a
specific analyte is analysed by monitoring either the current or the potential within this setup. At the same
time, the electronic circuitry regulates the other parameters. For instance, a galvanostat is employed to control
the current flow in the electrochemical system, whereas a potentiostat is used to regulate the potential applied
across the electrodes. Since it is impossible to maintain both current and potential simultaneously, this principle
underpins two main measurement techniques: potentiostatic and galvanostatic. Additionally, some techniques
do not involve control signals. Electrochemical techniques based on interfacial processes can be categorised

into static and dynamic conditions. In static conditions, no current flows through the cell (i=0), and therefore,
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only non-faradaic processes occur, as there is no alteration in the concentration of the chemical species within
the cell. In potentiometry, a potentiometer measures the potential with zero current flow. In contrast, dynamic
conditions involve varying current flow (i#0), leading to faradaic processes where the concentration of species
changes due to electrochemical reactions.!! Figures 2-4 show the classification of electrochemical-based

techniques that were widely used in detection applications.

2.2.2.1 Potentiometric sensor

Potentiometric ion sensor or lon selective sensor (ISE) is known for its long-term online or onsite water quality
monitoring application and its excellent selectivity as it tends to avoid the negative effect of other interfering
analyte ions. Under the static condition of no current flow within the cell, the concentration of analyte species
remains fixed, and here, the potentiometer is used to determine the concentration of the selective analyte by
measuring the potential of the electrochemical cell. The working electrode is often modified with either
inorganic, organic, or polymeric membrane, etc, for appropriate selectivity. Even under modification of
electrodes, ISE doesn’t exhibit much of a lower detection range. It also usually takes a long time (a slow

response) to detect heavy metal ions.l’ 7!
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2.2.2.2 Potentiostatic sensor

The potentiostat instrument controls the potential difference between the working and the counter electrode by
applying a potential between the counter and the reference electrode. The resultant flow of current within the
electrochemical cell setup is recorded and further analysed to predict the concentration of the electroactive
species. Based on the applied input voltage signal and recorded output current waveform, the potentiostatic

technique can be further categorised into 1) Amperometric and 2)Voltammetric or polarographic.

AMPEROMETRY TECHNIQUE

In the amperometric technique, the potential difference between the electrodes is fixed constant voltage, and
the current response of the resultant is measured as a function of time. Here, the polarity and the magnitude of
the controlled applied potential, i.e., fixed voltage, are carefully chosen according to the particular oxidation
or reduction potential of an electrochemical analyte species. However, due to the small surface area of the
sensing electrode, only a fraction of analyte species undergo electrochemical oxidation or reduction over the
electrode surface, leading to a very small change in current caused by the incomplete faradaic process. This
leads to uncertainty and less reproducibility. The Chronoamperometry technique was one of the amperometry
techniques where a step potential is applied to the working electrode, and the resultant current is measured as

a function of a shorter time scale, usually in micro or milliseconds.% 81

VOLTAMMETRY OR POLAROGRAPHY

Several forms of voltammetry differ in the type of varying potential applied to the indicator electrode.
Polarography is voltammetry in which the indicator electrode is made of mercury or, rarely, another liquid
metal. In classic polarography, mercury drops from a capillary tube. The surface of the mercury drop is the
site of the electrochemical reaction with the analyte. How the direct-current (DC) potential of the indicator

electrode varies with time is a potential (or voltage) ramp.

Voltammetry is the most used technique for applying the varying potential, and their current response is
recorded in multiple waveforms.®?! In contrast to the amperometry technique, the varying potential points help
determine multiple analytes, especially in the case of heavy metal ions. In addition to precise quantitative
analyses, voltammetry shows qualitative knowledge, such as the reversibility of electrochemical reactions. In
Linear sweep voltammetry, the potential difference applied between the reference electrode and the working
electrode is linearly swept with time, and the generated current is measured as a function of both potential and
time. Cyclic voltammetry is a double potential step where the potential scan is reversed, and the current
response is recorded. CV provides excellent qualitative information such as redox potentials, reaction rate, and
interactions of the electroactive species within the cell setup but has poor selectivity due to a non-faradaic
background current. Pulsed voltammetry is a technique where a pulse of the applied voltage is given to the
ramping voltage to obtain different recorded current waveforms while suppressing the background current
caused by a non-faradaic process. Normal pulsed voltammetry applies a pulsed voltage to the linear swept with
a fixed ramp voltage at regular intervals. Along with Square wave pulsed voltammetry, Differential pulsed
voltammetry (DPV) is the widely used pulsed technique where sequential voltages with fixed amplitude are

applied to the ramping potential and the differential between the measured current at two points, i.e.., before
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and after the pulse is recorded and plotted against base potential. This subtraction method reduces the non-
faradaic component by providing a delay after each pulse. Due to the reduction of non-faradic background
current, the concentration of the electroactive analytes is directly related to the peak current observed from the
response current waveform, which has a low response time due to the delay period. SWV is quite similar to
the DPV technique, where a symmetrical square wave potential is applied to the ramping voltage swept, which
leads to a staircase-type potential step. Here, the recorded current is formed at subtraction of the forward
current to the reverse current and further plotted against the function of both potential and time. Compared to
the DPV technique, the SQW technique is quite sensitive as the delay is caused by running a reverse cycle,

which results in rapid response time.

Stripping voltammetry is a two-step process where the first step involves the electrodeposition of electroactive
species onto the electrode surface by the interaction of either oxidised or reduced targeted heavy metal ions,
and later, the second step involves the stripping process where the release of electroactive species. Here,
parameters such as deposition time, electrode material and the deposition time are controlled as desired and
fixed further for each determination process. Depending on the polarity of the potential scan for the
electrodeposition process via electrolysis caused by potential voltage, they are classified as cathodic or anodic
stripping voltammetry. Adsorptive Stripping Voltammetry (AdSV) is one form of commonly used stripping
voltammetry where the physical absorption, i.e.., formation of the metal complex(es), causes the first step
instead of electrolysis-based precondition over the electrode surface. In addition to the use of various
waveforms, the stripping technique is further categorized into differential pulse anodic stripping voltammetry
(DPASV), square wave anodic stripping voltammetry (SWASV), and linear sweep anodic stripping
voltammetry (LSASV).

STRIPPING TECHNIQUE FOR METALS (M)

For heavy metals, the stripping mechanism that occurs at the electrode surface is deposition. When
nanomaterials are used as sensing materials ( both conductive and non-conductive), the stripping behaviours
of heavy metal ions can be depicted using an adsorption-release model. In the first stage, heavy metal ions
(M?*") in water are first adsorbed onto the surfaces of the nanomaterials, and then M** ions desorb and diffuse
to the electrode surface because of the concentration gradient. When deposition potential is applied, M* ions
are reduced on the electrode surface (M** + 2e — M?). Subsequent scanning potential is applied, M° is

reoxidized to M** (M° - 2e — M?"), and the stripping current signal is observed.[]

2.2.2.3 Galvanostatic techniques

In Galvanostatic techniques, the current is controlled between the working and counter electrode using a simple
galvanostat instrument, and the changing potential within the electrochemical cell setup is measured across the
reference and working electrode to determine the quantitative number of electroactive species. Here, no
feedback is needed from the reference electrode; thus, a simpler instrument is utilised compared to the
potentiostat techniques. However, due to the charging effect caused by double-layer formation, this technique

suffers from precision and lacks selectivity. This technique includes current reversal chronopotentiometry
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(CRC) and Cyclic chronopotentiometry. Mainly applied technique for heavy metal ion detection is
galvanostatic stripping chronopotentiometry (SCP)

2.2.2.4 Chronocoulometric technique ( or controlled potential coulometric):

The Chronocoulometric technique is quite like the amperometric technique, where the larger surface area-
based electrodes are used instead of the smaller electrodes, and the measured current response is a result of the
quantitative reaction of the electroactive analyte species at the electrode caused due to exhaustive prolonged
electrolysis. On Controlled potential coulometry, a fixed potential is applied at the working electrode and the
current is measured until the analyte species' complete electrolysis (~ 100 %), i.e., either oxidation or reduction,
occurs. As the electrolysis occurs, the analyte's current and concentration reduce, and this resultant current vs
time profile gives the total amount of charge passes. It is most often used to understand the total extent of
absorption of the analyte species at the electrode surface. Even though this technique has high accuracy and is
even simpler to perform electrochemical analysis, it was not widely used due to the requirement of high current

efficiency.®¥

2.2.2.5 Electrochemical Impedance Spectroscopy

EIS is one of the most powerful techniques for understanding the interaction between electrode-electrolyte
interfaces, especially when multiple layers of films are involved. Here, a small sinusoidal voltage was applied
to the working electrode, and the corresponding impedance was measured over an appropriate frequency range
corresponding to the interaction between the electrode/electrolyte interface. To understand the interfacial
properties between each interface, an electrical equivalent circuit (EEC) was used to represent the
electrochemical reaction within the electrolytic cell. Here, an electrical equivalent circuit (EEC) is defined by
the model of combined resistors and capacitors fitted to characterise the measured impedance spectrum. Here,
the concentration of reactive HMI species can be predicted by determining the resistive-capacitive parameters
of EEC through a frequency response analyser (FRA). Unlike other techniques, EIS can give insights regarding
both faradaic and non-faradaic components as the current flow over electroactive species, caused by an
electrochemical reaction that occurs with the electrolytic cell, generates charge transfer over the electrified
interface. In addition, by obtaining the impedance spectrum over varying frequencies, phenomena such as ion
exchange, charge transfer, adsorption, and diffusion of the electroactive species at the electrode-electrolyte

interface can also be easily predicted.®> 3!

2.2.3 Literature survey for HMI detection

In water, potentially toxic elements (PTEs) are widespread environmental contaminants with significant risks
to health and the environment. Effective detection and monitoring of these elements are essential for
safeguarding public health and environmental safety. Traditionally, detecting PTEs involves complex and
time-consuming methods requiring sophisticated instrumentation and high operational skill, which can
complicate field analysis. Printed electrochemical sensors have emerged as promising alternatives for the
rapid, sensitive, and cost-effective detection of PTE ions. These sensors are notable for their high sensitivity,

quick response times, low detection limits, and excellent reproducibility. The miniaturisation and integration
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of these sensors with portable devices allow for on-site, real-time monitoring of PTE ions in various

environmental samples, including water, soil, and biological fluids.

Over the last ten years, there has been a significant and growing interest in electrochemical sensors for
detecting heavy metal ions, as clearly illustrated in the Figure 2-5. Here, the Publication trends over the past

decade related to electrochemical detection of heavy metal ions, based on data from Scopus (keywords:

electrochemical detection of heavy metal ion). 29
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Figure 2-5 : Research articles in the field of heavy metal ion detection using electrochemical sensors that

were published in years

Table 2-2. List of reported electrochemical sensors for the application of detection of Al3+ ions. Here, the
Abbreviation for the list of electrochemical techniques used as follows: lon selective electrode (ISE), Cathodic
stripping voltammetry (CSV), Adsorptive cathodic stripping voltammetry (AdCSV), Differential pulsed
stripping voltammetry (DPSV), Differential pulse adsorptive stripping voltammetry (DPAdSV), Fast scan
differential pulse voltammetry (FSDPV), Linear scan voltammetry (LSV), Square-wave adsorptive stripping
voltammetry (SWAdASV), flow injection analysis (FIA), anodic stripping voltammetry (ASV), Differential
pulsed cathodic stripping voltammetry (DPCSV), Differential pulsed anodic stripping voltammetry (DPASV),
Electrochemical Measurement of Multivalent Cations Concentration (EM2C2), Multiple Square-Wave
Voltammetry (MSWYV); . Abbreviation for the list of chemicals used for the sensing layer: Sol-Gel-Au
nanoparticle (SGAuNP), 1,2-dihydroxyanthraquinone-3-sulphonic acid (DASA), Carbon paste electrode
(CPE), ethylenediaminetetraacetic acid (EDTA), rotating disk electrode (RDE), carbon paste electrode (CPE),

ion-exchange voltammetry (IEV)
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Sensing layer (working electrode) Detection method Targeted analyte/ Performance Reference
Sample matrix / (LOD/Detection (DOI)
electrolyte range)

MDE CSV Fe(II) 1*107 M -

Bi/Fe,03;/G/GCE CV, DPASV Zn*, 0.11pg L7, [87]

0.08 pg LY, 0.07 pg
L

rGO@CNT@Fe,0s/polypyrrole CV, SWASV Ccd¥, 0.1 nM [88]

nanocomposite

Fe;O, nanoparticles SWASV Pb?". 0.119 uM [89]

Fe;0,@Au CV, DPV Pb** 59 nmol/L [90]

Fe;0,~RGO CV.EIS, SWASV Pb** 0.056 uM [91]

spherical, rod and band Fe;04/rGO | CV,EIS Ag" [92]

nanocomposites

amine-Fe;O4 modified glassy carbon CV,EIS, SWASV cd* 0.15 pM [93]

PDA@Fe;04/magnetic GCE SWASV Pb(1I) 0.0029 [94]

Terephthalic acid (TA)/ Iron oxide | Square wave anodic | Pb (II) 0.04, and 0.2 uM for | [95]

(Fe;04) stripping Pb(I), and Cd(D),

voltammetry respectively
(SWASV)

Glutathione-functionalized magnetic | AS Pb%*" and Cd** 0.182 pg/L and 0.172 | [96]

nanocomposite (GSH@Fe;04) ng/L

monodisperse Fe;04-chitosan | square wave anodic | Pb(II) and Cd(II) 0.0422 uM [97]

nanoparticles stripping

voltammetry
(SWASV)

Fe;0,@SDX G-150 LSV Pb*" and Cd** 0.52 pg/L [98]

MnFe,04/ GCE SWASV Pb** 0.054 pM [99]

MnFe,04/GO GCE SWASV Cr(VI) 0.0883 [100]

novel L-cysteine functionalized | SWASV PbII 0.083 [101]

mesoporous MnFe,04 hybrid

nanospheres (MnFe,O,@Cys)

CoFe;0,/Bi nanocomposite SWASV Pb(1l) 1.51 ppb [102]

Co030, nanocubes/SPCE DPV Pb(Il), Cu(l) and | 0.92 ppb [103]
Cd(II)

Co030, nanoplates & nanocrystals SWASV Pb*" and Cd* 0.12nM and 0.16 nM | [104]

CoO — Exfoliated graphite SWASV Pb%, Cu? 94 ug/L [105]

Co0:ZnO/RGO/GCE DPV EIS CV Pb** 0.94 pg/L 0.83 ng/L [106]

core-ring structured NiCo,04 | SWASV Cu* 29.2 nM [107]

nanoplatelets 40 nM

29.5 1M

Lance-shaped SWASV Cd* Pb** 0.017 uM [108]

Sn0,/GCE 0.023 uM

SnO; quantum dots CV.EIS, Pb(1I), Cd(D, | 0.5 ppm [109]

AMPEROMETRY | Cu(Il)
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SnO;/reduced graphene oxide | CV, EIS, SWASV Pb(II) 1.015*%10°1° M, 1.839 | [110]
nanocomposite modified GCE *¥10'° M, 2.269*%10'°
M
F@SnO»/T/RGO, Cl@SnO,/T/RGO | CV Cd(r) 0.3nM [111]
and I@SnO,/T/RGO
triton X-100 functionalized DPV,CV Cd+2 0.0084 nM [112]
SnO; nanoparticles
NH,/SnO,-RTIL nanocomposite | SWASV Cddr), Pb(Il), | 0.0054 pM [113]
modified GCE. Cu(Il)
graphene/CeO2 DPASV Cu (1) 0.1944,0.1057, [114]
0.1636
CeO-MWNTs-EMIMBF; modified | DPV Cd? 5.0x10° M [115]
GCE
CeO-MWCNT DPV Cddr) 3.53 pg/L [116]
1.10 pg/L
r-CeO,/EG DPV Cd(I),Pb(II),Cu(Il) | 0.39 and 0.21 pg/L [117]
Ce-CNFs modified glassy carbon | CV,DPV Pb** 0.6 ppb and 0.3 ppb [118]
electrode
CeFe,0s/GCE SWASV Pb Cu 0.94 nM [119]
Bi/CeO,/rGO/FTO DPASV Cd*" and Pb* 0.00045 uM [120]
rGO/CeO,/FTO nanoribbons DPASV Pb (II) and Cu (II) 0.35 pg/L [121]
0.04 pg/L
Porous structured Cerium Oxide/Zinc | DPV Cd(II) 14.7 sM [122]
Oxide
fabricated on aluminium foil substrate
ZnO0@G SWASV Pb** 0.6 and 0.8 pug/L [123]
ZnO-RGO/GCE SWASV cd* 48 x10-10 M [124]
Ag-ZnO Nps modified glassy carbon | DPASV Pb** 3.5 and 3.8 nM [125]
electrode
CGE/ZnO_Lcys SWASV Pb 0.397 pg/L [126]
ZnO QDs /Nafion/Au electrode LSV and | Cd* and Pb* 5 ppb [127]
chronoamperometry
ZnO-NP/CPE Cv,swv Pb > 4.2 nM, [128]
CA/ZnO NC/GCE SWvV lead and cadmium 0.41 uM [129]
ZnO@MWCNT/GCE) CV,DPV Pb2+ 2.38 uM [130]
ZnO/RGO/GCE SWASV Mercury 0.04 pM, [131]
0.03 pM
0.03 pM,
Fe,O3;NPs/ZnONRs/ITO SWASV Cd (1) 0.01 pM [132]
ZnO/Nafion/Au electrode chronoamperometry | Cd(II) 4 ppb [133]
TiO, nanoparticle modified gold strip | LSV Pb(1I) 10 pg/L [134]
electrode
Au-TiO,-FH EIS Cu(II), Cd(I), | 429 pM [135]
Pb(1I)
Fe;0,@TiO,@NG@Au@ETBD/GCE SWV Pb 0.00075 nmol/L
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TiO»/ZrO, carbon paste composite | CV, SWASV Cd 7.6x10-6 M [136]
electrode 1.1x10-5M
TiO,NPs-APTE-CPE DPV As(iii) 2.0 x10-9 [137]
HA-TiO, NP DPV Cu* 0.98 uM [138]
PEDOT/B-TiO, DPV Pb(1I) 0.00087 uM, | [139]
PProDOT/B-TiO; 0.00186 1M;
MgO nanoflowers DPV Pb and Cd 435 x 10—4; 7.21 x | [140]
10-3 ppb
aminotetrazole functionalized MgO- | square wave anodic | CdII 0.019 yM [141]
SiO; (MSNT) nanocomposites stripping
voltammetry
(SWASV)
MgO nanoflower-modified  glassy | square wave anodic | Pb>" Cd(II) 4.35 x 10—4 ppb [140]
carbon electrode stripping 7.21 x 10-3 ppb
voltammetry
MgSiOs/Nafion electrode Square wave anodic | Cd*',Pb** 0.186 nM, 0.247 nM, | [142]
stripping 0.169 nM
voltammetry
(SWASV)
Zr/Zr0,/GCE DPV Pb(ii); Cd(ii) 5x10-8,4 x 10-8 [143]

From the summary in Table 2-2, various electrochemical techniques were explored for solid rigid electrode
materials and flexible-based printed sensors, such as Glassy carbon and Pt wire. Flexible, robust printed
materials, such as diamond paste, carbon paste, etc., are used. This provides various choices, and exploring
nanomaterials will enhance sensor performance. These include glassy carbon, graphite, graphene, and carbon
nanotubes. Known for their chemical stability and conductivity, carbon-based electrodes can be readily
modified with nanoparticles, polymers, or biomolecules to enhance functionality. Common anodic stripping
voltammetry (ASV) choices include gold, platinum, and mercury. Gold electrodes, in particular, show a strong
affinity for binding heavy metals such as arsenic and mercury. To increase sensitivity and selectivity,
electrodes are often modified with metal nanoparticles (such as gold, silver, and platinum), metal oxides, or
conductive polymers like polyaniline and polypyrrole. For instance, gold nanoparticles boost the surface area
and available binding sites for metal ions, enhancing sensitivity. Alloys like Au-Pd or Ag-Au elevate
electrocatalytic efficiency and ensure stability. Nanomaterials like metal nanoparticles, carbon nanotubes,
graphene, and metal-organic frameworks (MOFs) are frequently used in sensor development. Gold, silver, and
platinum nanoparticles increase sensitivity by offering a high surface area and advantageous electronic
characteristics. Carbon nanotubes and graphene are famous for their excellent conductivity, chemical stability,
and large surface area. Metal-organic frameworks (MOFs) are known for their high porosity and customisable
design; MOFs represent an emerging focus in heavy metal detection, often functioning as “molecular sieves”
that selectively capture metal ions. The table notes a collective idea regarding the sensor’s performance: the
limit of detection goes lower until nanomolar concentrations, i.e., in the range of Parts-per Trillion (ppt) to
Parts-per Billion (ppb). The detection range can depend on the usage of the appropriate sensing layer, electrode

material, and electrochemical scanning technique.
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2.3 Evolution of printed electrochemical sensor toward detection of HMI

2.3.1 History of screen printing

144]

Screen printing began in China during the Song Dynasty (960-1279 AD) to transfer designs onto fabrics.!

(1451 In the early

Japan was among the first Asian nations to develop and refine distinctive screen printing forms.
1900s, squeegees were developed and used to push ink through the screen mesh. Roy Beck, Charles Peter, and
Edward Owens are recognised for transforming the commercial screen-printing industry with their innovation

1461 Carbon-based materials have a well-established history in electroanalytical

of photo-imaged stencils.!
science. Over the past 55 years, they have seen significant advancements in their form, properties, and
modifications, which can influence their electrochemical behaviour. This review examines recent progress in
carbon materials, highlighting the versatility of graphitic carbon and its modifications. It provides a
comprehensive overview of printing techniques to create electrodes and sensors with modified carbon inks.!*”-
4991 The carbon paste electrode, developed by Adams in 1958, was introduced as a viable alternative to
traditional solid electrodes.!'*" In 1963, Perone advanced the field by utilising wax-impregnated graphite
electrodes for linear sweep voltammetry after pre-deposition, enabling the analysis of silver through stripping

methods.[!!]

2.3.2 Types of Printing Technology

Thin film and thick film technologies are the primary methods used in the production of electrochemical
sensors. Thin film technologies, including lithographic techniques, enable the creation of high-performance,
reproducible devices but are often associated with high fabrication costs. In contrast, thick film technologies,
such as various printing methods, significantly reduce production expenses and facilitate the mass production
of sensors with consistent reproducibility. Over the years, printing techniques have gained considerable
attention for sensor fabrication. These techniques can be categorised into two main types: (a) contact-based
methods (e.g., screen printing, gravure printing, pad printing, stamp-assisted printing, flexographic printing),
which involve direct physical contact between the printing medium and the target substrate, and (b) non-

contact printing processes (e.g., inkjet printing, aerosol-jet printing).[13>-154]

In the early days of electrochemical experiments, solid metallic electrodes were essential. However, as
electrochemistry has evolved and become more prominent in technology, there has been a shift towards
reducing manufacturing costs. This has led to the adoption of carbon-based materials, such as carbon paste

electrodes, which are cost-effective but may lack consistency in reproducibility.[!*>

Since the early 1990s, various printing methods—such as pad printing, roll-to-roll printing, and screen
printing—have created electrode circuits for electrochemical applications. Each of these techniques comes
with its own set of advantages and limitations. For instance, pad-printing allows for thin-film transfers suitable
for electrochemical setups but is not ideal for mass production of electrode systems, making it less favoured
than screen-printing. Screen printing, on the other hand, enables the large-scale production of highly
reproducible electrodes, bridging the gap between laboratory experiments and practical field applications.

Screen-printed electrodes have revolutionised this field due to their cost-efficiency, reproducibility, and ability
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to produce sensors on a large scale. These electrodes offer improvements in sensitivity, signal-to-noise ratio,
and reduced sample volumes, making them viable alternatives to traditional solid electrodes. Additionally, the
simplicity of mass-producing screen-printed sensors allows them to be used as single-use devices, minimising

contamination risks and eliminating the need for pre-treatment for solid electrodes.

Advantage of screen printing

Screen-printing technology for fabricating electrode materials has emerged as a dependable and cost-efficient
method for creating electrochemical sensors and biosensors. Various prototype devices have been developed
and utilised in diverse contexts of environmental and industrial analysis. This technology also facilitates
miniaturization, allowing the production of durable, disposable screen-printed electrodes. Due to their
lightweight design and user-friendly nature, these materials have gained considerable attention in
electrochemical sensing. The absence of intricate pre-treatment processes makes them suitable for real-time,

on-site monitoring and detection.!!3¢ 1571

2.4 Conclusion:

Thus, this chapter provides a detailed description of the standard electrochemical techniques available, and the
literature study on reported electrochemical sensors helps to select the appropriate and most extensively used
methods for the thesis work. In spite of the general description mentioned in this chapter, the upcoming chapter
is a continuation of the introduction chapter where a combination of technical description along with my

personal perception of the pre-setup of the following experimental works undertaken.
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[3] Fabrication methods, electrochemical techniques and

their optimisation

The work adapted from:

(1) Neethipathi, D. K., Mishra, S., Ganguly, P., A., Bass, A., Scott, M., & Dahiya, R. Flexible MoS2
modified Screen Printed Carbon Electrode based Electrochemical sensor for wine quality monitoring
by detection of ascorbic acid. Advanced sensor research journal (Submitted)

(2) Ganguly, P., Neethipathi, D. K., Beniwal, A., & Dahiya, R. (2022, July). Influence of Thickness of
Screen-Printed Carbon Electrodes on Electrochemical Sensing. In 2022 IEEE International
Conference on Flexible and Printable Sensors and Systems (FLEPS)

(Neethipathi, D. K conceptualized the study, conducted the experiments, analysed the data and written

(equal))

Introduction

This chapter will discuss a brief methodology for fabricating and further optimising the printed sensors to
develop new sensors. These individual electrochemical sensors will be further studied in detail in the upcoming
chapters. The chapter contains the basic electrochemical setup for the two and three-electrode setup, and the
function of each fabricated part will be considered. Then, the sensing materials are selected, the synthesis
process is performed, and the coating procedure is performed. The overall setup for the screen-printing process,
the overview of adapted electrochemical techniques, the printing process optimisation, and the development

of low-cost readout will be shown.

3.1 Electrochemical setups:

In general, printed electrochemical sensors are based on the principles of electrochemistry, where chemical
reactions are coupled with electron transfer at the interface between the electrode and the solution. The typical
part of an electrochemical sensor consists of a conductive substrate (e.g., screen-printed carbon-based
electrodes, silver or gold ink), which is usually functionalised with specific recognition elements (e.g.,
polymers, metal oxides, chelating agents, nanoparticles etc) for selective detection of analytes (such as PTE
ion detection, enzymes, etc). The sensing mechanism measures electrochemical signals during redox reactions
between the target analyte and the electrode surface. By effectively utilising electrochemical methods and

techniques, these signals can be correlated with the targeted characteristics of the analytes.

3.2.1 Parts of the Conventional Electrochemical Sensor & fabricated Printed Sensor

Conventional electrochemical sensors are generally defined using rigid substrates and traditional electrode
materials, as Figure 3-1 illustrates. On the other hand, flexible electrochemical sensors are designed to be
adaptable and conformable on a flexible substrate, such as the printed electrochemical sensor shown in Figure
3-2. An electrochemical sensor can be either a two-electrode or 3-electrode based system. Unlike the 3-

electrode system, where electrodes such as the working electrode, counter electrode, and reference electrode
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were separate, the 2-electrode system just consisted of the counter and working electrode. The introduction of
a reference electrode is to provide a stable and known reference potential. Therefore, Potential control is more

accurate because the working electrode and counter electrode share the same reference potential, which can

158]

lead to more accurate measurement.!

Figure 3-1: Conventional electrochemical sensing setup.
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Figure 3-2: Printed electrochemical sensor-based sensing setup.
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3.2.1 Substrate

Unlike the conventional electrochemical sensor setup with rigid electrodes, flexible electrochemical sensors
can be built on various substrates using printing techniques on different materials, such as glass, metal, silicon,

159-161) The substrate is essential in defining the sensor's mechanical

paper, textiles, and flexible polymers.!
properties, adaptability to various environments, and overall performance. Substrate materials offer numerous
opportunities and advantages for practical applications, particularly in field-based settings where durability
and lightweight properties are essential. Their versatility makes them well-suited for handling the demands of
rigorous, real-world use. To enhance the applicability in real field applications, the substrate plays a significant
role in the case of wearable devices, healthcare devices, and monitoring applications. Thus, considering the
environmental aspects, substrate material properties such as flexibility, biodegradability, and disposability
are crucial in the field of sensing applications. Unlike conventional detection methods, an Electrochemical
sensor can be built on various substrates. Disposable plastic, paper, and textile electrodes are ideal for flexible
and stretchable electrochemical sensors. These substrates offer flexibility, lightweight design, portability, and
cost-effectiveness. Portable readers, wireless transmission modules, and data acquisition systems can
also enhance flexible disposable electrodes for on-site heavy metal detection. However, the critical challenges

in developing these electrodes lie in ensuring they are robust, mechanically stable, and deliver excellent

electrochemical performance.

3.2.2 Reference electrode

The most important part of a 3-electrode system is the reference electrode. The reference electrode's potential
must remain unaffected by electrolyte solution fluctuations and maintain a stable potential. As sensors are
increasingly miniaturised to enhance speed, performance, and portability, this trend extends to the reference
electrode. The miniaturisation of reference electrodes introduces several challenges that need careful

[162] The reference electrode, made from precisely defined materials, has a stable and well-

consideration.
established potential against which all other electrode potentials are measured. For a conventional system, the
common electrode types often appearing in this field are Ag/AgClI Electrode, Calomel Electrode, and Hydrogen
Electrode. The silver/silver-chloride electrode is widely used in research and industry because of its
straightforward construction. It typically consists of a silver wire coated with silver chloride, placed in a
solution rich in chloride ions, such as potassium chloride (KCI). The Saturated Calomel Electrode (SCE) is
composed of mercury coated with a mercury chloride paste (Hg>Cl», known as calomel) and is immersed in a
saturated potassium chloride (KCl) solution. This setup is housed in a glass tube, and a platinum wire is
employed for making external electrical contact. The standard hydrogen electrode (SHE) is crucial because it
is assigned a standard potential of 0 volts. All other electrodes' standard potentials are measured relative to this
reference electrode. Integrating standardised reference electrodes is hard in the case of flexible sensors.
Therefore, micro or microfabricated reference electrodes such as Solid-State Ag/AgCl, Ag/AgCl Electrodes in
Capillaries, and Ag/AgCl with Filling Solution can be used. In most of my work, the printed carbon paste base

electrode and the Ag electrode were used as a pseudo reference electrode material.t'*!
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3.2.3 Counter electrode

The counter electrode enables current to flow between the working electrode and the external circuit, thereby
completing the circuit and ensuring that the necessary current passes through the electrochemical cell.
Typically constructed from platinum, graphite, or carbon-based compounds, the counter electrode is generally
larger in size than the working electrode. This design allows it to handle higher currents and reduce polarisation
effects. It also serves other purposes, such as potential stability, and in some instances, it is used to avoid
interfering with the measurement process; the counter electrode maintains a stable environment for the
electrochemical reactions. Usually, the size of the counter electrode should be preferably bigger than the
working electrode to provide sufficient current requirement for stable sensing. Despite most of my work
involving the usage of barely bigger electrodes, the usage of the carbon electrode, which has a good surface

area, helps in the even distribution of current without causing significant polarization.!*¥

3.2.4 Working electrode

The working electrode is the electrode where the target electrochemical reactions are measured. The working
electrode is where reduction or oxidation happens, depending on how the system interacts with the observed
gas species. Every reaction on the surface of the working electrode will draw a response from the balancing
pole, the counter electrode. As the system comes on, the counter electrode will try to balance the potential
change due to the reaction between the detected analyte and the working electrode. This balancing current is
dynamically monitored as the central reading of an amperometric electrochemical sensor. For the system to
sustain, the potential on the working electrode must be inherently fixed using a reference electrode. Owing to
these balancing mechanisms, the three-electrode design can maintain the sensor sensitivity and linearity for

the better part of its lifetime.['%]

3.2.5 Sensing layer

The sensing layer in an electrochemical sensor is a crucial component that directly interacts with the target
analyte, facilitating the detection process. This layer typically consists of materials that can promote specific
reactions, such as oxidation or reduction, which generate a measurable electrical signal. The properties of the
working electrode play a crucial role in determining the accuracy of measurement results. Proper surface
modification of the electrode significantly impacts detection sensitivity and selectivity. Various materials or
combinations of materials can be applied to the surface to enhance the electrode's performance, increasing

sensitivity, lowering the detection limit, and improving overall detection capabilities.[”!: 166!
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Figure 3-3: Sensing layer for the working electrode.

Extensive research is currently underway to develop chemically modified electrodes utilising a wide range of
interface materials. These materials include electrochemical biosensors, nanomaterials, polymers, metal
oxides, and carbon nanotubes. Usually, Electrodes modified with nanomaterials demonstrate several notable
properties, including quantum effects, electron tunnelling, and surface catalytic effects. Additionally, these
nanomaterials have proven highly effective in detecting heavy metal ions due to their excellent adsorption
capacity, thermal stability, large surface area, and high catalytic efficiency. Some of the materials that are
commonly used are Depending on the application, various materials can be used for the sensing layer, such as
metal nanoparticles, conductive polymers, metal oxides, carbon-based materials, enzymes or biological

molecules. [167 168]

3.3 Selection of materials for the thesis work

The following paragraphs summarise a general overview of the various materials used for sensor preparation

and briefly discuss the material selection for the fabricated sensors.

3.3.1 Substrate

For this thesis, paper-based, polyvinyl chloride (PVC)/ Polyethylene terephthalate (PET)- based substrates
were used for their easier disposable nature (Photographs of these disposable PET/PVC substrates are
displayed in Figure 3-4). It is observed that the prepared ink formulations for screen printing application tended
to coat with the selected substrate material. During my work, Polycaprolactone (PCL) and textile-based
substrates were also used for their environmentally friendly disposable nature. PCL is known for its degradable
nature in water-based systems, and more work is planned for the future. The above-selected substrate materials
were focused on their flexible nature. Images of such a sensor with various substrates are shown in Figures 4-

5.

47| Page



Figure 3-4: Flexibility of the fabricated sensor.

Figure 3-5: Various substrate and electrode materials printed (a - Carbon electrodes printed on paper
substrate; b- Graphene carbon-based electrodes are printed over the PVC/PET substrate; c- Silver-

based electrodes printed over PET sheet as substrate)

WHY IS FLEXIBILITY NEEDED FOR THE SUBSTRATE MATERIAL?

The flexibility of electrochemical sensors provides a range of significant benefits for water applications.
Flexible sensors can conform to different surface shapes, including irregular or curved ones, ensuring stable
contact and enhanced performance across various environments. Thanks to their flexibility, these sensors are
more resistant to damage from mechanical stress, vibrations, or impacts, making them more reliable in dynamic
conditions. Flexible sensors can be integrated into clothing or other wearable items, enabling continuous
monitoring while maintaining comfort. Lightweight and adaptable sensors are more accessible to transport and
install, especially in challenging or remote locations, which allows quicker and more efficient deployment in
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the field. Flexible sensors can be designed for single-use or easy cleaning, which helps mitigate the effects of
fouling from contaminants such as algae or sediment, thus ensuring more reliable long-term monitoring.
Utilising flexible materials such as plastics, papers, or textiles typically results in lower production costs,

making these sensors a cost-effective option for large-scale or disposable applications.['¢% 17!

3.3.2 Reference electrode

The choice of a reference electrode depends on the application and the specific ionic species in the test solution.
Typically, a single reference electrode cannot meet all the criteria of an ideal reference electrode.
Consequently, an electrode that works well in one environment or application may not be suitable for another.
For initial work, a known Ag/AgCl reference electrode is used to understand the appearance of the peak
potential, as it is easier to study with the existing literature.[!%> 171-172] For the complete integration of printed
sensors for flexible applications, pseudo-reference electrodes, such as carbon-based and silver-based
electrodes, will be used for most of my work in the upcoming sessions. Few reported electrode potentials are
available for the screen-printed carbon-based reference electrode. This somewhat helps in determining the
closest value of the fabricated reference electrode. Unlike the conventional reference electrode, it is hard to
decide on stable electrode potential as the conductivity and the electronic properties of the prepared ink
formulation for printing such electrode vary from batch to batch. It may not be wise to use silver paste-based
electrode material as the polarisation switch causes a sudden rise with the bad characteristics of a reference
electrode material. Still, in the case of iron detection using all silver-based 3-electrode electrochemical sensors,
it is used to collect data and the peak observed also gets amplified; therefore, it can also be used for

the detection of iron ions in laboratory conditions.

3.3.3 Counter electrode

For the selection of counter electrodes, carbon-based material has been used in most of my work as it provides
high surface area and excellent conductivity. Therefore, a better stencil design with a bigger counter electrode
was purchased. However, to maintain uniformity in comparing data from older sensors with the new design,
all the experiments were done with poor design for all the upcoming works in this thesis. A silver electrode
was also used as a counter electrode, and it was found that, unlike the carbon electrode, the silver electrode
has a poor surface area, which is significantly affected due to the polarisation risk. Both silver and carbon are
quite resistant to the chemicals in the electrolyte solution and the by-products produced during electrochemical

reactions, this ensures durability and reliable performance over an extended period.

3.3.4 Working electrode

For the selection of working electrodes, three-electrode materials, such as carbon, graphene carbon, and silver,
were used. Among these, it was found that the silver electrode suffers from the risk of polarisation and,
therefore, the accuracy of the sensor’s measurement. Graphene carbon-based screen-printed electrodes were
found to be easily breakable due to their 2D structure, and hence, this almost rigid sensor doesn’t provide any
flexibility. The carbon-based electrode showed promising characteristics with better flexibility and due to its
better surface area, it reduces the risk of polarization. Therefore, most of my fabricated sensor was based on

carbon paste-based screen-printed electrodes.
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3.3.5 Sensing layer

While choosing the sensing layer, it is crucial to explore materials with high surface area and excellent
conductivity, their flexibility, ability to immobilise, catalytic properties and strong interactions with analyte
ions, and the ability to enhance sensitivity. For this stage, I have prepared nanomaterials that haven’t been
wholly explored during the beginning of the studies. I have included the preparation of nanomaterials and
further formulation of the coating layer. Although various nanomaterials are listed below, only those that

produced notable detection results are presented.
PREPARATION OF MOS; NANOMATERIAL

(4.84 g Na,MoO, + Teflon Autoclave Repetitive Acid wash +

6.24¢g Thiourea)i}——.\ Water wash
60 mL DI

STEP 1 Stirring (1 hr) Heating oven Centrifugation
(220 °C / 1 Day)

MoS, NP in DMF

/--—'—--\ -.\1
Ne— \
2D MoS,
~ =~ n n Nanomaterial
Dispersed MoS, NP |~———" — /
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Figure 3-6: Synthesis of MoS; nanomaterial using hydrothermal process.

To synthesise molybdenum disulphide (MoS:) by a hydrothermal method, a precursor mixture of thiourea and
sodium molybdate was prepared. First, 6.24 g (0.080 moles) of thiourea was dissolved in 60 ml of deionised
(di) water and 4.84 g (0.020 moles) of sodium molybdate was added. The solution was stirred for 1 h at room
temperature and then transferred to a 100 ml teflon-lined stainless-steel autoclave (parr instruments). The
autoclave was heated to 220 °C for 24 h and then allowed to cool naturally to room temperature. The resulting
black precipitate was collected, washed several times with di water and isopropyl alcohol, and dried at 60 °c

for 12 hr. The dried powder was dispersed in dimethylformamide (DMF) to obtain a mos: ink with a
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concentration of 20 mg ml™!, which was used to modify the working electrode (WE) of the screen-printed

SENsors.

The phase and morphology of the hydrothermally synthesised powder were characterised by x-ray diffraction
and sem, as discussed in section 4.3.1 (fig. 4-2). The XRD pattern shows the characteristic reflections of
hexagonal 2h-MoS: at 20 = 14.1°, 33.5°, 39.5°, 49.2°, 58.8° and 69.4°, which can be indexed to the (002),
(100), (103), (105), (110) and (201) planes, with no additional peaks from impurity phases. Sem images of the
powder reveal agglomerates of platelet-like mosz nanosheets, while sem of the mosz-modified spce shows a
rough and cracked over-layer on top of the smooth carbon film observed for the bare spce. Together, these
data confirm that the hydrothermal process yields phase-pure MoS: and that an additional mos: coating is

formed on the surface of the printed working electrode.
MoS: ink formulation

For gce and spce modification, 20 pl of the dispersed mos: ink was drop-cast onto the circular working region
using a micropipette. The sensor was dried in an oven at 65 °c for 45 min. To obtain a thicker sensing film,
multiple mos: layers were built up by successive drop-casting of 5 pl aliquots, with intermediate drying
between each step. The presence of this stacked mos: layer is evident from the change in surface morphology
seen in the sem images of the modified spce (section 4.3.1), which show an additional granular over-layer that

is absent on the unmodified carbon electrode. The counter and reference electrodes were left unmodified.
gC3Ny ink formulation

Pristine g-CsN4 powder was synthesised by the thermal condensation and evaporation of a melamine precursor.
During the first stage, melamine, a nitrogen-rich molecular solid, was heated to promote polymerisation and
formation of the graphitic carbon nitride framework. The condensed material was then subjected to a controlled
evaporation step to remove volatile by-products and residual solvent. The resulting powder was used as the

starting material for all g-CsNa-based inks in this work.

The structural identity and purity of the synthesised g-CsNa were examined by X-ray diffraction and SEM
(Section 5.2.3, Fig. 5-1). The XRD pattern exhibits two main reflections at 20 = 12.96° and 27.46°,
corresponding to the (100) and (002) planes of graphitic carbon nitride, in good agreement with the reference
ICDD card 00-066-0813 and with no extra peaks from secondary phases. SEM images of the g-CsN4-coated
carbon substrate show a continuous, crack-free film composed of stacked 2D platelets, indicating a
homogeneous coating. These results support the claim that the synthesised g-CsNa is of high purity and

possesses a well-defined layered structure suitable for electrochemical sensing.

For ink preparation, 20 mg of g-CsN4 powder was dispersed in 1 mL of DMF using probe ultrasonication to
obtain a uniform 2D nanomaterial suspension. To modify the GCE, 5 pL of this dispersion was drop-cast four
times onto the polished electrode surface, with intermediate drying in an oven at 60 °C for 15 min after each

deposition step.

ZnO coating layer
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20 mg of commercial ZnO nanomaterial is dispersed in 1 ml of DMF solvent and mixed well using magnetic

stripping for 120 mins. It is then kept for bath sonication for 30 mins.
Preparation of TiO — MgO nanoparticle mixtures

10 milligrams of commercial TiO nanomaterial and 10 milligrams of MgO are mixed in 1 millilitre DMF
solvent. The mixture is thoroughly agitated using magnetic stirring for 120 minutes and then subjected to bath

sonication for 30 minutes.
3.3.6 Wiring and Insulation

Wiring and insulation play a vital role in electrochemical sensors, as they ensure accurate signal transmission
and protect against interference or damage caused by factors like moisture, temperature, or chemical exposure.
Dielectric paste and polyamide tape were used as insulation for the printed sensor. This encapsulation should
be made even for all the sensors for reproducibility, ensuring the printed exposed electrode surface is common

throughout the batch-produced sensors.
3.4 Fabrication Method

In this thesis, several complementary fabrication methods were explored to realise flexible three-electrode
platforms and to integrate different sensing layers. The main route used throughout the work is screen printing
of commercial carbon and silver pastes on flexible substrates to form robust SPCE-based sensors (Chapters 3—
7). In addition, stencil printing was investigated as a rapid prototyping approach for testing alternative electrode
geometries, and a Brinter-based inkjet printing setup was used to evaluate the feasibility of depositing our own,
higher-viscosity nanomaterial inks without the mesh constraints of conventional screens. The following
subsections briefly describe how each printing method was implemented and adapted for this work—covering
the choice of substrates and pastes, curing conditions, and the practical limitations that led to screen printing

being selected as the primary fabrication technique.
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3.4.1 Printing Methods

3.4.1.1 Screen printing
(3

- ;

Figure 3-7: Screen printer C920 from Aurel automation.

The setup for screen printing involves several components, including a screen, a squeegee, and a substrate. A
frame holds a tightly stretched mesh made from materials like polyester, stainless steel, or nylon, which is
designed with specific openings to create the desired pattern. The squeegee, applying a certain amount of
pressure and moving at a controlled speed, forces the paste through the screen's openings onto the substrate
below. This method supports the creation of various electrode geometries on a wide range of substrates, such
as paper, plastic, ceramics, glass, and metal. Additionally, it allows for the application of thick layers, ranging
from less than 1 pm to several hundred micrometres, in a single pass—something that is often difficult to
achieve with other techniques. Screen printing benefits from the availability of diverse pastes, including
conductive, semiconductive, and dielectric types. The required viscosity of these pastes depends on the width
of the mesh apertures and the pressure applied. This factor also impacts the printing speed, which is a notable
drawback of the technique, alongside the need to adjust various parameters to achieve precise results carefully.
Figures 3-7 and 3-8 show the photograph of the screen printing instrument from the aurel automation,
including the parts like a stencil and squeegee. Figure 3-9 shows the fabrication process of screen printing

thick film electrodes.
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Figure 3-9: Fabrication process of an electrochemical sensor.

3.4.1.2 Stencil printing
A stencil can be produced through various techniques, including cutting paper, plastic, or metal designs. Stencil

printing is typically ideal for simpler designs, smaller production runs, or scenarios where rapid and cost-
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efficient production is necessary. While the setup is straightforward and affordable, it may not deliver the same
detail or durability as screen printing. For stencil printing, either a laser cutter or a 3D printer was used for
quicker sensor production. Unlike predefined stencils with definite designs such as a screen printer to print
electrodes, the 3D printer can be used to make stencils with 3D modelled designs (such as SolidWorks, Fusion
360). Further, these stencils can be easily used for printing electrodes with the manual sweeping of prepared
ink in similar to the screen-printing procedures. Here, it is observed that the printed electrodes aren’t fine-
shaped, and it is hard to remove the stencil without smudging the freshly pasted ink from the substrate. A
Screen printer is preferred over the stencil technique to maintain uniformity with fabricated sensors. Screen
printing is generally preferred for producing high-detail, long-lasting, and vibrant prints, particularly for larger

quantities. Although it involves a more complex and costly setup, it is capable of handling diverse substrates

and large-scale production, effective

Figure 3-10: A photograph of a 3D printer from Ultimaker.

3.4.1.3 Printing

Another printing technique used for the production of electrodes was a Brinter.To use the screen printer
effectively, commercial inks were required because the metallic mesh contains small pores that thicker ink

formulations could obstruct. However, the Brinter allows using our prepared ink pastes as it acts similar to an
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inkjet printer, where pressure is used to control the emission of coating ink. One of the disadvantages of using
the brinter is to generate one’s own G-Code Commands for printing separate designs on a single run, or else

the needle often runs over the already printed designs, which results in difficulty in printing and designing

complex structures.

Figure 3-11: A photograph of an Inkjet printer from a Brinter.

3.4.2 Optimization

3.4.2.1 Solvent

The selection of solvents for the sensing layer is essential when creating printed sensors, as they can
significantly affect the sensor's performance, stability, and overall efficiency. Some critical parameters while
choosing a solvent are viscosity, evaporation rate, compatibility, toxicity and robustness it can provide. For
most of the work, DMF solvent is mixed with IPA and acetone to develop the coating layer as they tend to be

extremely robust in nature.
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3.4.2.2 Thickness

Screen printing (SP) methods are widely utilised in producing flexible electronics, including gas, physical, and
chemical sensors, due to their cost-effectiveness and suitability for mass production. According to existing
literature, the characteristics of printed sensors—such as mechanical, electrical, photoluminescent, and optical
properties—are significantly influenced by electrode parameters, including the design, roughness, and
thickness of the electrodes. Specifically, the thickness of the printed electrode plays a crucial role in

determining flexibility, photoluminescence, and other attributes.

For thin-layered physical sensors, screen-printed sensors can closely replicate the performance of their
traditional, larger counterparts. However, in chemical sensing, particularly with electrochemical sensors, a
thicker film is needed to match the performance of macro-sized sensors. This is due to the need for a stable
reference potential and effective electrode-electrolyte interaction. Thin-film electrodes are prone to issues such
as material degradation, fouling, or corrosion and typically exhibit lower signal-to-noise ratios compared to
thicker screen-printed electrodes. Consequently, multi-layered or thicker screen-printed sensors are often

necessary for reliable operation

The thickness of screen-printed sensors can be adjusted by varying parameters such as ink viscosity and
adhesion, squeegee pressure, the distance between the substrate and stencil, and stencil properties like mesh
size and number. This study explores the electrochemical performance of screen-printed carbon electrodes
using graphene carbon, focusing on how varying the thickness of the SP layer by increasing the number of
printed layers affects sensor performance. The thickness was optimised through impedance and capacitance

studies to understand the electrode-electrolyte interaction better and achieve a higher signal-to-noise ratio.

TO STUDY THE THICKNESS ISSUE FOR THE SCREEN-PRINTED ELECTRODES:
A self-made MoS;-based SPCE electrochemical sensor was studied for the detection of ascorbic acid ions in
water as below. The fabrication and characterisation of such a sensor towards the detection of AA is shown in

the appendix document.

The printed sensors, with varying layers (n = 1, 5, 10, and 20), were characterised using Scanning Electron
Microscopy (SEM) to assess the electrode thickness. Figures 3-12 (a-d) show SEM images of the printed
electrodes at different magnifications, with measured thicknesses ranging from approximately 4 um to 120
um. A graph comparing thickness to the number of printed layers reveals a nearly linear relationship (Figure
3-12(e)). The maximum number of printed layers is twenty; beyond this point, the spacing between electrodes
and track width decreases, affecting the electrode geometry. The electrodes with different thicknesses were
then modified with MoS; to examine the impact of thickness on electrochemical sensing. The diffractogram
of the carbon electrode and the MoS2-modified electrode (n=20) is shown in Figure 3-12(f). The carbon
electrode peaks around ~27.3° corresponding to the (002) plane. In contrast, the modified electrode shows
peaks for both MoS, and carbon. The inset provides detailed information on the identifiable peaks, with MoS,

peaks corresponding to the hexagonal (2H) structure and showing no additional impurities.!!”*!
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Figure 3-12: SEM images of screen-printed carbon electrode (a) layer 1; (b) layer 5; (c¢) layer 10; (d)
layer 20, and (e) Plot of the number of layers vs thickness and (f) XRD of carbon electrode and modified

electrode.

The printed sensors with varying layers (n = 1, 5, 10, and 20), both modified and unmodified, were used for
comparative analysis. Ascorbic acid was selected as the analyte for detection using these sensors. Cyclic
voltammograms for the unmodified and modified sensors, with and without 100 uM ascorbic acid (AA), were
recorded at a scan rate of 50 mV/s over a potential range of -0.3 V to 0.8 V, as shown in Figure 3-13. The
single-layer sensor exhibited a shallow current in the micron range, and modification with MoS, did not
enhance sensing or sensitivity (Figure 3-13(a)). Notable changes in the cyclic voltammetry (CV) pattern were

observed with MoS, modification, where the previously rectangular profile of the unmodified electrode
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transformed into a pseudo-rectangular shape. With an increase to five layers, both modified and unmodified

electrodes showed improved currents, though AA was still not distinctly detected in the peak potentials (Figure

3-13(b)). Further increasing the layer thickness to ten and twenty layers resulted in a significant increase in

current, nearly up to six times (Figures 3-13(c) and 3-13(d)). The oxidation peak for AA appeared at 0.044 V,

with a corresponding reduction peak around -0.1 V.74
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Figure 3-13: CV profile of unmodified and modified sensors in the presence and absence of 100 uM AA

at a scan rate of 50 mV/s. (a) layer 1; (b) layer 5; (c¢) layer 10; and (d) layer 20.
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Figure 3-14: DPV profiles of modified sensors in the presence and absence of 100 pM AA at a scan rate
of 50 mV/s. (a) layer 1; (b) layer 5; (c) layer 10; and (d) layer 20.

o Differential Pulse Voltammetry (DPV) profiles for various layers of modified sensors in the presence
and absence of 100 pM AA are shown in Figure 3-14. The single-layer modified sensor exhibited
noisy DPV curves (Figure 3-14(a)). In Figure 3-14(a), the voltammogram corresponding to the
thinnest printed electrode shows a visibly noisier baseline. This electrode has the highest series
resistance and the smallest faradaic current, so the recorded signal is closer to the instrumental noise
floor and more sensitive to small fluctuations in double-layer charging current. As the number of
printed layers increases (Figure 3-14(b—d)), the series resistance decreases and the faradaic current
increases, which improves the signal-to-noise ratio and results in smoother baselines. As the thickness
increased to five layers, the current values improved, though sensitivity to AA was not observed
(Figure 3-14(b)), reflecting the CV results. In contrast, the DPV profiles for thicker sensors (n = 10,
20) showed improved characteristics similar to the CV results. These thicker sensors demonstrated
increased peak currents and a slight shift in peak position upon AA addition, confirming the detection

process (Figures 3-14(c) and 3-14(d)). Electrochemical impedance spectroscopy (EIS) measurements
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were conducted over a frequency range from 1 MHz to 0.01 Hz to investigate the charge transfer
characteristics of the printed sensors with varying thicknesses. The impedance responses, displayed as
Nyquist plots, are shown in Figure 3-15(a) for both modified sensors in the presence and absence of
100 uM ascorbic acid (AA). In these plots, the real part of the impedance is represented on the X-axis,

and the imaginary part is on the Y-axis.
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Figure 3-15: Nyquist plot of modified sensors in presence and absence of 100 pM AA (a) layer 1; (b)
layer 5; (c¢) layer 10; and (d) layer 20.

For the single-layer printed electrode (Figure 3-15(a)), a prominent semicircle is observed at higher
frequencies, with a smaller semicircle at lower frequencies. The larger semicircle at higher frequencies is
attributed to the bulk electrolyte resistance, while the smaller semicircle at lower frequencies corresponds to
the electrode resistance.!'’> When AA is introduced, the diameter of the high-frequency semicircle increases,

indicating a change in the electrolyte resistance, while the electrode resistance becomes less prominent.[!7¢!

Increasing the number of printed layers reduces the overall equivalent series resistance of the sensors. For the
thicker sensors (n = 5, 10, and 20), the impedance plots are divided into three distinct regions: (1) the high-
frequency zone where semicircles appear, reflecting the charge transfer resistance; (2) the medium-frequency
zone which provides insights into charge transport and ion diffusion; and (3) the low-frequency zone where a

linear line parallel to the Y-axis indicates the internal capacitance of the electrodes (Figure 3-15(b-d)). The
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semicircle observed at high frequencies for these modified electrodes can be attributed to the electric double-
layer formation due to MoS, modification on the working electrode. Additionally, a Warburg impedance is

1771 All plots show a slight change in

evident in the low-frequency region, indicative of the diffusion process.!
series resistance (Rs) upon the addition of AA. Table 3-1 summarises the series resistance values for the

sensors with and without AA.
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Figure 3-16: (a) Peak current vs number of layers and (b) Series resistance measured for modified

sensors in presence and absence of 100 pM AA.

The electrochemical analysis reveals a clear relationship between layer thickness and sensing performance.
Figure 3-16 illustrates the peak current and series resistance (Rs) for the detection of 100 uM ascorbic acid
(AA) at 0.044 V across various printed layer configurations. A single-layer printed sensor exhibited very noisy
and low current readings, accompanied by high electrode and electrolyte resistance. As the number of printed
layers increased, both the current measured and the resistance values improved, as shown in Figure 3-16(b).
The low current observed with fewer layers made these sensors unsuitable for remote monitoring due to their
weak signal strength. Therefore, the optimal range for the number of printed layers is between 10 and 20 for

enhanced performance.

Table 3-1: Summarised Value of Series Resistance (Rs) measured for modified different sensors
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Series resistance (R;) in Q
Printed Layer (n)
Without Analyte With Analyte
5 3811 4665
10 746 713
20 214 210

In summary, this study highlights the impact of layer thickness on electrochemical sensing performance. SEM
images revealed that the printed layers exhibited a range of thicknesses. Modifying the working electrode with
MoS:; helped to assess how thickness affects sensing capabilities. Lower-thickness sensors showed low current
values and high resistance, illustrating the importance of electrode thickness in the detection process.
Conversely, sensors with 15 and 20 layers demonstrated higher current values, making them suitable for
integration with commercial readout electronics that require low power. The findings suggest that the number
of printed layers is a significant factor in optimising the performance of printed electrochemical sensors,

offering new opportunities for design flexibility.

3.4.2.3 Design

In reference to a literature work ['®/The working electrode design in an electrochemical sensor with the same
surface area was compared with varying perimeters (different shapes) using a COMSOL-based simulation for
a diffusion-controlled system (Appendix 2). However, other parameters, such as convection and migration,
influence the transport of electroactive species in a bulk solution. Moreover, based on the position and size of
the counter electrode, it has not been considered, and there is a high chance of influencing non-faradaic current,
in this case, during the detection of the peak current of the ions. To investigate the influences of design and
proximity of the fabricated sensor, a screen printable stencil was purchased from Aurel automation, and the
work on this fabricated sensor in actual laboratory conditions is still ongoing for future work. Figures 3-17 and

3-18 display the CAD-based designs and photographs of the screen printable stencil.
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Figure 3-18: photographs of the screen printable stencil

3.5 Electrochemical-based detection methods

In this section, the standard electrochemical sensing techniques and their simple mechanisms are briefly

mentioned, along with a unique example of particular affinity-based sensing.
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3.5.1 Electrochemical methods

(a) Cyclic voltammetry: Cyclic voltammetry (CV) is a widely used electroanalytical method for evaluating
electrochemical reactions and their kinetics. Typically, CV provides insights into the redox properties of
electroactive materials, the kinetics of heterogeneous electron transfer, coupled chemical and electrochemical
reactions, and adsorption processes. A linear potential is applied to a stationary working electrode in an
unstirred solution at a constant scan rate during a CV measurement. The resulting current from electron transfer
at active sites, corresponding to the applied potential, is plotted to generate a cyclic voltammogram. CV is
beneficial for obtaining qualitative data on electrochemical reactivity. For the thesis work, The CV is used for
multiple purposes, such as the detection of the redox reaction of heavy metal ions at higher concentrations,
Preconditioning of newly printed sensor, postconditioning of the used sensor for reusability, and determining

the stability and repeatability of the sensor.

Figure 3-19 illustrates the typical input and output signals for cyclic voltammetry. The upper trace shows the

—E Current (I)

Potential applied (E in V)
Current (Iin A)

Time (t in s) Potential applied (E in V)

Figure 3-19: Input and output signal form of a typical CV

potential applied to the working electrode, which is swept linearly from the initial potential to a switching
potential and then reversed to form a triangular waveform as a function of time. The lower trace represents the
corresponding current response plotted versus potential, where anodic and cathodic peaks appear at the redox

potentials of the analyte. These peak positions and shapes are used throughout the thesis to identify and analyse

the redox behaviour of heavy-metal ions.

(b) Pulsed technique: Pulse voltammetry (DPV) is a highly sensitive technique that enhances the signal-to-
noise ratio of the voltammogram. As indicated by its name, the potential waveform is delivered in pulses, with
each pulse set at small amplitudes (typically ranging from 10 to 100 mV) superimposed on a staircase potential
ramp. By measuring the current at the beginning and the end of each pulse, the technique effectively minimises
capacitive or background current by allowing enough time for the nonfaradaic current to decay. In normal
pulse voltammetry, rectangular potential pulses of increasing amplitude (Ep) and constant pulse duration (10—
100 ms) are superimposed on a steady DC offset (Eb). The value of Eb is set to a potential lower than the

threshold at which the oxidation or reduction of the analyte begins to take place. The DPV's current output
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reflects the difference between these two sampled current values and is plotted against the base potential. DPV
can accurately detect micromolar concentrations, whereas cyclic voltammetry (CV) is more suitable for
analysing higher concentrations. In square-wave voltammetry, a symmetrical square-wave pulse is
superimposed onto a staircase wave, forming the square wave. For the thesis work, DPV detects electroactive
species at lower concentrations, which are usually hard to differentiate in the CV output signals. The SWV
technique produces quicker response and much-amplified output signals, which are more suited for field-based
detection. The pulsed techniques are combined with the stripping voltammetry technique for identifying lower

concentrations in ppb or ppt range.
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Figure 3-20: Input and output signal form of a typical Pulsed method (LSV, DPV, SWYV)

Figure 3-20 compares the input potential waveforms and corresponding current outputs for linear sweep
voltammetry (LSV), differential pulse voltammetry (DPV) and square-wave voltammetry (SWV). In LSV, the
input is a simple linear potential ramp and the output is a smooth current—potential curve. In DPV and SWV,
small pulses are superimposed on a staircase ramp; the current is sampled at defined times within each pulse,
and the difference between these sampled values is plotted versus the base potential. This differential sampling
suppresses the capacitive (non-faradaic) current and produces sharp peaks at the analyte redox potentials,

which is why DPV and SWV are used in this thesis for low-concentration measurements.

(c) Impedance spectroscopy: Electrochemical impedance spectroscopy (EIS) is one of the more intricate
methods in electrochemistry. It is utilised to investigate the kinetics of charge movements in bulk or interfacial
regions, corrosion mechanisms, charge transfer resistance, and the overall electrochemical characterisation of
materials and electrolytes. This technique assesses the system's impedance by applying a small sinusoidal
alternating current (AC) potential and measuring the resulting current. For the thesis work, EIS study was used

to understand both sensor development and characterisation purposes.
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Figure 3-21: Input and output signal form of a typical EIS measuements.

Figure 3-21 schematically shows the input and output signals used in electrochemical impedance spectroscopy.
A small-amplitude sinusoidal potential perturbation is superimposed on a DC bias and applied to the cell. The
resulting current is also sinusoidal but exhibits a phase shift and different amplitude, reflecting the impedance
of the electrode—electrolyte interface. These time-domain signals are transformed into the frequency domain
and represented as Nyquist and Bode plots, which are used later in the thesis to extract parameters such as

solution resistance and charge-transfer resistance.

(d) Chronoamperometry: Chronoamperometry examines how the current response changes over time under

potentiostatic control. Typically, the working electrode is switched from a potential where no electrode
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Figure 3-20: Input and output signal form of a typical amperometric and chronoamperometric techniques.
reaction occurs to one corresponding to the mass-transport-limited current, and the resulting current—time
transient is documented. In double-step chronoamperometry, a second potential step reverses the electrode
reaction, making this technique valuable for analysing situations where the product of the initial electrode

reaction is subsequently consumed in solution through a coupled homogeneous chemical reaction.

Figure 3-22 presents the typical signals for amperometric and chronoamperometric measurements. The input
is a potential step from a value where no reaction occurs to a value where the target redox process is

mass-transport-limited. The output is the current recorded as a function of time: in chronoamperometry, the
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current decays following a Cottrell-type behaviour as the diffusion layer grows, whereas in amperometric
sensing the steady-state (or near-steady-state) current level is used as the analytical signal. These

time-dependent currents are later exploited for real-time monitoring experiments in Chapters 6 and 7.

(e) Stripping voltammetry: Stripping voltammetry is an electroanalytical method that begins with the
preconcentration of an analyte on an electrode, followed by a potential sweep that selectively oxidises or
reduces the analyte. The resulting current is directly proportional to the amount of analyte on the electrode.
This technique is primarily used for quantifying trace metals, and due to the broad electrochemical window
and excellent solvation properties of ionic liquids (ILs), it can effectively quantify metals with reduction
potentials that are more negative than those of water. The preconcentration step, or electrodeposition in the
case of metal analytes, enhances the sensitivity of this method, allowing for detection limits in the sub-
nanogram range. For the thesis work, The stripping voltammetry method is combined with the pulsed technique
such as DPASV, SWASV methods for depositing and stripping HMIs such as Pb, Cd, Zn in the following
chapters. Figure 3-23 illustrates the two-step input—output sequence used in stripping voltammetry. In the first
(pre-concentration) step, a constant deposition potential is applied for a fixed time, causing the metal ions to
be reduced and accumulated on the working electrode. In the second (stripping) step, the potential is scanned
in the opposite direction using a DPV or SWV waveform. The corresponding output is a stripping
voltammogram with one or more sharp peaks; the peak current is proportional to the amount of metal deposited
and therefore to its concentration in solution. This principle underpins the DPASV measurements used later in

Chapter 6 for trace-level detection of Zn, Cd and Pb ions.

3.5.2 Selective detection using the sensing layer (EC mechanism)

Types of interaction between sensing layer and targeted analytes: Usually for an electrochemical interaction,
it happens due to: Adsorption: The attachment of metal ions to a surface, either through physical or chemical
processes; Redox Reactions: Involves electron transfer where metal ions undergo oxidation or reduction;

Complexation: The creation of coordination bonds between metal ions and ligands; lonic Exchange: Selective
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Figure 3-21: Input and output signal form of a typical stripping based voltammetry
interactions with metal ions facilitated through ion-exchange mechanisms; Catalytic Interaction: Involves

catalytic materials that assist in accelerating redox reactions; Surface Affinity: Specific binding at the surface
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that allows for selective interaction with metal ions; Electrostatic Interaction: Attraction or repulsion between
ions and the surface, depending on their charges; Precipitation/Deposition: The process where metals settle or
are deposited on the electrode surface during detection; Hydrophobic/Hydrophilic: How surface properties
influence the interaction with metal ions; Nanoparticle-Based: Improved interactions due to the high surface

area and active sites provided by nanoparticles.

The thesis predominantly observed diffusion, catalytic interaction, adsorption, and affinity-based interactions.
Below is an example of affinity-based sensing, where a simulation using MoS, nanomaterial-modified SPCE
to detect AA ions in water. It shows the affinity between the analyte and the sensing layer in water. Even
though diffusion and adsorption-based phenomena can be identified using Cottrell’s equation, observing other

mechanisms is a bit difficult.
Free energy calculations

The free energy calculations for the adsorption of AA on MoS, were carried out using well-tempered
metadynamics simulations . The molecular dynamic study aids in computationally understanding the
feasibility of the amino acid structure to be adsorbed on the surface of the MoS, nanosheets. The free energy
as a function of the distance of the centre of mass of the AA molecule from the surface of the MoS; is shown
in Figure 3-24(a). This free energy profile shows that the AA has good adsorption binding near the surface of
MoS; with the global minima at a distance of around 3.35 A. The alignment of the AA molecule at the minima
of the free energy profile is nearly horizontal and parallel to the MoS, surface, as seen in Figure 3-24(b), (c),

and (d). This shows that the MoS, molecule used in our sensors attracts the AA molecule toward its surface.

Free energy (eV)

(a)

4 6 8§ 10 12 14
Distance frurq surface (A)

fresd M y

Figure 3-22. (a) Free-energy profile as a function of the distance of the centre of mass of AA from the
surface of MoS2, (b),(c) and (d) show the position and orientation of AA molecule at a distance of 3.35
A, 7.5 A and 13.5 A respectively.
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It was found that the AA tends to naturally move towards the surface of the MoS; layer without any external
force. These binding tendencies of AA over the surface make MoS; an excellent material for electrochemical
detection in the aquatic environment through a feasible mechanism for both surface adsorption and diffusion-

controlled processes. Based on these results, MoS, has been used to modify the SPCE-based sensing layer.

3.6 Conclusion

The chapter combines general oversights and my view on handling the experiment for the upcoming chapters.
This study highlights the effect of printing thickness on electrochemical sensing performance. SEM images
revealed a range of thicknesses in the printed layers. Modifying the working electrode with MoS: enabled the
examination of how thickness impacts sensing capability. Sensors with thinner layers showed lower current
values and higher resistance, indicating the role of thickness in the detection process. Conversely, thicker
layers, precisely 15 and 20, exhibited higher current values, making them more suitable for integration with

commercial readout electronics that operate with low power.

70| Page



[4] Comparison of typical and printed electrochemical
sensor-based setup using MoS,; modified screen printed sensor

for the detection of copper 1ons in water

The work adapted from:

(1) Neethipathi, D. K., Beniwal, A., Bass, A., Scott, M., & Dahiya, R. MoS2 modified Screen Printed
Carbon Electrode based Flexible Electrochemical sensor for Detection of Copper ions in water. IEEE
sensors journal (10.1109/JSEN.2023.3257188).

(2) Neethipathi, D. K., Ganguly, P., Beniwal, A., Scott, M., Bass, A., & Dahiya, R. (2022, July). MoS2
modified screen-printed carbon electrode-based flexible sensor for detection of copper. In 2022 IEEE

International Conference on Flexible and Printable Sensors and Systems (FLEPS)

Traditionally, monitoring trace levels of heavy metals involves collecting discrete water or soil samples for
weeks or months and analysing them in a laboratory setting. However, this approach is problematic for
dynamic environments such as rivers and ample water supplies, where conditions can vary significantly over
time and space. The infrequent sampling often makes establishing cause-and-effect relationships and
developing timely management strategies challenging. Moreover, discrepancies can arise between sampling
and analysis due to the time lag. Various sensors, including ion-sensitive field-effect transistors, have been
investigated to overcome these issues.!'” 1811 Cost-effective sensors that can autonomously detect heavy metals
are essential for large-scale applications. These sensors must be flexible, responsive, susceptible, and
constructed using eco-friendly materials.!'®? In this context, screen-printed electrochemical sensors on flexible
substrates are particularly promising.!'>* ¥ They are low-cost and can be deployed for field testing under
diverse conditions, including flowing and turbid water at various depths. Additionally, their affordability
makes them suitable for frequent replacement or cleaning due to fouling from algae and bacteria in aquatic
environments. We present a simple, disposable, and replaceable screen-printed carbon electrode (SPCE) sensor
for detecting copper in response to these needs. The sensor utilises molybdenum disulfide (MoS,)
nanomaterials as the sensing layer, leveraging their high electrocatalytic properties and catalytic edge sites to
achieve sensitivity in copper ion detection.[’!! The sensor demonstrates excellent performance with a linear
detection range from 5 uM to 1000 uM, a low detection limit (LOD) of 0.3125 uM, and high repeatability

with a standard deviation of less than 0.5%.

4.1 Why is detecting copper ions in water important as an environmental

aspect?
Heavy metals in water have emerged as a critical environmental and health issue. Effective monitoring
practices are essential to guide policies that prevent the placement of chemical and ore mining operations near

184, 185

sensitive water resources or to mitigate harmful effluents from these operations.! I Due to its potential

toxicity, it is crucial to monitor trace concentrations of heavy metals, particularly copper (Cu).!'*) Excessive
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copper intake can lead to severe health conditions, including Alzheimer's and Wilson's diseases.!'8”- 1381 The
Environmental Protection Agency (EPA) advises that the maximum allowable concentration of copper in
drinking water should be 1.3 ppm (20.5 uM). In contrast, the recommended daily intake of copper for

maintaining health is approximately 1.5 to 3 mg/day.

4.2 Experimental section
This section gathers all materials, fabrication steps and electrochemical procedures used in this chapter so that

the MoS.-modified SPCE and GCE measurements can be reproduced and compared.

4.2.1 Fabrication of sensor

Dryer
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NS ST TS
Modification Insulation Wiring Thick film
via Drop cast electrodes

Figure 4-1: The manufacturing procedure of bulk electrodes for MoS; modified screen-printed sensor.

Figure 4-1 illustrates a schematic representation of the screen-printing process for thick film electrodes. The
screen printing was carried out using the Screen Stencil Printer C920 from AUREL Automation. Prior to the
screen-printing step, the commercially available carbon paste was thoroughly mixed with IPA and terpineol to
achieve a paste with an appropriate viscosity for printing. In the case of the three-electrode system, comprising
the working electrode (WE), counter electrode (CE), and reference electrode (RE), all electrodes were screen
printed onto a flexible PVC substrate using the blended carbon paste ink. The working electrode, with a circular
diameter of 0.5 ¢cm, underwent the printing of multiple layers (20) to create a thick electrode layer.["*! To
prevent the spreading or smudging of previously printed electrodes, each layer was dried individually by
placing the sample in an oven at 70 °C. The wire connections were established using the same conductive
carbon paste, and the dried interconnections were covered with a thick layer of grey dielectric paste to prevent

short-circuiting between the electrodes.

72|Page



4.2.2 Modification of bare sensor with sensing coating layer

To modify the GCE and SPCE, 20 pl of the dispersed MoS, nanoparticle in DMF solution was dropped over
the circular working region using a micropipette and kept in the oven at 65°C for 45 mins. While drop casting
the dispersed solution, multiple layers of MoS, were stacked on top of each other by successive drop casting
method, where 5 pl quantity of the prepared solution was used to drop cast over the working electrode with
intermediate drying at the oven. Here, the other electrodes (Counter, Reference) are unmodified, as it was

intended to keep the analogous setup between screen-printed carbon-based and conventional setup as possible.

4.2.3 Characterization technique

XRD and SEM were used to characterise the material, which helped to understand the coating layer.

4.2.4 Electrochemical technique

Cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy
(EIS) were conducted using an electrochemical workstation (Metrohm Autolab (PGSTAT302N)) to
investigate the electrochemical behaviour of the developed sensor. For these studies, a neutral ionic solution
with a constant pH of 7 was prepared by dissolving 1 PBS tablet in 500 mL of deionised (DI) water. The
resulting PBS solution, with a concentration of 0.1 M, served as the electrolyte in electrochemical experiments.
Analyte stock and interference solutions were prepared with 1 mM and 100 mM concentrations, respectively,
by adding deionised water to copper, iron, cobalt, zinc, and nickel. For voltammetric techniques, these
solutions were diluted and combined with 9 mL of PBS solution to achieve various concentrations of analyte

solutions (ranging from 1 uM to 1 mM).
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4.3 Results and Discussion

4.3.1 Material characterization of MoS, printed sensors

(a)

Intensity (a.u.)

s MoS; / SPCE
— SPCE

10 20 30 40 50 60 70
20 (degree)

Figure 4-2: (a) shows the XRD Pattern for MoS2 powder and MoS2 coated SPCE layer; SEM images
of (b) MoS; powder (c¢) SPCE, (d) MoS; modified SPCE.

X-ray diffraction (XRD) analysis was conducted using XRD P’ Analytical X‘Pert with Cu Ko (A=1.541 A),
and scanning electron microscopy (SEM) analysis was performed using FEI Nova. The XRD patterns (Figure
4-2(a)) revealed peaks at 14.17°, 33.45°, 39.5°, 49.17°, 58.843°, and 69.434° (of the red line), confirming the
lattice planes of the hexagonal phase of 2-H MoS; (i.e., (002), (100), (103), (105), (110), (201), respectively)
based on ICDD card no: 37-1492.[189] The blue line represents the XRD pattern for SPCE. SEM images
(Figure 4-2(b, c, d)) were captured to examine the surface morphology of MoS;-modified SPCE, unmodified
SPCE, and drop-casted MoS; over SPCE. The synthesized MoS; nanoparticle powder appeared as a cluster of
agglomerated spherical nanoparticles. The SPCE exhibited a smooth layer of well-homogeneous carbon ink
surface. In contrast, the modified SPCE displayed a surface with high roughness and a few cracks, confirming

the presence of MoS; nanoparticles after modification.

4.3.2 Electrochemical detection results

Figure 4-3(a) exhibits the fabricated sensor based on SPCE after MoS, modification, while Figure 4-3(b)
illustrates the electrochemical detection of copper ions using the MoS;-modified SPCE-based sensor. The
black and red lines in the figure represent the CV curve for bare SPCE and MoS;-modified SPCE in a blank
0.1 M PBS solution. The blue line depicts the CV curve in the presence of 100 uM copper ions in PBS solution,

showcasing oxidation and reduction peaks at 0.2 V and -0.01 V, respectively. This insight aids in understanding
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the redox reaction of copper, detectable by the MoS;-coated SPCE layer. Subsequently, the DPV curve in
Figure 4-3(c) reveals the peak anodic current resulting from MoS, modification, providing a means to detect
analyte concentration. The red line in the same range from -0.3 V to 0.8 V, at a step potential of 5 mV/pulse,
confirms the increase in the peak anodic current. Additionally, a slight shift in the peak voltage from 0.2 V to
-0.01 V is observed upon adding 100 uM Cu analyte ions to the blank solution, indicating the oxidation of Cu

ions.

CONCENTRATION STUDY

For the concentration studies, cyclic voltammetry responses were obtained from -0.3 V to 0.8 V at a scan speed
of 50 mV/s. Varying concentrations of copper ions from 1 uM to 1000 uM in 0.1 M PBS were investigated,
as depicted in Figure 4-3(d). The oxidation peaks for these concentrations, ranging from 1 uM to 1000 pM,
were observed at 0.16 V to 0.19 V, while their corresponding reduction peaks occurred at 0.01 V to -0.03 V.
The differential curve in Figure 4-3(e) illustrates anodic current peaks shiting in the range of 0.04 V to 0.06 V
with varied analyte concentrations in the 0.1 M PBS solution. The difference in peak current value between
concentrations of 100 uM and 500 uM was found to be 0.00904 mA, which is four times higher than the
change observed in the modified GCE.
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Figure 4-3: (a) A photograph of the fabricated sensor. (b) CV curves of bare SPCE, MoS,/SPCE in PBS solution & MoS:/SPCE in 100 uM of copper ions in
PBS solution. (¢) DPV response curve for MoS,/SPCE in the presence of 100 nM to 1000 nM of copper ions in PBS. (d, ¢) CV and DPV responses for 1 pM to

1000 pM of copper analyte in PBS solution. (f, g) CV and DPV responses for 2 mM to 10 mM of copper analyte in PBS solution. (h) Peak current (Ip) vs copper
concentration between 1 pM to 1000 pM
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To comprehend the electrochemical behavior of the fabricated sensor at higher concentrations (2 mM to 10
mM), CV and DPV responses were obtained and presented in Figure 4-3(f, g). Based on the DPV curve
response, the anodic peak current rose to 5 mM at 0.07 V. The DPV peak curve for 10 mM expanded
significantly over the -0.3 V to 0.1 V region with a negative peak shift at -0.05 V, rendering it undetectable
and outside the detection range. Linearity was assessed by plotting Cu concentrations between 5 uM to 1 mM
against their respective DPV peak current values, as shown in Figure 4-3(h). Two linear regions were identified

within the concentration range of 5 uM to 1000 puM.
Ip = 1.01278E — 4 % (Conc.Cu2 +) + 0.04897 (1)

A sharp initial rise was observed within the first linear range (5 to 50 uM) with high linearity (R? value of

0.99972). The linear regression equation for this range is expressed as follows:
Ip = 1.74614E — 5 x (Conc.Cu2 +) + 0.05423 (2)

This sharp rise in peak current between 5 uM to 50 uM suggests that the diffusion of loosened valence electrons
resulting from the oxidation of copper benefits from numerous electrocatalytic edge sites available on the
surface of 2D MoS,. The second linear range observed at higher concentrations (100 uM to 1000 uM) exhibits

linearity with an R? value of 0.98605, expressed by the linear regression expression:

The second linear rise in peak current within the region of 100 pM to 1000 uM can be explained by the partial
blockage of active sites by electrocatalytic edge sites after reaching a certain threshold concentration (100 uM
in this case). The deposition of oxidized copper ions (cupric ions) over the electrocatalytic edge sites of the
MoS; sensing layer during oxidation reduces the diffusion of loosened valence electrons due to fewer available
active sites for further diffusion.”! During the reduction phase, these deposited Cu®* ions reduce to Cu ions,
reversing the deposition onto the sensing layer. The slope in both linear ranges is close to 0.05, indicating that
the increase in the concentration of Cu ions is directly proportional to the increase in peak current. The limit

of detection (LOD) was found to be 5.43 uM, and the limit of quantification (LOQ) was 16.46 uM.

BASELINE CALIBRATION

Table 4-1: Baseline calibration and the percentage current increase for varying copper concentraions.

Increase in concentration of copper ions % avg. peak current change observed

(% change * base current)

Here, + or — 1.5% variation

S5uM ~ 8%

100 uM ~22%
200 uM ~ 28%
500 uM ~36%
1000 uM ~ 58%
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The average percentage of increase in baseline current with respect to the increasing current caused by the

varying concentration is tabulated in Table 4-1.

ACCUMULATION STUDY

An investigation involving varying scan speeds was conducted to gain insights into the sensing mechanism, as
illustrated in Figure 4-4(a). CV scans were acquired at different scan speeds ranging from 10 to 700 mV/s in
the presence of 100 uM copper ions in a 0.1 M PBS solution. By analysing the scan speed and identifying the

presence of recognisable peaks, the optimised scan rate for detecting the analyte solution was determined to
be between 10 mV/s and 200 mV/s.
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Figure 4-4: (a) CV response curves for detecting 100 pM of Cu2+ ions in PBS with a different scan rate

of 10 to 700 mV/s; (b) IP versus scan rate; (¢) IP versus \scan rate; (d) Log of IP versus Log of scan rate.

The oxidation peak current values for each CV scan were plotted against their corresponding scan rates in
Figure 4-4(b), yielding an R? value of 0.8. Subsequently, the varying scan rate was plotted in Figure 4-4(c)
against the square root of the oxidation peak value (Ip), resulting in an R? value for their regression line of
0.96. The regression line obtained from the square root of the scan rate vs. peak current value (Ip) plot was

more linear than the line obtained from the scan rate vs. peak current value (Ip) plot. These findings indicate
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that the sensing of analyte species is more likely a diffusion-controlled process than an absorption-controlled

one.

In Figure 4-4(d), the logarithm of the oxidation peak current value is plotted against the logarithm of the scan
rate, revealing a slope of the regression line close to 0.42848. This proximity to the ideal diffusion-controlled

process value of 0.5 suggests that the sensing mechanism follows a diffusion-controlled pathway.!*"!

REPEATABILITY STUDY
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Figure 4-5: (a) CV response of MoS,/SPCE in 100M of Cu** ions in PBS for 40 cycles at 50mV/s; (b)Bar

graph for 40 CV cycles with their oxidation peak current response.

To investigate repeatability, a continuous cyclic voltammogram comprising 40 cycles was conducted for a 100
uM Cu ions concentration in a PBS electrolyte solution at a scan speed of 50 mV/s, as depicted in Figure 4-
5(a). As a result of the preconditioning for the modified SPCE, both oxidation and reduction peak currents
exhibited a gradual initial increase followed by saturation. In Figure 4-5(b), a bar graph illustrates the oxidation

peak current for each cycle, with a standard deviation of 0.00334 mA observed over the collective 40 cycles.
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INTERFERENCE STUDIES
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Figure 4-6: (a) CV responses for the detection of 100 pM Cu ions, along with other heavy metal ions; (b)
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DPYV responses for the detection of 100 pM Cu ions, along with other heavy metal ions.

Interference studies were conducted to assess the electrochemical detection of the target analyte species,
namely 100 uM Cu?" ions, in the presence of other similar heavy metal ions, including nickel, zinc, cobalt, and
iron. The CV and DPV responses for these interactions are presented in Figure 4-6(a, b). Additional CV and
DPV responses illustrating the interaction with the mentioned analyte species can be found in Figures 4-7,4-
8,4-9,4-10. These responses were obtained by introducing various heavy metal ions (HMIs) with 50 uM and
100 uM concentrations to a solution containing 100 pM Cu analyte ions in a 0.1 M PBS solution. Notably, the

interference study observed that the addition of Fe** significantly impacted the response for copper ions, which

was evident from the observed peak shift in anodic DPV current when Fe?" ions were introduced.
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Figure 4-7: (a, b) CV and DPV responses for MoS2 coated GCE layer for the detection of copper ions in
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the presence of 0, 100, 500 pM Co2+ ions in 0.1M PBS respectively
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Figure 4-8: (a, b) CV & DPV responses for the detection of 100 uM Cu ions, along with Zn ions of 50
pM, and 100 pM.
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Figure 4-9: (a, b) CV & DPV responses for the detection of 100 pM Cu ions, along with Ni ions of 50
pM, and 100 pM.
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Figure 4-10: (a, b) CV & DPV responses for detecting 100 pM Cu ions, along with Fe ions of 50 nM, and
100 pM.
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4.3.2.2 Detection of Copper lons by MoS,-Coated Glassy Carbon Electrode

In the employed 3-electrode system, the MoS,-modified GCE served as the working electrode, a platinum coil
functioned as the counter electrode, and an Ag/AgCl electrode was used as the reference electrode. In Figure
4-11(a, b), both CV and DPV responses are presented for the bare GCE and MoS;-modified GCE in the absence
and presence of 100 uM and 500 uM Cu*" ions. The difference in peak current values for Cu** ion detection

between 100 pM and 500 uM concentrations is 0.00228 mA.
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Figure 4-11: (a, b) CV and DPV responses for MoS; coated GCE layer in the presence of 0, 100, 500 pM
Cu’" ions in 0.1M PBS, respectively

4.3.2.3 Comparison of GCE and SPCE using EIS technique

To compare the response of SPCE with GCEs, Nyquist plots were obtained in the absence and presence of 100
uM copper ions, as depicted in Figure 4-12(a). For this study, bare GCE with Ag/AgCl and platinum coil was
used for EIS measurements in the absence and presence of 100 pM Cu ions in a 0.1 M PBS solution. In both
cases, the absence of a semicircle at the high-frequency zone indicates the absence of a double-layer region,
resembling characteristics typical of a supercapacitor.!"!! This is attributed to the high conductivity and low
charge transfer resistance of glassy carbon. However, at the lower frequency zone, the bare electrode exhibits
the behavior of a constant phase element (CPE) with a constant phase difference angle (6) of 62° without
copper ions and 84° with copper ions (n = 0.688 & 0.933). The bare GCE displays imperfect capacitive
behavior with the addition of copper ions, as the deviating angle remains closer to the ideal capacitor behavior
(6 = 90°)."2] Nevertheless, the series resistance of this bare electrode remains almost constant at around 108
ohms in the presence and absence of Cu ions, suggesting no significant change in the interaction between the
electrode and the electrolyte in both cases. Figure 4-12(b) presents the Nyquist plot via EIS measurements for
the MoS2 modified GCE, both in the absence and presence of Cu ions. In the absence of Cu ions, a semicircle
is not observed in the high-frequency region, and the plot resembles a CPE at a lower frequency, possibly due
to the surface roughness of the electrode (60 = 41°). However, the presence of a partial semicircle in the higher
frequency region could be attributed to a combination of electrode resistance and charge transfer resistance at

the surface interface (double-layer formation), acting as a CPE followed by Warburg impedance (0 = 44°).
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Figure 4-12: (a, b) Nyquist plot for the bare GCE and bare SPCE electrodes in the absence and presence of 100 pM copper ions respectively; (c) Nyquist plot

for both bare GCE and bare SPCE in the high-frequency region; (d, ¢) Nyquist plot for the MoS: modified GCE and MoS; modified SPCE electrodes in the
absence and presence of 100 pnM copper ions respectively; (f) Nyquist plot for both the MoS; modified GCE and MoS; modified SPCE in the high-frequency

region.
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As shown in Figure 4-12(c), the initial electrode resistance for both bare and modified GCE is calculated to be
around 111.47 ohms to 113.5 ohms in the absence and presence of copper ions, respectively. Figure 4-12(d)
illustrates the Nyquist plot for the bare SPCE electrode obtained from the EIS measurements in the absence
and presence of the analyte solution, i.e., 100 uM Copper ions. The bare SPCE exhibits similar CPE behaviour
at lower frequencies and no formation of a double-layer region (charge transfer resistance) due to its high
conductivity. The constant phase (n) value was found to be 0.877 and 0.811 with the phase difference angle of
79° & 73° in the absence and presence of Cu ions, respectively. Comparing the constant phase of these bare
electrodes, it is noted that the capacitive impedance builds in MoS;-modified GCE in the presence of the
analyte solution, while the capacitive impedance drops in the case of SPCE. Figure 4-12(e) shows the Nyquist
plot for the MoS; modified SPCE. In the absence and presence of the analyte solution, a semicircle is formed
at a higher frequency due to the double-layer region, and CPE (n = 0.633 & 0.688, respectively) is seen at
lower frequencies. The Nyquist plot for all electrodes in both the absence and presence of 100 uM Copper ions
for a comparative study i.e The electrode and electrolyte resistances for both bare and modified SPCEs are
shown in Figure 4-12(f). The internal resistance due to both electrode and electrolyte for MoS,-modified GCE
and SPCE is around 328.28 ohms and 370.27 ohms, respectively. In contrast, their respective electrode
resistance is measured as 279.57 ohms and 280.12 ohms from the fitted graphs. Figure 4-14 includes the Bodes
plot, and Figure 4-13 contains the Frequency vs. Impedance plots for all the above cases. From the above, it
can be concluded that the modified GCE exhibits Warburg impedance, which is characteristic of an excellent
diffusion-controlled process. In the case of modified SPCEs, even if there is a slight tendency towards CPE

characteristics (n = 0.633 & 0.688), this could result from both the capacitive nature of SPCE and ion diffusion.

Further, the response current results from both surface-controlled and diffusion-controlled currents.!'**!
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Figure 4-13: (a, b) Frequency vs. Impedance plots for both unmodified & modified GCE, and SPCE in

the absence and presence of 100 pM copper ions.

The overall peak current change observed in the modified SPCE at different concentrations is higher than that
observed for the modified GCE. The high charge transfer resistance and the internal capacitance behavior of

MoS; modified SPCE aid in differentiating peak current changes between smaller concentrations. This
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indicates that the SPCE exhibits better diffusion phenomena. The capacitive behavior for charge transfers due

to the formation of a double-layer region helps in the better detection of diffusing Cu ion species.
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Figure 4-14: (a, b) Bode plots for both unmodified & modified GCE, and SPCE in the absence and
presence of 100 nM copper ions.

4.4 Conclusion

Heavy metal ions (HMIs), such as Cu?", pose significant risks to both the environment and human health.
Traditionally, these ions are detected using electrochemical sensors based on glassy carbon electrodes (GCE)
mounted on rigid substrates. However, many modern applications demand flexible and even disposable
sensors. In this study, we present a flexible electrochemical sensor based on molybdenum disulfide (MoS:)-
modified screen-printed carbon electrodes (SPCE) for detecting copper ions in water. The sensor demonstrates
high sensitivity with a limit of detection (LOD) of 5.43 uM for Cu?** ions within the range of 5 uM to 5 mM.
Compared to MoS.-modified GCE, electrochemical impedance spectroscopy (EIS) results show that the
SPCE-based sensor has better linearity (R* = 0.99) and effectively detects copper ions. Additionally,

interference studies, which tested the detection of copper in the presence of other HMIs, confirm the sensor’s

robust performance, making it suitable for practical copper ion detection in water.
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[5] Electrochemical detection of Iron content in water using

multiple electrode materials

The work adapted from:

(1) Neethipathi, D. K., Beniwal, A., Ganguly, P., Scott, M., Bass, A., & Dahiya, R. Electrochemical
Detection of Fe2+ Ions in Water Using 2-Dimensional g-C3N4 Modified Glassy Carbon
Electrode-Based Sensor. 2023 IEEE Applied Sensing Conference (APSCON); The first author,

who led the experimental design, data acquisition, analysis, and manuscript preparation.

In this Chapter, the introduction of a 2-dimensional (2D) Graphitic Carbon Nitride (g-C3N4) modified glassy
carbon electrode (GCE) as an electrochemical sensor for detecting Fe?* ions in water is presented. The 2D g-
CsN4 nanosheet used as the sensing layer is environmentally friendly, and the sensor demonstrates excellent
performance within the range of 0.9 mM to 5 mM iron in water. Furthermore, Both Carbon-based electrodes
and the silver-based electrode were used to illustrate the detection of fe** and fe*" ions with different data
collection approach, and they successfully achieved similar results with the ICP-OES results for the sample
spiked water samples with less than 15% accuracy variation and thus providing an easily disposable, cheaper

sensor for detection in the field.

5.1 Why should iron be monitored in water?

Iron is a critical element in both biological and environmental systems. It is found in water, as well as in various
minerals within the Earth's crust. The human body needs an average of 8 to 12 mg of iron daily for essential
functions, such as oxygen transport in the blood. Iron deficiency can lead to issues like fatigue and anemia. In
aquatic ecosystems, iron traces are also crucial for sustaining life. However, excessive iron concentrations in
water can be harmful, as high levels of heavy metal ions are toxic and non-biodegradable!'**. Therefore,

regular monitoring of iron levels in water bodies, such as lakes, rivers, and ponds, is essentiall!83,

Traditional methods for assessing water quality include spectrophotometric and colorimetric analyses, which
often require laboratory settings and are challenging to perform in the field. Given the variability in water
quality due to environmental factors like rainfall or human activities such as chemical waste disposal, there is

195, 196

a need for compact and cost-effective on-site sensors.! I Electrochemical sensors are particularly valued

for their rapid response, high sensitivity, and selectivity.!!97- 1%

5.2 Experimental section

All experimental details for the g-CsNs-modified electrodes and Fe?*/Fe®" measurements are compiled in this
section, including material preparation, sensor fabrication and electrochemical protocols, to enable

reproducibility of the results presented in this chapter.
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5.2.1 Synthesis of Pristine g-C3N4

The production of pure graphitic carbon nitride (g-C3N4) powder was achieved through the thermal
condensation and evaporation of a melamine precursor. In this procedure, melamine—a nitrogen-dense organic
compound—undergoes high-temperature polymerization. This thermal treatment facilitates the transition of
melamine molecules into a stable, polymeric g-C3N4 network.To ensure the chemical integrity of the final
product, an evaporation phase was conducted under regulated parameters. This crucial step eliminates
secondary byproducts and leftover solvents, yielding a refined powder with the structural precision required

for high-performance applications, such as electrochemical sensing.

5.2.2 Ink Preparation and Electrode Modification

2D nanomaterial suspension was prepared by integrating 20 mg of the synthesized g-CsN4 into 1 mL of
dimethylformamide (DMF). To ensure a uniform dispersion, the mixture was treated via probe ultrasonication.
For the modification of the Glassy Carbon Electrode (GCE), a multi-step drop-casting technique was
employed:Volume: 5 puL of the g-C3N4 ink was applied per layer.Frequency: The casting process was repeated
four times.Drying: Between each application, the electrode was dried in an oven at 60°C for 15 minutes to

ensure a stable and consistent film.

5.2.3 Material Characterisation

The prepared g-C3Ny4 salts were characterized by X-ray diffraction patterns. Fig. 5-1(a) shows the peak
obtained from the XRD for the prepared salt. The peaks at 12.96 and 27.46 indicate the lattice planes of (100)
and (002) of g-Cs3N, respectively. This is also confirmed using the ICDD card 00-066-0813. The SEM image
for the coated g-C3N4 layers over the screen-printed carbon paste substrate (similar to the glassy carbon
surface) is shown in Fig. 5-1(b). This indicates multiple coated layers having a homogenous surface over the

substrate without any cracks or nanopores. These results also signify the well spread of 2D nanomaterial with

uniformity.
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Figure 5-1: a) XRD pattern for g-C3:N4 powder. (b) SEM images of g-C3N4 coated carbon layer.
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5.2.4 Determination using a silver electrode

A printed sensor version was developed by modifying all silver electrodes of a screen-printed electrochemical
sensor with g-CsN4 nanoparticles. The stock solution of fe?* and fe*" ions was prepared for the concentration
study from Iron (II) chloride tetrahydrate. The plots of cyclic voltammetry and Differential pulsed voltammetry
graphs are obtained between similar testing ranges from the referred paper, which is 0.5 mM to 5.01 mM (i.e.,

28 mg/L to 280 mg/L).

Figure 5-2 shows the cyclic voltammetry and DPV results for detecting various Fe?" concentrations. Figure 5-
2(a) shows a clear reduction peak of Fe?* ions to Fe ions, suggesting a redox reaction between Fe and Fe*
ions. In DPV results, the modified silver electrode helps clearly distinguish the oxidation peak current from

around -0.17 Vto 0.4 V.
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Figure 5-2: Cyclic voltammetry and Differential pulsed voltammetry response curve for varying fe?*

concentration.

From Figure 5-3, the peak currents were plotted against the concentrations of Fe** ions between 30 mg/L and

130 mg/L. The R-square value of 0.99615 shows a highly linear detection range between 30 and 130 mg/L.
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Figure 5-3: Peak current observed against the concentration of fe** ions — plot.

For this test, four Fe*" ion solutions at different concentrations were prepared, and I[CP-OES measurements
were performed to verify the prepared concentrations and support the electrochemical results. These solutions
were blind-tested with the same sensor. CV and DPV were obtained by directly dipping the fabricated sensor
into the water samples. Among the given solutions, CV and DPV response results were obtained clearly for
two of the given samples, which were further considered for testing (later found to be concentrations of 10

mg/L and 100 mg/L), as shown in Figure 5-4.
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Figure 5-4: Cyclic voltammetry and DPV response of Fe** ions in water.

When these results overlapped with the existing data in Figure 5-5, in Figure 5-5(b), the measured peak current
was correlated with the linear fit line between the peak current and the concentration graph. Here, the measured
concentration was 126.48 mg/L. Based on the ICP-OES results, the tested solution has a concentration of

135.71 ppm (135.71 mg/L). Therefore, the accuracy error percentage is roughly 6.8 %.
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Figure 5-5: Overlap of demo solution on the sensor response.

5.2.5 Determination using Carbon paste based electrode

To demonstrate the detection of Fe?* and Fe** ions, sensors were made using commercial carbon-based and
silver paste inks. The sensors are fabricated using a screen printer, with the size and thickness of the sensors
controlled by custom-designed stencils. Ag-based sensors were also prepared and tested. Attempts to use Ag-
based sensors were also undertaken, but the Ag-based sensors were found unstable and prone to crumbling;
therefore, they were found inadequate. The study's results on Ag-sensors are available on request as a

summarised report.

This feasibility study aims to demonstrate the suitability of carbon graphene-based printed sensors for detecting
Fe** and Fe** ions. The results were benchmarked against the samples analyzed by Inductively Coupled
Plasma—Optical Emission Spectrometry (ICP-OES). The main aim was to ensure the studies' reproducibility
and demonstrate the applicability of EC sensors in detection using commercially available inks as the sensors'
active materials. Therefore, this stage did not explore the ability to use “bespoke” materials (for example, to

withstand highly acidic conditions).
Carbon-based sensors: design

As mentioned above, the initial attempts were on a silver electrode-based sensor. Although the results were
encouraging, with Fe*" successfully detected and quantified, the Ag-based sensor was found to crumble when
bent. Therefore, an alternative sensor was explored using the screen-printed approach with the help of carbon-
based ink. A typical sensor is fabricated by applying the ink to a stencil, followed by screen printing (Figure
5-6). Mylar was used as a substrate. At this stage, no attempts were made to investigate the durability of the
sensor in a corrosive chemical environment. The critical metrics for progressing with the sensor as suitable for
applications were its mechanical and chemical stability in the iron-containing solution at a minimum tested pH
= 2.5. The sensor is displayed in Figure 5-5, which showcases the ability to bend. The wired electrodes were
not immersed into the solution and, therefore, were attached to the active coating using carbon paste and fixed

with the Kapton tape.
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Figure 5-6: The screen-printing carbon based-based electrochemical sensor with gC3;N4 nanoparticles.

With simplicity in mind, the general applicability of the sensors was tested using the cyclic voltammetry
approach, which is the most suitable for applications both in a lab and in the field. Generally, a small voltage
is applied when a current is detected. The specific voltage for the peak position determines the nature of the
species, and the height (or area) of the peak quantifies the concentration. The initial work was focused on
creating calibration curves using a FeCl, solution with Fe?" concentrations ranging from ~5 - 560 ppm using

cyclic voltammetry (CV). Figure 5-7 shows the CV curves for solutions within the ~35 — 550 ppm range

recorded at the scan rate of 100 mV/s.
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Figure 5-7:(a) Cyclic voltammograms of Fe?* solutions with concentrations of 35 ppm to 560 ppm. (b)

The current vs. concentration of Fe?* solutions was measured at the key current peak height.

Showcase 1: Detection of concentration of Fe?* ions by carbon-based sensors
Typically, recording each curve took 30 seconds, suggesting a quick response from the sensor is possible.
The respective reduction peak current vs concentration graph of the tested solutions is plotted (Figure 5-7),
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and data points fit linearly, suggesting that the intensity of the peak represents the concentration reliably. The
position of the peaks was consistent and only influenced by variations in pH as the concentration of Fe®*
changes within the solutions.

Figure 5-8(a) displays the CV curves collected in the lower concentration range between ~ 9 — 35 ppm,
while Figure 5-8(b) shows the relevant calibration graph with the data points fitted linearly. The sensor displays
high linearity of R? values of 0.994 and 0.993, respectively.
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Figure 5-8: (a) Cyclic voltammograms of Fe?* solutions with ~9 - 35 ppm concentrations. (b) The current

vs concentration of Fe** solutions was measured at the key peak.

A blind sample provided by Scottish Universities Environmental Research Centre, SUERC (and later
revealed as a 10 ppm of Fe?") was put to the test (Figure 5-8(a), Black curve). The peak oxidation current value
for the tested sample was plotted on the linear fit. The tested sample’s peak oxidation current intercepts the
linear line at 0.1516 mM (corresponding to 8.5 ppm), suggesting roughly a 10 - 15 % error in the measurement.
However, the accuracy of detecting lower concentrations can be further enhanced using more sophisticated
electrochemical techniques such as pulsed voltammetry. The detection at high concentrations is much more
efficient as the peak shape is more reliable. Increasing the surface area of the sensor's active layer is another
way to increase sensitivity. As mentioned before, the goal was to demonstrate the detection of Fe*" in principle
at low concentrations rather than optimize the sensor performance for a targeted application.

Notably, the carbon electrode demonstrated a good lifespan, as evidenced by hundreds of CV scans,
without impairing its performance or any evidence of crumbling or delamination. A high linearity was found
in the range of 1.25 ppm to 560 ppm, but the optimal detection range for Fe*" is probably > 20 ppm.

Showcase 2: Detection of concentration of Fe’* ions by carbon-based sensors

A carbon-based electrode, as shown in Figure 5-9, was used to determine Fe*" ions in solution. At first,
simple calibration curves using the cyclic voltammetry method were obtained for a varying concentration from
6.5 ppm to 100 ppm of Fe*" ions, prepared from the Fe(NOs); 9H,O. It should be mentioned that no
investigation for water content was carried out by Thermogravimetric analysis (TGA), and the commercially
purchased salt was used as supplied. Figure 5-8(a) shows the CV curves recorded for the solutions with the

targeted Fe** concentration of 6.25 — 100 ppm at the scan rate of 100 mV/s. In the case of CV response towards
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Fe** ions detection, recording each curve took 30 seconds, indicating that the sensor is capable of a quick

response.
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figure 5-9: (a) cyclic voltammograms of fe** solutions with concentrations ranging from 6.25 - 100 ppm.

(b) the current vs concentration of fe** solutions was measured at the key oxidation peak.

The intensity of the oxidation peak currents was plotted on a graph (Figure 5-9(b)) against the respective
concentrations of the solutions. These data points were fitted linearly, indicating that the intensity of these
peaks reliably represents the concentration. Here, the intensity of the peaks was consistent while there was a
slight variation in the position of the peak as influenced by the varying pH as lower concentration of Fe**
required more dilution. It is observed that the sensor exhibits high linearity, as indicated by the R? value of
0.993. A blind sample provided by SUERC for the Fe** solution (which was later revealed as 10 ppm) was put
to the test, and its CV curve was plotted along the yellow curve in Figure 5-9(a). Its respective oxidation peak
is intercepted on the linear calibration line, resulting in a concentration of 10.04 ppm, as shown in Figure 5-
9(b). In this regard, Fe** detection showed a very high reliability compared with Fe?*. A possible explanation
for the improved detection could be either a weaker sensor response of the Fe*" solution compared with Fe**
as well as the uncertainty in the water content within salts supplied by manufacturers to UofG and SUERC.
However, due to the budgetary constraints and timeline of this feasibility study, the primary cause for the

higher error of the measurement for Fe** in comparison with Fe** was not established.
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5.2.6 Determination using g-CsN4 modified Glassy carbon electrode
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Figure 5-10: (a) Experimental setup. (b, ¢) CV and DPV curve responses of g-C3N4 coated GCE in absence and presence of 2.5 mM of iron (Fe?") ions in PBS

solution. (d, ¢) CV and DPV curve responses for detecting 0.9 mM to S mM iron ions in 0.1 M PBS. (f) Concentration of iron analyte vs oxidation peak current
(IP).
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Figure 5-10(a) represents the system diagram of the 3-electrode system used to detect iron. Here, the platinum
coil was used as a counter electrode (CE), the standard Ag/AgCl was used as a reference electrode (RE) and
the g-C3N4 coated GC was used as a working electrode (WE). Figure 5-10(b) shows the obtained CVs over the
potential range of -0.6 V to 0.8 V in the absence and presence of 2.5 mM of Fe?* ions in the electrolyte solution.
Here, the varied CV patterns indicate the occurrence of an electrochemical redox reaction. DPV patterns over
the range of -0.2 V to 0.4 V, shown in Figure 5-9(c), were obtained in the absence and presence of Fe?" ions
in 0.1 M of PBS solution. The peak displayed in the anodic current at -0.09 V is in response to the oxidation
of Fe ions, that causes the addition of evolved 2e™ free electrodes. This leads to the increase in the current level,
which can be seen through the emergence of DPV peak for the analyte solution in comparison with the blank
solution. The electrochemical redox mechanism can be explained easily using the following chemical reactions

i.e., Fe to Fe?" + 2e” and vice versa.
The electrochemical redox mechanism can be explained using the following anodic and cathodic reactions:
Anodic (oxidation) reaction:
Fe(s) — Fe**(aq) + 2¢~
Cathodic (reduction) reaction:
Fe?*"(aq) +2e~ — Fe(s)

CONCENTRATION STUDY

For the concentration studies, both CV and DPV patterns of iron content in the electrolyte were obtained at
different concentrations (from 0.9 mM to 5 mM). In Figure 5-10(d), the increase in the analyte concentration
leads to an increase in oxidation peak in the forward scan with a slight shift from 0.05 V to -0.1 V. In the
reverse scan, the increase in reduction peak is in the region over -0.29 V to -0.38 V. Figure 5-10(e) displays
the DPV peak rising in anodic current over -0.06 V to -0.014 V to the increased iron concentration in the
electrolyte solution. To find the linearity for the peak rise, the peak current value for each concentration in the
DPV pattern was plotted against their respective concentration, as shown in Figure 5-10(f). It may be noted
that there are two linear lines with the R? value of 0.9367 and 0.97233 over the concentration range of 1.0 to

1.5 mM and 2 to 5 mM, respectively. The linear equations for the above ranges were
Ip (A) = 0.0612 Conc Fe”(2+) (mM) — 0.8573 3)
Ip (uA) = 0.70 Conc Fe”*(2+)(mM) — 0.5056 (4)

In the lower concentration region of 1.0 mM to 1.5 mM, the hexagonal core-shell structure of g-C3Ns may have
caused the absorption of oxidised Fe*" ions over the sensing layer, which leads to the blockage of most
incoming free electrons for diffusion. For the higher concentration region, even though the deposited Fe*" ions
block the current path for incoming ions, the oxidation of the higher concentration of Fe?" ions over the g-C3Nj4
nanosheet leads to excessive free electron charges, leading to a sudden rise in the peak observed after the

formation the current path for the driving free electrons %,
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ACCUMULATION STUDY
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Figure 5-11: (a) CV response curves for g-C3N4 /GCE in 2.5 mM of Fe2+ ions in PBS with different
scan rate of 10 to 1000 mV/s; (b) IP versus scan rate; (c¢) IP versus Vscan rate; (d) log of IP versus Log

of scan rate.

The accumulation study was conducted to investigate the electrochemical behaviour of the g-CsN4/GCE
electrode toward Fe*" ions by analysing the effect of scan rate on the cyclic voltammetry (CV) response. This
study aims to elucidate the underlying detection mechanism—whether adsorption-controlled, diffusion-
controlled, or a combination of both—by examining the relationship between peak current and scan rate. The
CV patterns were obtained for different scan rates to study their detection mechanisms for the accumulation
study. Figure 5-11(a) displays the CV patterns over the region of -0.6 V to 0.8 V with the scan speed of 1 mV/s
to 1000 mV/s for detecting 1.5 mM Fe?* ions in 0.1 M PBS electrolyte. The oxidation peak current value from
the different scan rates was plotted against each other in Figure 5-11(b). The R? value for the plotted peaks is
0.95762, which shows a highly linear relationship between the scan speed and peak current. This confirms the
occurrence of an absorption-controlled mechanism. Figure 5-11(c) displays higher linearity between the square
root of scan speed and peak current with an R? value of 0.99876. This confirms the diffusion-controlled
mechanism as well. From the scan speed studies, the mechanism occurring over the g-CsN4 layers was both
adsorption-controlled and diffusion-controlled. However, at higher concentrations of iron analyte detection, a
diffusion-controlled mechanism plays a significant role, confirmed by plotting Log V against Log Ip. Here the

slope was found to be 0.55, which was closer to the ideal diffusion-controlled mechanism (0.5) 2%,
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Figure 5-12: (a) CV response of 30 scans in 2.5 mM of Fe2+ ions in PBS 50mV/s; (b) DPV response for

the 1st and 30th consecutive cycles.

For the repeatability studies, a continuous cycle of 30 CV scans was obtained, and the respective DPV patterns
were obtained before and after scanning, as shown in Figure 5-12(a, b). From the repeatability study, it may
be noted that a slight change in oxidation peak occurs for the initial scans. Later, these peaks converge to have

a more reliable and accurate response.

5.3 Conclusion

The carbon-based printed sensors fabricated using commercial inks were found suitable for detecting Fe
and Fe** ions, as their results could be benchmarked against ICP-OES and demonstrated reproducibility. While
silver-based sensors were also attempted, they proved inadequate due to instability and crumbling issues,
leading the study to focus solely on the more promising carbon-based sensors made from commercial inks.
The carbon-based screen-printed sensors fabricated on Mylar substrates using commercial inks proved to be a
viable and robust within pH 2.5 — 6.5 range.

The carbon-based screen-printed sensors successfully demonstrated their viability for detecting and
quantifying Fe*" ions through cyclic voltammetry, exhibiting high linearity (R* > 0.99) in calibration curves
spanning concentrations from 8 — 560 ppm, with an accuracy of around 85-90% for a 10 ppm blind test sample.
The sensors proved mechanically and chemically robust, enduring hundreds of CV scans without performance
degradation, crumbling or delamination. They are promising candidates for practical applications within their
optimal detection range for Fe?* of > 20 ppm. Similarly, the carbon-based screen-printed electrode
demonstrated high linearity (R? = 0.993) and reliability in detecting Fe*" ions in the range of 6.25 - 100 ppm
through cyclic voltammetry, accurately quantifying a 10 ppm blind test sample with minimal error.

While the Fe?* detection exhibited comparatively higher measurement errors, potentially due to weaker sensor
response or uncertainties in the water content of the supplied salts, the study successfully validated the
suitability of these robust carbon-based sensors for quantitative electrochemical analysis of both Fe*" and Fe**

species in aqueous solutions.
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In summary, the 2D g-C3;N4nanomaterials-based sensor shows excellent response for detecting iron in water.
The performance of the sensor is examined for iron content concentrations ranging from 0.9 mM to 5 mM
using CV and DPV techniques. Along with the concentration study, the accumulation study (with a scan speed
of 10 mV/s to 1000 mV/s in -0.6 V to 0.8 V region) and repeatability analysis (30 CV scans) are also carried
out. The electrodes on rigid substrates can be replaced with flexible, eco-friendly, biodegradable materials for

easy disposability and practical field applications. This will be the focus of our future work.
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[6] Reusability of the printed sensor for the Differential
pulsed anodic stripping voltammetry application

6.1 Introduction
The SPCE-based 3-electrode sensor detects zinc ions at lower and higher concentrations (i.e. ppm, ppb) using

cyclic voltammetry and differential pulsed anodic stripping voltammetry techniques. The deposition,
preconditioning, and postconditioning states were discussed in relation to detection in lower concentrations,
and this is essential for achieving repeatable usage of the fabricated sensor. The issue concerning repeatable
usage arises in anodic stripping due to not achieving complete stripping of deposited ions when approaching
stripping-based detection. This causes varying voltammogram responses for the same concentration as the
unstripped ions accumulate and provides a uniform response. Therefore, for the first section, the experiment's
approach involved deposition, preconditioning, and the postconditioning stage was discussed, and their

respective results were investigated.

In this chapter, the idea focuses on optimising techniques on the Anodic stripping voltammetry technique to
find the reusability of the printed electrochemical sensor. The section is divided into two sections where: 1)
the usage of SPCE-based sensors for the detection of zinc ions by DPASV method and the optimisation of
precondition, deposition, and post-condition process while the detection of zinc ions in water; 2) The usage of
SPCE based sensor for the detection of lead and cadmium ions and further using a mixture of commercial
metal oxides, made from titanium oxide (TiO) and Magnesium oxide (MgQO) for the detection of lead and
cadmium in the lower range of ppb. Here, a simple comparison of DPV and DPASV methods is shown for the

significance of the stripping method.
The main aims of this chapter are therefore to:

e  Optimise the preconditioning, deposition, stripping, and post-conditioning steps in DPASV so that the
same SPCE can be reused reliably.
e Demonstrate the detection of Zn?*, Cd?**, and Pb?*" using bare SPCEs and TiO-—MgO modified SPCEs,

and compare DPV with DPASV for low-concentration measurements.
The chapter is organised as follows:

e Section 6.2 — Materials and methods for sensor fabrication, reagents, and stripping protocols.

e Section 6.3 — Results and discussion for zinc detection and optimisation of reusability.

e Section 6.4 — Results and discussion for lead and cadmium detection using bare and TiO.—MgO
modified SPCEs, including DPV vs DPASV comparison.

e Section 6.5 — Conclusions.
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6.2 Materials and methods

6.2.1 Sensor platform and fabrication
A screen-printed carbon electrode (SPCE) with a three-electrode layout was used as the base platform. The

working and counter electrodes were printed using a commercial carbon paste (Sun Chemical), which was also
self-modified for some experiments as described below. A commercially printed Ag/AgCl electrode (3.5 M

KCI) served as the reference electrode.

For TiO-—MgO modified electrodes, a 1:1 (w/w) mixture of commercial titanium oxide (TiO2) and magnesium
oxide (MgO) nanopowders was dispersed in an appropriate solvent (e.g. DMF) and thoroughly blended. A
defined volume of this dispersion was drop-cast onto the SPCE working electrode and allowed to dry, forming

a heterogeneous metal-oxide composite sensing layer.

6.2.2 Reagents and solutions

e Zinc: Stock solutions of Zn*" were prepared by dissolving zinc nitrate hexahydrate (Sigma-Aldrich)
in deionised (DI) water.

e Cadmium: Stock solutions of Cd** were prepared using cadmium chloride (Sigma-Aldrich).

e Lead: Stock solutions of Pb*" were prepared using lead chloride (Sigma-Aldrich).

e Supporting electrolyte: 0.1 M phosphate buffer solution (PBS, pH ~ 7) was used as supporting

electrolyte unless otherwise stated.

Typical working solutions were prepared by diluting the stock to the required concentration in 0.1 M PBS.

6.2.3 Practical stages in stripping voltammetry
In heavy metal detection, generally pulsed technique-assisted stripping voltammetry methods detection such

as LSASV, DPASV, and SWASYV involves two primary stages. The first stage is pre-concentration, where
metal ions in the solution are electro-reduced (deposited) onto the working electrode's surface as zero-valent
metal at a constant potential. In the second stage, a voltage sweep in the anode direction is applied to re-oxidize
the zero-valent metal into its ionic form. This process allows the analyte deposited on the electrode to be
stripped (dissolved) at a designated potential. This technique enables the specific detection of various metal
ions by leveraging their distinct oxidation potentials. However, a hidden third stage, which the literature
doesn’t cover much, is called post-conditioning, and is used to ensure the reusability of the same sensor. In
most printed sensors, the stripping process doesn’t altogether remove the deposited metal analyte at the
working electrode surface. Therefore, optimisation of pulsed technique-assisted stripping voltammetry
methods should require an in-depth study on both the deposition and postcondition phases. Otherwise, the

stripping results cause inaccurate results when reusing the same sensor.

STAGE 1: PRECONDITIONING OR DEPOSITION STAGE
For the deposition of HMIs, finding an optimised deposition potential and deposition time is necessary. The

deposition potential of heavy metal ions is the specific voltage at which these ions are reduced and deposited

onto an electrode during electrochemical analysis. This potential differs for various heavy metals and is critical
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for techniques like Anodic Stripping Voltammetry (ASV). By accurately setting the deposition potential,
selective and sensitive detection of individual metal ions can be achieved. In ASV, the deposition potential is
adjusted to ensure that only the target metal ions are reduced and accumulated on the working electrode. This
is done by selecting a potential where the metal ion of interest is reduced while avoiding interference from
other ions. After deposition, the electrode potential increases to oxidise the metal back into its ionic form,
allowing for its measurement and analysis. Different heavy metals exhibit unique deposition potentials due to
their electrochemical properties, which are influenced by factors such as the electrolyte's composition, pH, and
the electrode material. Proper control of the deposition potential is crucial for obtaining accurate and reliable
results in electrochemical sensing. Usually, the potential shown for the half-reaction of a redox reaction gives
an overall idea of the occurrence of a redox reaction and data gathered from the Pourbaix diagram for each

PTE in water (attached in appendix)

Half Reaction potential
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Figure 6-1: Oxidation potential, which is required for the half-reactions of heavy metal ions.

STAGE 2: STRIPPING OR DETECTION STAGE
The stripping potential gradually increases after metal ions are deposited onto the working electrode. The

stripping potential is the voltage at which these ions are oxidised and removed from the electrode. Each metal
ion has a distinct stripping potential due to its unique electrochemical characteristics. Therefore, when multiple
metal ions analyte are deposited onto the electrode, individual heavy metals strip off from the electrode at a

definite potential, leaving multiple occurrences of peaks at various potentials.
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STAGE 3: POST-CONDITIONING OF THE SENSOR
In most cases of printed sensors, the deposited metals don’t completely strip away from the working surface

of the electrode. For the complete recovery of the sensors, it is crucial to determine the equilibrium criteria
between the deposition and conditioning stages. A fine calibration will result in  deposition and stripping
techniques, heavy metal ions deposit more easily than other analytes. This is largely due to their stable
deposition characteristics, low reduction potentials, high conductivity, and significant charge density. Heavy
metal ions generally possess higher atomic masses and multiple positive charges, allowing them to conduct
electricity more effectively, which enhances their reactivity in electrochemical methods like electroplating and
anodic stripping voltammetry. Upon reduction, heavy metals typically form stable metallic deposits that adhere
strongly to electrode surfaces, thanks to their cohesive and adhesive properties. This results in a consistent and
reliable deposition, facilitating measurement and analysis. Heavy metal ions such as lead (Pb*"), cadmium
(Cd?*"), and zinc (Zn**) have relatively low reduction potentials, making them easier to reduce from their ionic
to metallic states. When a slight negative potential is applied to the electrode, these ions readily undergo
reduction and deposit onto the electrode as metal. Additionally, heavy metals show a high affinity for surfaces
like carbon, gold, and platinum electrodes, which further promotes their reduction and deposition during
electrochemical processes, making the procedure both efficient and dependable. In this Chapter, The SPCE-
based EC sensor was used to detect Cadmium, Lead and Zinc ions in water through the DPASV method. The
Unspoken issue in reusability of the sensor is discussed in detail with an investigation towards the hidden

stages of DPASV methods such as preconditioning and postconditioning.

6.2.4 Methodology for zinc detection

A 3-electrode-based fabricated electrochemical sensor was used to detect zinc ions in water. The counter,
working electrode, and screen-printed carbon electrode used the self-modified commercial carbon paste from
sun chemicals. Ag/AgCl (3.5 M KCl) was the reference electrode. The analyte stock solution was prepared
using zinc nitrate hexahydrate powder from Sigma. Electrochemical experiments such as cyclic voltammetry

and differential pulsed voltammetry techniques were used.

For zinc detection, a bare SPCE was used as working and counter electrode, with Ag/AgCl as reference and
0.1 M PBS as supporting electrolyte. Initial tests employed CV and DPV to understand the redox before the

haviour of Zn*" and to determine suitable potential windows.
Subsequently, DPASV was applied to study zinc deposition and stripping:

e Deposition potential: typically around —-1.3to—-1.4 V
e Deposition time: varied from 10 s to tens of minutes, depending on the experiment
e Stripping window: typically from the deposition potential up to 0 or +0.5 V

e Post-conditioning: positive potential (e.g. +1.1-1.3 V) for several minutes, with optional CV cycles

The effect of deposition potential, deposition time, and conditioning potential/time was investigated

systematically to determine conditions that both give a measurable signal and allow sensor recovery.
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6.2.5 Methodology for lead and cadmium detection

For the electrochemical sensor setup, a screen-printed carbon electrode was used as both a counter electrode
and a working electrode. Ag/AgCl (3.5 M KOH) was the reference electrode. 0.1 M Phosphate buffered
solution was used as the supporting electrolyte to maintain constant ionic strength (pH 7). A stock solution of
500 uM concentration was prepared for the analyte solution by dispersing cadmium chloride in DI water.
Differential Pulsed Anodic stripping voltammetry (DPASV) was used to detect varying cadmium

concentrations in 0.1 M PBS solution.
Bare SPCE

o Deposition potential: typically —1.3 to 2.0 V

e Deposition time: ~120 s (and longer for lead where required)

o Stripping window: from deposition potential to ~+0.5 V

e Post-conditioning: positive potential (around +1.3—1.4 V) for 3—5 min, plus CV cycles in
blank PBS.

TiO:-MgO modified SPCE

e Modification: drop-cast 1:1 TiO>—MgO mixture on the SPCE working electrode.
e Deposition potential: —1.0 V

e Deposition time: 30 s

e Stripping window: —1.0 V to +0.8 V

e Analyte concentrations: 100 nM to 500 uM for Cd** and Pb*".

6.3. Results and Discussion: Zinc detection and reusability

6.3.1 Electrochemical detection of zinc (CV and DPV)

Based on the Preliminary results for the detection, Zinc ions are more straightforward to detect at higher
concentrations. Here, for our understanding of the peak occurrence, cyclic voltammetry between -1 V and 1V
was scanned at 50 mV/s for the varying concentration of Zinc ions from 39.06 uM to 5 uM (i.e. 2.55 ppm to
65.38 ppm) and displayed in figure 6-2. It was observed that there is multiple redox potential. When the
forward scanned cycle occurs from -1 V to 1 V, Zn is oxidized to Zn" and Zn?* while losing le” and 2¢ at
approximately 0.4V and 0.8 V. In the reverse cycle, the oxidized zinc ions were reduced to zinc at -0.8 V,

causing a clear peak between 2.5 ppm and 327 ppm.
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Figure 6-2: Cyclic voltammetry was used for the potential window between -1V and 1V for the varying

concentrations.

Here, the Differential pulsed voltammetry method is used to gather responses for the varying
concentrations of zinc between 1.2 ppm to 81.8 ppm. Initially, zinc is oxidized at 1V and when the reverse

scan is applied, the oxidized zinc ion is reduced causing the peak due to reduced current occurring around -
0.4V.
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Figure 6-3 : DPV response is obtained for varying zinc concentrations between 1V to -1V.

The reduction peak appears between -0.5V to -1V, with the peak occurring at -0.85V. A slight peak shift occurs
at lower concentrations from -0.8V to -1V. To understand the occurrence of peak shift, the potential window
is extended to the negative side, which is displayed in Figure 6-3. Similarly, to understand the linearity, the
peak current is plotted against the varying concentration in Figure 6-4. It is observed that there are two linear

detection ranges with R-square values of 0.994 and 0.995 value.
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Figure 6-4: DPV response between 1 to -1.5V for zinc concentration (39 uM,156 uM,625 uM, and 2500
uM)

The two linear range occurrences in Figure 6-5 can be distinguished as lower concentration response and higher
concentration response. The lower concentration response is more sloppy in nature due to the result of the
available active surface area of the working electrode. At higher zinc concentrations, the slope decreases
compared to the lower concentration range, which may be attributed to the deposition of oxidized zinc ions on

the electrode surface, leading to surface blockage and a reduced current response.
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Figure 6-5: linear detection ~( varying concentration vs DPV peak response current )

6.3.2 Optimisation of DPASV parameters (deposition and conditioning stage)
This portion discusses optimizing deposition and stripping conditioning for sensor recovery. Let’s divide the

process into preconditioning, deposition and stripping, and postconditioning. The observation of such stages
is visibly seen over the sensor, where the color of the working electrode changes from a dark grey to light grey
and further to a black layer in Figure 6-6, indicating that the zinc has been deposited over the WE during the
deposition potential and also the stripped off of zinc in the stripping stage and completely recovered sensor in
the latter stage (ie postconditioning). To optimize such stages, parameters such as deposition potential, time of
deposition, postconditioning potential and its respective time, number of CV cycles, and their potential

windows account for the repeatability of a used sensor in the practical condition.

PRECONDITIONING OF THE SENSOR:
For this process, the freshly built electrodes should be conditioned to acquire reproductivity, provide a

repeatable baseline, and avoid initial noisy signals. This also helps to see the uniformity of a batch-produced
electrochemical sensor. Even though the printer produces the same design and thickness of the printed sensor,
the uniformity can be distorted due to a few reasons, such as the cause of the difference in ink formulation as
the composition of the required thinning agent varies from batch to batch as the electrode ink paste might be
in a different stage of dried condition and even in the same batch, the composition of ink may vary due to
inhomogeneous among the blended material. Another primary reason is human error, which makes it

challenging to provide perfect wiring and insulation.

Therefore, sensor preconditioning is essential to identify sensors with similar behavior. This can be achieved

through cyclic voltammetry and IR compensation processes. The dipping and cleaning of the printed sensor in
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DI water is also recommended as it doesn’t let the solvent dry out quicker, and thus, the moist electrode is
tenacious to the bending process. The CV cycle is recommended for the operating process for a certain number

of cycles to see if there isn’t any discrepancy in the sensor's response curve.

» Deposition of Zn over SPCE » Stripping off the Zn » Complete stripping of Zn
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Figure 6-6: Parametric steps in the anodic stripping process.

Based on most of the work, the SPCE electrode needs an average of 50 cycles to show a similar response in
the blank solution for both the CV and DPV response. However, for the silver electrode, this process is usually
eliminated for my work as the switch in the current potential in the negative potential to positive potential, or
vice versa, results in quicker darkening of the silver electrode. It is primarily due to the easier oxidation of the

silver electrode. Thus, the based sensors are often used in my work.

QUALITATIVE DESCRIPTION OF IR DROP:
In electrochemical sensing, the IR drop refers to the voltage loss that happens when current passes through the

solution's resistance. This phenomenon can lead to shifts in the measured potential and create artifacts,

particularly in low-conductivity solutions or when high currents are applied.

Unlike the DPV methods, the deposition and further stripping of the deposited HMIs are easier to notice due

to the surge in the peak observed. This is explained in detail in the upcoming section.

The tedious process is the postconditioning of the used sensor for reusability. Unlike the deposited reduced
ions on the electrode surface. The affinity between these HMIs and the carbon-based surface causes an
incomplete stripping of the ions. Several trials and observations for the deposition of zinc are shown. The
significance of postconditioning, which leaves a clear pathway for continuous monitoring ions in field
conditions, will be explained below. Here, for the concentration of 2.5 mM and 10 mM of zinc nitrate solution,

several trial tests were done to optimize the sensor.
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Figure 6-7: DPASYV Trails for optimizing.

6.3.3 Systematic trials for zinc DPASV and post-conditioning
A series of trials (labelled here as Trials 1-22) was carried out to understand how deposition potential/time

and conditioning potential/time affect zinc stripping and sensor recovery.

Trial 1: For the initial study, Ei is set to be -1.4 V for 2mins, and the DPV scan was set from -1.4V to 0.5 V.
The setup is pulsed height pH is 50 mV, the pulse width is 50 ms, step height is 5 mV and step time is 500 ms.
The conditioning potential was set to 0.5 V for 1 min. The CV for 5 cycles, ZIR compensation, and DPV
studies are done here. Trial 2: The same setup is set for repeatability study. It is noted that the peak occurs at
two potentials, which are around -1.3 V and -0.8 V. Here, ZIR and DPV studies are done without CV
studies. Trial 3: For the third trial, Just the DPV study is done as a part of the trial study. It is noted that the
peak shape for trial 3 is not the same as trials 1 & 2. Therefore, Just IR compensation and DPASV study are
done for the rest of the testing. Trial 4: IR and DPASV are done with the same setup parameters to confirm
this. The Peak shape returns similar to trials 1 & 2, which makes the peak more precise than just DPV results.
Trial 5: It is noted that the peak height is increasing for the constantly rising for the same experimental setup.
It is suspected that the zinc deposited at the deposition potential is not entirely stripped off from the sensor. It

is also noted that the zinc deposited on the sensor is visually seen as a grey layer at the carbon electrode.

Trial 6: To confirm the above statement regarding the zinc ions that don’t wholly strip off from the electrode,
the same trail is repeated, and the peak height is seen to be increased. Trial 7: Therefore, the conditioning time
was increased to 5 minutes. Trial 8: The setup is redone with increased conditioning potential at 1 V for 5
minutes. Trial 9: For this trial, it is seen that the same setup is used to see whether the peak height is still
increasing. Also, the DPV studies were run till 1V. It is observed that the peak height is still the same and not
increasing. Let's say that the deposition and conditioning are almost optimized. Trial 10: The same setup as
trials 8 and 9 is repeated. The peak observed is quite the same in all three cases. Trial 11: In this study, Ei is

set to be -1.4 V for 2mins, and the DPV scan was set from -1.1 Vto 1 V.

Trial 12: By repeating, the peak height is further increased, showing that at higher deposition potential, less

time is required to deposit. It is also noted that at the increased conditioning time, the DPASV is quite
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repetitive, and these parameters can be seen as optimized setup values. Trial 13: The DPV technique is further
run up to 1.5 V to strip off the deposited zinc ions completely. It is observed that the peak height is gradually
lowering, indicating that the zinc accumulated at the surface of the electrode is starting to be ripped off, which
allows the sensor to get closer to the baseline value. Trial 14: Repeating the experiment reduces the peak
height, stating that the zinc ions have yet to be completely stripped off. Trial 15: In this trial, the conditioning
time is 15 mins. The resulting peak observed is drastically reduced, which displays that the complete recovery
of the sensor is made at higher positive potential and conditioning time. It is also noted that the grey scale on

the sensor is entirely gone, stating that the deposited zinc is completely striped after this trial.

Trial 16: A new baseline is obtained for the DI water to check further whether the optimized parameters for
the higher concentration of 2.5 mM. Trial 17: The deposition potential is set at -1.4 V for 10 sec to deposit
zinc ions quickly. The detection or the stripping potential scan is scanned from -1.4 V to 0.5 V. The
conditioning potential is set to be 1.1 V for 1 min. Trial 18: The same experiment is repeated. The conditioning
time is set to be 5 mins. The potential increases to 1.1 V. Trial 19: The peak height at -0.8 V still increases.
So the conditioning potential is increased to 1.2 V. Trail 20: here, the conditioning potential is increased to 1.3
V, and as for the increased voltage, the condition time is reduced to 10 seconds. Trail 21 & Trial 22: The
experiment is repeated, and the reduced peak height suggests that the deposited zinc will be stripped entirely,

and the recovery is possible at varying concentrations as well.

As a collective observation, the optimized parameters for achieving repeatability of the SPCE-based sensor to

detect zinc ions in water by performing a DPASV method are tabulated in Table 6-1.

Table 6-1: Optimised parameter for the DPASV-based detection of zinc using SPCE-based results in lower

concentration (i.e., ppm range).

Parameter Optimized value

Preconditioning of fresh sensor CV cycles: 40 ~ 50 cycles; IR compensation is
recommended.
Deposition of zinc Deposition potential: -1.3; Deposition time: 10

mins~30 mins.

Detection or Stripping Stripping window: -1.3 Vto 0 V.

Postconditioning for sensor recovery Conditioning potential: 1.3 V, Conditioning time: 3
~ 5 mins. CV cycles in the positive potential region

are recommended for a few cycles.

6.3.4 Low-concentration zinc detection (1-20 ppm)
However, our aim was for the sensor to reliably detect lower concentrations, specifically in the range of 1-20

ppm, similar to the levels found in the water sample we collected from Welsch. We tried the same sensing
parameter in the lower concentration of 1 ppm of zinc in DI water where the DPASV response is noisy, and it

was hard to distinguish the detection peak and noisy signal. We tried with a buffer solution (0.1 M PBS) to see
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if the lack of ions at lower concentrations the reason for the poor signal might be. While introducing the buffer
solution, the DPASV response is less noisy, and to verify, the current rise (blunt peak) appears around
approximately -0.1V, as shown in Figure 6-8. To ensure the validity of the deposition, the deposition time was
increased from 1 min to 3 min and a further 9 mins. It is seen that the longer the deposition time, the slight
blunt peak height gradually increases, ensuring the deposition's validity. It is also shown that the reverse
DPASV responses from 1.3 V to 1.0 V as a postconditioning set have a similar baseline, which is also an
indication of the optimized postconditioning parameters ensure the complete stripping of deposited analyst

ions from the WE surface, and this way, the screen printed sensors can be easily repeatable.
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Figure 6-8: DPASV voltammograms response obtained for analyte concentrations of 5 ppm with
varying deposition time (1,3,9 min), showing the change in peak current with concentration at the TiO—

MgO modified SPCE.

After the optimized deposition time of 9 minutes and the different concentrations of zinc ions from 1 ppm to
20 ppm are tested, their respective DPASV response curves are plotted in Figures 6-9. The reverse DPASV

response curves are slightly varying from each other, which indicates incomplete stripping. Therefore,
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conditioning and further CV cycles are repeated to achieve a similar baseline as the postconditioning treatment.

The detection limit is set as 5 ppm for the distinguishable peak shape.
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Figure 6-9: Calibration plot of DPASVpeak current versus analyte concentration (1-20 ppm) for the
TiO-MgO modified SPCE, demonstrating the linear detection range and sensitivity of the sensor.

The higher Zinc ion concentration in water was detected using CV, and the DPASV method was optimized for
detection in the lower concentration range. In conclusion, the DPASV response is observed from 5 ppm. To
obtain clearer, more amplified, and more easily distinguishable peaks at lower analyte concentrations, future
work will extend the present study by systematically applying square-wave anodic stripping voltammetry

(SWASV) to optimise the detection conditions.

6.4 Results and discussion: lead and cadmium detection

6.4.1 Motivation and overview
Lead and cadmium are highly toxic metals and must be strictly monitored in environmental waters. Lead is

carcinogenic and affects the central nervous system and kidneys, while cadmium exposure is associated with
renal dysfunction, bone damage, and neurological effects. Both are widely used in industry (e.g. alloys,

pigments, batteries, electroplating) and are common environmental pollutants.

Similar SPCE-based sensors were used for the stripping voltammetry-based detection of Lead and cadmium
ions. Usually, The multiple heterogeneous sensing layer is avoided as it leads to a nonuniform coating layer

with varying surface area properties, but however, I prepared a mixture of metal oxide nanoparticles of titanium
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oxide and magnesium oxide to observe how a heterogenous nanomaterials.e TiO—MgO screen-printed carbon
electrodes-based sensor will perform to similar space layer. Here, The DPASV technique detects lead and
cadmium ions in the lower ppm to ppb concentration range. There is also a section imposing the DPASV
technique over the DPV technique to show why the ASV technique is superior at the lower concentration of

HMIs.

6.4.2 Bare SPCE: DPASV detection of cadmium

For the deposition of cadmium, the deposition potential is kept at -1.3 V for 120 seconds. The stripping is done
by performing a differential pulsed voltammetry scan from the deposition potential, i.e., 1.3V, to 0.5V,
displayed in Figure 6-10(a). The deposited cadmium at the surface of the electrode seems to be stripped at -
0.8 V from 0.1 ppm to 5 ppm. Figure 6-10(b) shows the third cycle of respective cyclic voltammetry. It is seen
that after ppm, the shape of the cyclic voltammetry can be easily used to detect higher concentrations. In

contrast, DPV was used at lower concentrations, where the CV response does not seem distinguishable.
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Figure 6-10: (a,b) DPASV and CV responses of varying concentrations of cadmium ions in water by

using an SPCE-based sensor
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Figure 6-11: (a,b) 2nd cycle and 5 continuous postconditioning CV cycle.

Postconditioning CV cycles were run in a blank PBS solution after every DPASV step from 100 ppb to 5 ppm,
shown in Figure 6-11(a, b). Here, for the detection of cadmium ions, the CV cycles were not similar to the
baseline, which indicates that the deposited ions have not been completely stripped off from the surface of the

working electrode. Therefore, a conditioning potential of 1.4 V is kept for 3 to 5 mins. This ensures the reuse

of the printed sensor.
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Figure 6-12:(a,b) DPASYV response of SPCE-based electrochemical sensor for detecting lead
ions in water.

Similar DPASV parameters, such as deposition potential as -1.3 V for the exact parameters for the anodic
stripping voltammetry, were followed for the deposition time of 2 mins. However, the DPASV response for
varying concentrations (i.e., 1 ppb to 10 ppm) shown in Figure 6-12(a) doesn’t show a prominent peak.
Therefore, the deposition potential is increased from -1.3 V to -2 V for the same deposition time (120 seconds),
and it is observed that -0.67 V. This clearly shows that the deposition and stripping of lead are easier than
cadmium. Therefore, a prominent peak isn’t as clear as cadmium for the same DPASV setup. As Cadmium

(Cd?") has a more negative reduction potential than lead (Pb?*), An enormous amount of lead must be deposited
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to achieve a prominent peak. So on the literature survey, it is observed that the optimised time for the deposition

of lead is 5 to 30 mins.

However, cadmium and lead's reduction (or stripping peaks) appear at -0.8V and -0.67V, which indicates a
separate peak similar to other literature articles. On observation, the zinc ion detection at lower concentrations

failed as sufficient deposition wasn’t achieved quickly. Therefore, I can focus on zinc after lead and cadmium-

based work.
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Figure 6-13:(a,b) preconditioned CV before DPASV detection method

Several CV cycles were run before DPASV-based testing for the above results, as shown in Figure 6-13(a).
Most of the baselines of the 2" CV cycle remain close to each other in Figure 6-13(b) except for the final redo
run. In this case, the higher concentration of lead, 10 ppm, has been run several times, and more CV
postconditioning is needed to remove the deposited lead ions. The immediate postconditioning CV cycles in
Figure 6-14(a,b) afer the DPASV without changing the analyte spiked electrolyte shows that the shape of the
CV curves doesn’t have prominent peak heights indicating that the redox reaction isn’t predominant in the
positive potential window and the CV response on multiple consecutive cycles, showing that the stripping

process doesn’t leftover much of the depostited lead ions on the surface of the working electrode.
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Figure 6-14: (a, b): postconditioning CV cycles after DPASV-based detection

6.4.4 TiO-MgO mixture modified SPCE-based electrochemical sensor

To perform anodic stripping voltammetry (ASV) for the detection of cadmium ions (Cd?") and lead ions (Pb**),

mixtures of TiO2 and MgO were thoroughly blended and then coated onto the working surface of the SPCE

working electrode (WE). Because this coating is based on a heterogeneous mixture of metal oxides, small

variations in the local composition and microstructure of the film are expected between electrodes. Such

variations can lead to differences in the effective electrode surface area and active sites, which in turn may

reduce batch-to-batch reproducibility of the sensor response.

Nevertheless, this TiO-—MgO composite layer provides a useful model system for investigating how mixed

metal-oxide nanomaterials in the sensing layer influence the stripping behaviour and overall analytical

performance of the sensor.
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Figure 6-15: (a, b) DPASYV response of Cd** ions in 0.1 M phosphate buffer solution.

For this, A bare screen-printed carbon electrode is modified with a nanomaterial mixture of titanium oxide
(TiO) and magnesium oxide (MgO) in a 1:1 ratio to enhance its sensing capabilities. In this experiment, a
solution of lead chloride at a concentration of 100 uM is introduced into a 0.1 M phosphate buffer solution to
serve as the analyte. The initial electrochemical characterisation is performed using differential pulse
voltammetry (DPV), scanning a potential range from -0.8 V to 0.8 V and displayed in Figure 6-15. However,
no significant peaks are observed during this scan, indicating that no redox reactions occur on the electrode's

surface under these conditions.

Anodic stripping voltammetry (ASV) is adopted as a more suitable method for detecting cadmium and lead
ions, as shown in Figures 6-15 and 6-16, respectively. Firstly, Cadmium is deposited onto the modified
working electrode by applying -1 V potential for 30 sensors, and their DPASV response is gathered for the
varying concentrations from 100 nM to 500 uM of cadmium ions in 0.1 M PBS, as shown in Figure 6-10.
Cadmium ions are pre-concentrated onto the electrode surface by applying a deposition potential of -1 V for
30 seconds. Following this deposition step, the DPV is re-run, now scanning from -1 V to 0.8 V. This approach
allows for the electrochemical reduction and subsequent oxidation of lead, enabling its detection. The DPASV
response from 100 nM, 500 nM and 1000 nM (i.e., 11 ppb, 56 ppb and 112 ppb) shows a DPASV peak at -0.8

V. These results show excellent sensitivity compared to the unmodified SPCE-based sensors. This might be
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due to multiple reasons, such as the mixed nanomaterials' catalytic properties, the working electrode's better

surface area, or particular affinity from these nanomaterials towards the analyte.

Similarly, a concentration study of lead ions was conducted under identical conditions, as displayed in Figure
6-17, with a deposition potential of -1 V and a deposition time of 30 seconds. The experiment involves
preparing lead chloride solutions in varying concentrations, ranging from 100 nM to 500 pM, withina 0.1 M
phosphate buffer solution. DPV response curves are collected across the potential range of -1 V to 0.8 V. In
these curves, a clear and distinct peak is observed at -0.4 V for a lower concentration of 100 nM (20 ppb), but
the modification of TiO -MgO doesn’t help in obtaining a distinct peak after such concentration. In both cases
of lead and cadmium detection, it is seen that the peak occurring on the baseline caused by probable redox of
magnesium has been affected by the increasing concentration of both lead and cadmium art 0.2 V. This leaves

the possibility of gathering information from both stripping-based peaks and peaks of the modified surface
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Figure 6-16:DPASV response of Pb2+ ions in 0.1 M phosphate buffer
solution.

material, which can be tactically understood and further calibrated to detect in higher concentrations.
Therefore, the data acquisition method can not only from the direct interaction between the analyte and the

working electrode besides the intention of the proposed scanning technique but also from the indirect
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interaction between the modifying material and the proposed electrochemical technique, which can be used

for further investigation of the sensitivity of the targeted analyte.
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Figure 6-17: (a, b) Effect of lead and cadmium ion) on Mg based peak respectively.

6.2.5 Comparison of DPV and DPASV for lead detection
A significant difference between DPV and stripping methods (DPASV) shows that the interaction between the

regular pulsed technique and anodic stripping-assisted pulsed technique can be seen from the displayed plotted
Figure 6-18. Here the X-axis and Y- Axis with were referred as A and B were potential applied (V) and

differential current measures (A).
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Figure 6-18: DPV and DPASV-based detection is done on lead ions.
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For the setup, the concentration study is run for the same deposition potential of -1 V, and the deposition time
is 30 seconds. From 100 nM to 500 uM concentration of lead chloride in 0.1 M phosphate buffer solution, the
DPV and DPASYV response curves were obtained from -1 V to 0.8 V. The peak is observed at 0.225 V. So, the
deposition stage is skipped, which gives the idea that the lead hasn’t been deposited in the DPV method, which
leads to unidentifiable or lack of peak currents. So, obtaining a certain level of analyte deposited onto the
working electrode is essential if there is a lack of prominent interaction between the sensing layer and the

targeted analyte.

6.5 Conclusion
In conclusion, the hidden stages of the Anodic stripping voltammetry method, such as preconditioning and

post-conditioning of the printed sensor, are discussed. Further, the optimisation of the deposition stage and the
conditioning stage is crucial for the reusability of the fabricated sensor to achieve field application. Even while
deposition is based on the affinity between the targeted analyte and the working electrode, some data can be
gathered from an indirect approach between the sensing layer and the analyte (for example, lead and cadmium
on magnesium reduction) can be utilised for acquiring sensor data and this is crucial in field application where
unknown interfering agents are present. The reusability of printed SPCE-based sensors for heavy metal

detection using differential pulse anodic stripping voltammetry has been investigated in detail.

e For zinc, the hidden stages of ASV—particularly preconditioning and post-conditioning—were shown
to be critical for achieving repeatable use of the same sensor. Systematic optimisation of deposition
potential/time and conditioning potential/time yielded conditions under which Zn*" could be detected

down to ~5 ppm while maintaining sensor reusability.

e For cadmium and lead, both bare SPCEs and TiO.—MgO modified SPCEs were studied. The TiO>—
MgO composite significantly improved sensitivity for Cd** and Pb** in the low ppb range, though at
the expense of some batch-to-batch uniformity. The work also highlighted that useful analytical
information can be obtained not only from direct analyte peaks but also from indirect interactions

between the analyte and the modifying layer (e.g. cadmium/lead influencing Mg-related peaks).
Overall, this chapter demonstrates that:

1. Optimised deposition and post-conditioning steps are essential for reusing printed sensors in
stripping voltammetry, particularly in field applications where single-use disposability may not be

economically feasible.

2. Mixed metal-oxide sensing layers such as TiO-—MgO can significantly enhance sensitivity for trace
heavy metals, while also introducing new features in the voltammograms that can potentially be

exploited.

3. Stripping-based techniques (DPASV, and in future SWASV) provide clear advantages over

standard DPV when dealing with low-concentration heavy metals and modest sensor—analyte affinity.

120|Page



[7] Designing of readout equipment for field application.

This chapter focuses on the development of readout equipment for field-deployable electrochemical sensing
of potentially toxic elements (PTEs) in water. First, g-C3N4 nanomaterials are used to detect Cobalt ions in
water using square wave voltammetry, and readout equipment is built using Arduino for amperometry
monitoring for the change of cobalt ions. Second, we use Zinc oxide nanomaterials for the possible detection
of gold, silver, manganese, and cobalt ions in water. This chapter attempts to make a simple Arduino-based

amperometric detection and PCB-based readout.

The chapter is structured as follows. Section 7.1 provides a brief overview of how a potentiostat operates, to
motivate the design of custom readout electronics. Section 7.2 describes the materials and methods used for
sensor development. Section 7.3 presents the electrochemical characterisation of the g-CsNi- and
ZnO-modified sensors. Section 7.4 details the development and testing of the Arduino-based and PCB-based

readout electronics. Finally, Section 7.5 summarises the main findings.

7.1 Operating principle of the potentiostat

Understanding the working mechanism of the readout potentiostat is crucial for its basic construction. For this,
we adapted the discussion on practical potentiostat and readout design presented in a webinar by Pine Research
Instrumentation. A potentiostat is an analytical instrument that regulates the working electrode's potential
within a multi-electrode electrochemical cell. It comprises various internal circuits that enable it to perform
this function by generating and measuring both potentials and currents. The potentiostat is connected to the
electrodes in the electrochemical cell via external wires in a cell cable. In a standard three-electrode setup, this
cable connects the working, counter (or auxiliary), and reference electrodes on one end and the potentiostat's
cell cable connector on the other. The potentiostat's internal circuitry manages the applied signal to ensure
accurate measurements and control. The fundamental electronic element of a potentiostat is the operational
amplifier, commonly known as an op-amp. This component incorporates a feedback mechanism by routing a
portion of the op-amp's output signal back into itself. This feedback loop allows the potentiostat to control the

working electrode's potential precisely.

During the operation of a potentiostat, the user applies a voltage Vi to the electrochemical cell. The High Gain
Operational Amplifier (Op-Amp) sends an output voltage Vo to the cell through the counter electrode (CTR).
The counter electrode transmits current (iCTR) through the solution to the reference electrode (REF), the
working electrode sensing (WRK sense), and the working electrode drive (WRK drive). It is important to
remember that the inputs to the operational amplifier have high impedance, so no current flows through them.

Thus, the only path for current flow is through the WRK_ drive.

121 |Page



The electrometer measures the voltage difference between REF and WRK sense. As current flows from the
CTR to the WRK drive, it causes a voltage drop across the solution, which is proportional to the solution’s
bulk resistance. This affects the potential at REF and WRK_sense. However, because reference electrodes are
designed to maintain a stable potential, the potential at REF remains constant. Consequently, any variations in
the measured potential are attributed to changes at WRK sense. The voltage difference between REF and

WRK sense, known Vfeedback, is fed into a voltmeter (V) to measure this difference.

Figure 7-1: General layout of potentiostat for a 3-electrode system
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This voltage also enters the non-inverting (e+) input of the High Gain Op-Amp. The Op-Amp amplifies the
difference between e+ and e— . If Vfeedback deviates from Vi, the op-amp adjusts Vo until they match. It’s
important to note that in potentiostat design, the current at the working electrode is not measured directly.
Instead, the voltage across a known resistor Rwrk , located between WRK drive and ground, is measured.

Using Ohm's Law, the current can be calculated as:
i=V/RwrkV

where i is the current, V is the voltage, and Rwrk is the known resistor between WRK _drive and ground. In
summary, the current at the working electrode is determined by measuring the voltage across Rwrk using a
voltmeter (E/I), the working electrode potential is measured by the electrometer (V), and the applied potential
is set by the potentiostatic control. The feedback mechanism of the op-amp allows precise adjustment of the
working electrode’s potential relative to the reference electrode while simultaneously measuring the current,

which is fundamental to voltammetric techniques.
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7.2 Materials and methods for sensor development

7.2.1 g-CsN4 nanomaterial modified SPCE based electrochemical sensor for the

detection of cobalt ions in water
Cobalt is a vital micronutrient for both animals and plants, serving as an essential component of the cofactor

in vitamin B12 and other cobalamines. A deficiency in cobalt can lead to various health issues, including
anaemia, stunted growth, and decreased appetite. Conversely, excessive intake of cobalt can be toxic, resulting
in symptoms such as diarrhoea, gastrointestinal irritation, and vomiting. Moreover, exposure to cobalt has been
linked to severe lung diseases. Given its widespread presence in oceans, freshwater systems, and the Earth's

crust, detecting Co(lI) ions is critical.

For the preliminary data, a g-C3sN4 modified GCE-based conventional Electrochemical Sensor, i.e., platinum
coil as counter electrode and Ag/AgCl as reference electrode, was used to check gCsNy for detecting Cobalt
ions. Cobalt chloride salt is used to prepare the stock solution.Cobalt chloride salt was used to prepare the
stock solution. The g-CsNa nanomaterial was dispersed by adding 20 mg of g-CsNa to 1 mL of DMF, followed

by ultrasonication, and 20 pL of this dispersion was drop-cast onto the GCE surface.

For the printed version of the sensor, the gC3N4 nanomaterial is coated over an SPCE-based sensor.
Electrochemical techniques such as cyclic voltammetry, differential pulse voltammetry, and square wave

voltammetry are compared for their speed and sensitivity in detecting cobalt ions in water.
7.2.2 ZnO-modified SPCE-based electrochemical sensor

Silver is extensively utilised across a variety of industries, including cosmetics, jewellery, catalysis, and
electronics. Silver ions are toxic to certain bacteria, viruses, and algae, primarily because they can inhibit the
activity of free thiol-containing proteases and thereby disrupt biological functions. However, excess silver ions
in the human body also pose health risks. Due to the widespread industrial use of silver, silver-containing
wastewater can exacerbate pollution in both water and soil. The World Health Organization (WHO) has
established a safe limit for silver in drinking water of 0.05 ppm, and the threshold exposure limit for silver in

water to protect fish and microorganisms is below 1.6 nmol L.

Manganese is the third most abundant transition metal in the Earth’s crust and is an essential trace element for
human health. It plays a key role in activating numerous enzymes involved in metabolic processes in humans,
animals, and plants. Manganese is widely used in batteries, fertilisers, ceramics, and electrical coils. However,
elevated manganese concentrations can lead to neurological and respiratory complications. Therefore,

monitoring manganese levels in environmental resources is also important.

In this section, a commercially obtained ZnO nanomaterial is used for the possible detection of multiple PTE
analytes (Mn, Co, Au, and Ag). Stock solutions of manganese, cobalt, gold, and silver ions were prepared from
manganese acetate, cobalt chloride, gold nitrate, and silver chloride (Sigma Aldrich), respectively. For sensor

fabrication, 20 mg of ZnO was dispersed in 1 mL of DMF using an ultrasonicator for 30 min. Then, 20 pL of
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the ZnO dispersion was drop-cast onto the SPCE working electrode and allowed to dry. DPV scans were

carried out at a scan rate of 20 mV s! in 0.1 M PBS for electrochemical measurements.

7.3 Electrochemical characterisation of the sensors

7.3.1 gCsN4 modified GCE-based electrochemical sensor for the detection of cobalt
ions:

The preliminary testing for the conventional setup-based sensor, where the GCE is modified with 20 pL of g-
CsN4 nanomaterial, which is dispersed as 20 mg in 1 ml of DMF solution, is tested with varying concentrations
of blank, 100uM, and 500puM in 0.1M PBS solution (ie 5.893 ppm & 29.465 ppm). The differential pulsed
voltammetry responses for the potential window of -0.3 V to 0.8 V have been obtained at the scan speed of 20
mV/s and displayed in Figure 7-2. In comparison to the blank solution, it is seen that the oxidation of cobalt
ions from Co to Co*" occurs in the range of +0.18V to +0.28V. This shows that the gC3N4 material is sensitive

towards the detection of cobalt 1ons in water.
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Figure 7-2:: Differential pulse voltammetry response for detecting 100, 500uM of cobalt ions in 0.1M
PBS solution using gC3N4 modified Glassy carbon-based conventional electrochemical sensor with the
platinum coil as CE and Ag/AgCl as reference electrode.

SPCE-BASED SENSOR: CONCENTRATION STUDY:

For the printed sensor, gC3N4 nanomaterial is coated over the SPCE electrode using the drop cast method.
Cyclic voltammetry was used to scan for the varying cobalt ion concentration from 50 uM to 1000 pM, i.e.
2.95 ppm to 58.93 ppm in 0.1 M PBS. Figure 7-3(a) shows that the CV response shows a clear oxidation and
reduction peak in the 0.6 V to 0.8 V and 0.2 V to 0.7 V, respectively. The change in the oxidation potential

between the GCE and SPCE-based sensors is due to the change of reference electrode from the standard
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Ag/AgCl electrode to the printed carbon electrode. Their DPV responses for the same concentration of cobalt
ions obtained at the scan speed of 20 mV/s show a peak around the +0.5 V to 0.75 V range, and it is shown in
Figure 7-3(b). The comparative performance of SPCE over GCE is visible as the peak current height of SPCE
is almost five times higher than GCE for the same concentration of 500 pM cobalt. This is either due to the
higher nonfaradaic current caused by the capacitive nature of the printed sensor or the greater affinity of the
exposed screen printed carbon layer. The foremost is almost insignificant as the DPV-based technique is
designed to reduce the background nonfaradaic current. In comparison to the CV-based response, DPV is still
relevant and more sensitive in this case of detection, but the response time is around 2 to 3 mins for the set

potential window.
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Figure 7-3:(a, b, ¢): CV, DPV, SWYV response of cobalt ions in 0.1M phosphate buffer solutions for the
varying concentration of cobalt ions from 50 pM to 1000 pM

Figure 7-3(c) shows the performance of the printed sensor under the squarewave voltammetry technique. For
the same potential window between -0.2 V and 1 V., the scan speed is around 50 mV/s, and the response time
was roughly under 45 seconds. The SQW response shows a high current change in the peak occurring at 0.75
V as the amplitude current is almost double the pulse in DPV, which leads to a high faradaic current, which
implies a high signal-to-noise ratio. However, SQW is usually unsuited for this irreversible system as it usually
runs a bidirectional pulse, allowing both oxidation and reduction to occur with the amplified pulse. This case

shows less reliability in an irreversible system.
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Figure 7-4:(a,b) Nyquist (EIS) response of gC3N4 modified GCE and SPCE-based sensors for the
detection of Co?" ions

EIS STUDY:

The EIS responses for the g-CsNs+-modified GCE and SPCE sensors are given in Figure 7-4. Figure 7-4 shows
Nyquist responses for the GCE and SPCE-based gC;N4 modified electrochemical sensor. For the GCE-based
sensor in Figure 7-4(a), it is observed that there is a large semicircle that implies that there is a high charge
transfer resistance between the interfaces of the electrode and the electrolyte layer, along with the double-layer
capacitance. In the presence of the cobalt ions, it is seen that the magnitude of the semicircle increases further,
and this shows that the electrode transfer is reduced further due to the increase in charge transfer resistance.
This happens as the oxidised cobalt ions deposit over the surface of the electrode and hinder or insulate the
electrode transfer during the redox reaction. There is a small tail at the end, which shows that there are fewer

mass transport phenomena in the electroactive species.

Figure 7-4(b) shows no semicircle, which implies insignificant charge transfer resistance. The sloppy curve
results from Warburg impedance, representing the diffusion control. This indicates that the electroactive
species’' mass transport occurs at the electrodes' surface due to the electrochemical process ( in this case,

diffusion due to redox reaction).
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Figure 7-5: (a,b) effect of scan rate study for the present iof 100 pM cobalt concentration from 1 mV/s

to 500 mV/s, (¢) Scan rate vs Peak current height observed in CV cycles, (d) \Scan rate vs Peak current
height.

THE EFFECT OF SCAN RATE:

Figure 7-5(a) shows the effect of scan rate for the CV cycles to detect the concentration of 100 uM of cobalt
ions in 0.1 M PBS while varying the speed of the scanning voltammetry from 1 mV/s tro 500 mV/s. Figure 7-
5(b) displays he possible scan speed to distinguish the redox peak, which is 1 mV/s to 100 mV/s; increasing
the scan speed leads to the not recognisable of the redox current as the scan might skip the working potential
for the occurrence of the redox reaction. The scan rate is plotted against their corresponding peak current height
in Figure 7-5(c), which shows that the slope obtained is poorly linear and doesn’t cover them significantly.
This typically means that the detection mechanism isn’t predominantly due to the diffusion of cobalt ions over
the surface area of the working electrode. Figure 7-5(d) shows that the plotted graph between the square root
of the scan rate vs their respective peak current has a high linearity, and their slope covers the significant plot
points. This is due to the detection phenomena over the sensing layer being driven by an adsorption-based
mechanism, which correlates well with the EIS result where the gC3N4 modified SPCE has more mass transfer

of the electroactive species in the sensing system.
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7.3.2 Possible detection of PTEs using ZnO-modified SPCE sensor
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Figure 7-6:(a,b,c,d): DPV response for the spiked PTE ions in water using ZnO modified SPCE based
EC sensor.

Here, the DPV response for the concentration of 100 mM individually spiked analytes of manganese, cobalt,
Gold and silver in 0.1 M PBS solution was displayed in Figure 7-9(a,b,c & d) accordingly. The ZnO-modified
SPCE-based EC sensor has been analysed before with other HMI salts formed from Chloride, acetate and
nitrate salts. Theu tends to show a plain DPV response. However, the DPV has multiple peak current spikes in
this case due to multiple redox-based electrochemical reactions.  This suggests that the DPV response might
arise from our targeted analytes. Since the ASV technique is not adapted here, the ZnO-modified electrode
surface might have other interactions with the targeted analytes. In Figure 7-9(a), the reduction potential

observed around +0.55 V, might be due to the half-reaction of manganese species

MnO? + 4H* + 2e~ = Mn2* + 2H?0: E° ~ +0.59 V(SHE) (5)

For Figure 7-9(b), the cobalt ion is reducing from Co to Co*", similar to the previous working potential of

+0.58 V. Figure 7-9(c), even though the DPV responses show multiple peaks at 0.2 V, 0.58 V and +0.78 V.
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The Other peaks at 0.2 V and 0.58 V might be due to the formation of intermediate gold hydroxide components
in water. The sharp peak occurs at 0.78 V, which might be the half-reaction of gold species to metallic gold.

Au(l) + e~ = Au(s);E° =~ +0.8V (SHE) (6)

Figure 7-9(d) shows the sharp peak in the DPV response due to the easier deposition of silver ions over the

ZnO-modified working electrode surface. This can effectively be used for the detection of silver ions in water.

7.4 Readout electronics development and testing
7.4.1 Arduino-based readout for field deployment

For the readout application, a simple Arduino-based readout was designed to concentrate copper ions from 0.1
mM to 100 mM; the results are shown in Figure 7-6(a). Figure 7-6(b) shows the circuit layout of the sensing-
based readout system. The readout circuitry works by applying a potential difference between the counter
electrode and working electrode via the digital-to-analogue (DAC) pin of the Arduino microcontroller and
measuring the current passing between the working electrode and the reference electrode of the sensor, using
operational amplifiers to enhance the signal strength and minimise the electrical noise of the circuit. The
readout circuit was implemented on a printed circuit board (PCB), shown in Figure 7-6(c), to minimise the
noise and enhance the instrument's overall electrical stability. Upon testing, it was determined that the circuit

needs further improvement for high-sensitivity detection.
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Figure 7-7:: (a) Arduino-based Readout as sensing equipment for chronoamperometric application in detecting Cobalt ions in water; (b) circuit schematic for

the readout equipment; (c) PVB layout.
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Demonstration: To a blank solution of 0.1 M PBS where the readout-based sensor is dipped, the varying
concentration of cobalt ions from 100 uM to 100 mM (i.e. 5.89 ppm, 58.93 ppm, 2946.5 ppm, 5893 ppm) is
added once the baseline is reached, and the response is plotted in Figure 7-7. Here the response is measured in
resistance(ohms) and later can be converted to current. For a quicker response, the working potential of 0.7 V
was constantly applied in a 3-electrode system to perform the chronoamperometry technique and see the live
monitoring of cobalt ions in water. It is seen that the sensor is dipping in a blank solution of 100uM of cobalt
ions, and the sensor takes around 120 seconds to reach a similar baseline. When the same sensor system was
under constant varying concentrations, the current fluctuated significantly for two reasons. 1) the deposited
cobalt isn’t completely stripping off, and 2) the Arduino system fails due to the requirement of the current

measuring system in microamps, whereas the resolution isn’t sufficient.
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Figure 7-8: The results from the Arduino-based readout for the varying cobalt concentrations of 0.1
mM, 1 mM, 50 mM and 100 mM.
The same sensor system is consequently dipped in multiple analyte concentrations of cobalt ions, and it is
noticed that the response displayed in Figure 7-8(a,b) of such chronoamperometric technique takes a lot of
time to return to the initial baseline. This might happen due to the constant accumulation of the oxidised cobalt

ions on the surface of the gC3;Ns-modified SPCE-based electrochemical sensor system.
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Figure 7-9: (a, b) chronoamperometric response of cobalt ions while varying concentration for
continuous monitoring.

As the current resolution isn’t good enough, a PCB is made using OP-Amps to amplify the current change.

The design is based on a feedback OP-amps circuit similar to the usual potentiostat setup.
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7.4.2 PCB-based readout equipment for field deployments

Figure 7-10: (a,c) Photographs of self built PCB based electrochemical detction; (b) Circuit schematics
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To overcome the limitations of the Arduino-only system, a dedicated PCB-based readout circuit was designed
using op-amps to amplify the current change. The design is based on a feedback op-amp circuit similar to that

of a conventional potentiostat.

The final readout circuit, shown in Figure 7-10, comprises a series of unity-gain amplifiers (buffers) and active
low-pass filters that ultimately improve the potentiostat circuit's overall performance and electrical stability.
By employing a buffer circuit at every stage of the readout, the electrical impedance of the sensor would not
play a significant role in the performance of the circuit, and the potential difference between the counter
electrode and the reference electrode could be used as feedback which maintains the constant potential of the
working electrode. The readout circuit was implemented on a PCB following circuit design and testing, as

shown in Figure 7-10(b).
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Figure 7-11:(a,b,c,d,e) Optimising the resistors for the current measurement unit.

The readout circuit resistors are optimised to achieve a proper CV-based measurement similar to the auto lab
potentiostat, as shown in Figure 7-11 (a,b,c,d,e). Once the readout circuit is built, its scan rate between 10, 20,
30, and 50 mV/s is adjusted to get similar CV shapes, and a 20 mV scan is selected as the suitable scan speed.

The optimising scan speed is 20 mV/s for the builtin readout equipment.
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Figure 7-12: (a,b,c&d) CV response for blank 0.1 M blank PBS solution with varying scan speed

of 10, 20, 30 and 50 mV/s.
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Figure 7-13:(a, b): The CV response for adding 100 mM Manganese ions in 0.1 M PBS solution is
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Figure 7-13 shows the CV response for adding 100 mM manganese ions to 0.1 M PBS, compared to the CV
cycle obtained for the blank 0.1 M PBS. The redox peak reaction is seen at 0.1V and -0.18 V. However, the

readout built has much to improvise for field application. This work is currently ongoing for future work.

7.5 Conclusion
In this chapter, two different nanomaterial-modified SPCE-based electrochemical sensors and associated

readout systems were designed and evaluated for the detection of metal ions in water.

First, a g-CsNs-modified SPCE-based sensor was developed for Co(Il) detection. The limit of detection for
cobalt was approximately 3 ppm, and the performance of CV, DPV, and SWV techniques was compared in
terms of response time and sensitivity. EIS and scan-rate studies indicated that the detection mechanism is

largely adsorption-controlled at the g-CsNs-modified SPCE.

Second, a ZnO-modified SPCE-based sensor was fabricated and investigated for the possible detection of Mn,
Co, Au, and Ag ions. DPV measurements showed multiple peak responses, which were rationalised in terms
of the corresponding redox processes. The ZnO-modified sensor demonstrated particularly strong responses

for silver ions.

In parallel, two readout platforms were developed and tested: a simple Arduino-based chronoamperometric
readout and a more advanced PCB-based potentiostat-like circuit. While both systems successfully recorded
electrochemical signals, the PCB-based design provided better control and higher potential for further

optimisation towards field-deployable, low-cost readout equipment.

136 |Page



[8] General Conclusion

As a concluding chapter, this section summarises the main findings of the work, provides an overview of the

results presented in each chapter, and outlines future perspectives for the development of electrochemical

sensor systems.

8.1 Main findings :

MoS:-modified GCE and SPCE sensors for copper and ascorbic acid (AA): Display of MoS,
nanomaterial-modified GCE and SPCE-based electrochemical system for detecting copper and AA
ions in water. The optimisation of thickness required for the screen-printed electrodes was
demonstrated with the help of the DPV technique, where the elimination of the generated noise is
avoided for a clean baseline. The significance of utilising the capacitance behaviour of SPCE due to
the non-faradic current generation is that it is used for the fine detection of Flexible SPCE over the
conventional GCE-based rigid electrode system.

g-CsNs-based sensors for iron detection: The sensor based on 2D g-C3;N4 nanomaterials
demonstrates an impressive ability to detect iron in water. Its performance is assessed across iron
concentration levels from 0.9 mM to 5 mM using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) techniques. In addition to the concentration analysis, an accumulation study is
conducted with a scan speed ranging from 10 mV/s to 1000 mV/s within the -0.6 V to 0.8 V range,
along with a repeatability assessment involving 30 CV scans. Moreover, the electrodes built on rigid
substrates can be substituted with flexible, environmentally friendly, and biodegradable materials to
enhance disposability and facilitate practical applications in the field. Therefore, g-C;N4-based SPSE
and SPCE were used to detect Ferrous and Ferric ions in water.

ASV-based detection of Zn, Cd, and Pb using SPCE: The pretreatment and posttreatment for the
ASV-based technique are investigated using SPCE for the detection of Zinc ions. The Cadmium and
lead ions were also detected using both unmodified and TiO-MgO-modified electrodes. Here
some non-conventional data acquirement method is discussed for further sensor characterisation.
g-Cs:Ns+modified SPCE for cobalt detection and EIS analysis: G-C3N4 modified SPCE-based EC
sensors are also used to detect cobalt ions in water using multiple electrochemical techniques, such as
Cv, DPV, and SWV. An EIS study helps understand the sensing mechanism for the detection of cobalt

using a carbonaceous electrode as a working electrode.

8.2 Summary of the observation and performance

Chapter 3: Screen printing is a widely used technique for fabricating printed sensors and electronics. The

performance of these devices can be influenced by various printing parameters, such as the thickness of the

printed layer, the length and pressure applied during the printing process, and more. Although sensor design

and the inks used for printing sensitive layers have been extensively studied, the critical impact of printing

parameters has received less attention.
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This paper explores how the thickness of printed sensors affects their electrochemical sensing properties.
Carbon ink was employed to print sensors with a three-electrode geometry, and the working electrode was
modified with MoS: to detect ascorbic acid. The thickness of the sensitive layers ranged from approximately
4 um to 120 um, depending on the number of printed ink layers, which varied from 1 to 5, 10, and 20. Cyclic
voltammetry, differential pulse voltammetry, and impedance spectroscopy were used to evaluate
electrochemical performance. It was observed that the peak current, corresponding to the oxidation of ascorbic
acid at 0.04 V, increased with the electrode thickness and the number of printed layers. Higher current values
and lower series resistance were noted for the 10- and 20-layer configurations, suggesting the optimal printed
thickness for sensors designed for low-power operation and easy interfacing with readout electronics. With the
help of AA detection using MoS2 modified SPCE electrode, it is seen that the rigid structure of the sensing
layer, featuring small nanopores, offers a larger surface area, which improves the diffusion of analyte ions
across the catalytic surface. The molecular dynamics study supported the experimental findings and provided

insights into the molecular interactions occurring on the catalytic surface.

Chapter 4: This study presents a systematic approach for the fabrication of thick film electrodes using the
screen-printing technique. The screen-printed carbon electrodes undergo modification with 2-dimensional
MoS2 nanoparticles dispersed in a DMF solution. Electrochemical impedance studies conducted on both the
conventional GCE-based electrochemical sensor and the modified screen-printed carbon electrodes provide
insights into their capacitive and diffusion behaviours. Notably, the SPCE-based sensors exhibit superior
electrochemical performance compared to the GCE-based sensor. While the modified GCE demonstrates
better diffusion-controlled phenomena, the capacitive behaviour observed in SPCE contributes to achieving
higher sensitivity in detecting copper ions in water. Interference studies reveal that the presence of ferrous ions
could impact the detection of copper. With a detected range from 5 uM to S mM and a LOD of 5.43 uM, this
sensor is well-suited for copper ion detection in water resources. Furthermore, the flexible form factor and
cost-effective fabrication make these sensors an appealing alternative to the currently expensive, rigid sensors

commonly employed for field testing.

Chapter 5: This study introduces an electrochemical sensor based on a 2-dimensional (2D) graphitic carbon
nitride (g-CsNa) modified glassy carbon electrode (GCE) for the detection of Fe?" ions in water. The 2D g-
CsN4 nanomaterial was synthesised by dispersing and ultrasonication, then modifying the GCE surface using
the drop-casting method. The structural and morphological properties of the g-CsNa were characterised using
X-ray diffraction (XRD) and scanning electron microscopy (SEM). The sensor's performance was evaluated
for various iron concentrations (ranging from 0.9 mM to 5 mM) in the electrolyte using cyclic voltammetry
(CV) and differential pulse voltammetry (DPV). The results demonstrated excellent sensitivity to the target
ions. An accumulation study (with scan rates from 10 mV/s to 1000 mV/s in the -0.6 V to 0.5 V range) and a
repeatability test (30 CV scans) were performed. Based on these findings, the 2D g-CsN. modified sensor is a
promising tool for the electrochemical detection of Fe?* ions in water, with the potential for a wide range of

applications.
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Chapter 6: Here, an SPCE-based EC sensor detects zinc, lead, and cadmium ions in water using the pulse-
assisted anodic stripping voltammetry method. This includes optimising the deposition and condition stage for
the printed sensor's reusability. The sensor's pretreatment and posttreatment validate its reusable nature. TiO-
MgO-based nanomaterial was used to make a heterogeneous mixture, which improved the sensitivity of the
SPCE-based working electrode, which was caused by the better surface area due to the properties of the
assisted nanomaterial material. The LoD of SPCE using the DPASV technique for the detection of
Zinc,Cadmium, and Lead is Sppm, 4.59 ppm and 10 ppm, respectively. TiO-MgO-based nanomaterial
modified SPCE shows LoD for Cadmium and Lead is around 11 ppb and 20 ppb.

Chapter 7: In this session, the two potentiostat-based readout equipment were built, and their performance
was demonstrated for the detection of the cobalt and manganese ions in water. Firstly, the g-C3N4 modified
SPCE-based EC sensor is also demonstrated with varying electrochemical techniques for a simple comparison.
Secondly, for the detection of Mn ions in water, a powerful low-cost PCB readout is built using OP-AMPS for

better amplification of the measuring current.

8.3 Future perspective:

Novel materials:

Detecting heavy metals in solid matrices or suspended particulates will require further development of sample
pretreatment methods. Challenges such as poor stability, limited reproducibility, and unsatisfactory
performance in complex real-world matrices must also be addressed. The potential toxicity of interfacial

materials, such as quantum dots, should be carefully considered before applying them to natural water samples.

Future work should focus on designing and developing innovative nanomaterials with tailored sizes and shapes
that provide optimal electrochemically active sites. Appropriately designed bi- or trimetallic nanostructures
could enhance specificity while improving stability. New surface modification and functionalisation
techniques are also needed to enable robust attachment of functional molecules, thereby improving selectivity
towards specific heavy metal ions. Sensitivity and selectivity can be further improved by creating novel
substrate materials with large surface area, high chemical and mechanical stability, and good conductivity.
Finally, disposable test strips with integrated electrodes could be developed for household water quality testing,

in a similar manner to disposable blood glucose sensors
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Figure 8-1: literature regarding the design of EC sensors.

Novel electrode designs:

The design and geometry of the electrode strongly affect its electrochemical performance. As reported in the
literature, transitioning from macro-electrodes to micro-electrodes alters the diffusion regime for electron
transfer, changing from planar diffusion to more radial diffusion and shifting from non-overlapping to

overlapping diffusion layers. These changes can increase current densities, reduce ohmic losses, and improve

the ratio of faradaic to capacitive currents.
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Micro-electrode array sensors typically exhibit lower LODs and higher sensitivity than single macro-electrodes
of the same total geometrical area, especially when individual micro-electrodes are arranged in parallel. In
such configurations, radial diffusion dominates, improving mass transport and resulting in a larger effective
diffusion area. Moreover, using different surface modifications on each working electrode within an array
allows for simultaneous detection of multiple analytes, which is both time- and cost-effective in critical
situations. For example, Rusling and co-workers demonstrated improved performance in microfluidic
immunosensors by immobilising different antibodies on each working electrode of an array. Similar strategies
could be applied to screen-printed electrode platforms to enable the simultaneous detection of several heavy

metal ions.
Portable potentiostats for field deployment:

Portable potentiostats have become increasingly accessible as compact, low-cost devices suitable for in situ,
online, and point-of-care analyses. The adoption of open-source hardware and software has given
electrochemists access to affordable circuits, microcontrollers, and code. Recent work has focused on
miniaturising potentiostat systems and enhancing their portability. For example, some groups have developed
implantable, dynamically configurable potentiostats for remote monitoring, while others have created
open-source, battery-powered, Bluetooth-enabled potentiostats capable of covering the potential ranges

required for most aqueous electrochemical analyses.

Future research should prioritise the development of portable, high-throughput devices such as multichannel
paper-based chips and universal probes capable of simultaneously detecting multiple heavy metal ions. There
is also a growing need for nanosensors that can both remove and analyse heavy metal ions. As technology
advances, the number of nanosensors designed for heavy metal detection is expected to increase substantially,

with important applications in environmental monitoring, food safety, and disease diagnosis.
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Appendix

1. Sensor Characterisation - MoS; modified SPCE based sensor for the detection of AA:

1.1 Electrochemical Impedance Spectroscopy (EIS)
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Figure 1. Nyquist plot of bare and MoS2 modified SPCE.

The EIS measurements were carried out to understand the charge transfer characteristics and the electron
transfer process. The impedance response of the bare and modified electrode is illustrated in Figure 1 as a
Nyquist plot. The real and the imaginary values of impedance are plotted across X and Y axes, respectively.
The complex phase plot is divided into three distinguishable sections, (1) a high-frequency zone where the
semicircles are formed; (2) the medium frequency zone where details about charge transport and ion diffusion
are explained; finally, (3) the low-frequency zone where a linear line parallel to the Y-axis provides insights
about the internal capacitance developed. The Nyquist plot for the bare electrode displays a straight line but it
is not vertical across the three defined zones. Since the bare electrode is a carbon/graphene composition, the
results are on expected lines. The absence of semicircle at the high frequency zone is due to the low charge
transfer resistance and high conductivity observed. In the case of MoS, modified working electrode, the
presence of MoS, lowers the series resistance (Rs) compared to the bare electrode, which leads to improved
electrode-electrolyte interaction. The intercept at the real impedance axes provides an approximate measure of
Rs, which was estimated to be 0.519 kQ and 0.275 kQ for the bare electrode and modified electrode,
respectively. The presence of the characteristic semicircle in the case of the modified electrode is explained by
the double layer formation. Finally, in the low frequency region a Warburg impedance is introduced, which is

the characteristic of the diffusion process. The Bode plots for both electrodes are given in Figure 2 (a). The
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phase angle for bare and modified electrodes at low frequency region is observed to be -76 ° and -59 °,

respectively. The bare electrode displayed a closer value to an ideal capacitor (-90 °).
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Figure 2. (a) Bode plot and (b) variation of impedance values across various frequencies.

1.2. Electrochemical detection and performance of the fabricated sensor

1.2.1. Electrochemical detection of ascorbic acid using CV, DPV
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Figure 3. (a) CV profile of bare SPCE in the presence and absence of 50 mM AA and the modified SPCE
in the presence of S0 mM AA, (b) DPV profile of modified SPCE in the presence and absence of 50 mM
AA.

The electrochemical studies for the bare and MoS, modified SPCE, which involves cyclic voltammetry (CV),
and differential pulsed voltammetry (DPV), were carried out in PBS solution of 0.1 M at pH 7. The cyclic
voltammograms at the scan rate of 100 mV/s for the potential window of -0.3 to 0.8 V are displayed in Figure
3 (a). The figure shows the response of bare SPCE in the absence (black) and presence of 50 mM AA (red) in
PBS and the MoS; modified SPCE for the 50 mM AA (blue) in PBS. The bare electrode is composed of carbon
and graphene mixture and hence the CV profile displays a rectangular form. The modification of the electrode

with MoS; is observed by the change in the shape of the curve and smaller area enclosed. Moreover, the
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presence of an electrochemical oxidation peak is observed around 0.3V in the CV profile of the modified SPCE.
It is attributed to the oxidation of AA by MoS; nanomaterial, and it appears to be a reversible process as there
occurs a reduction peak around -0.1 to OV. The inset of the graph provides a clearer view of the peaks. Figure
3 (b) displays the DPV curves of modified SPCE in the presence and absence and 50 mM of AA in the

electrolyte solution and the oxidation and reduction peaks appear at around 0.2V and -0.2V. The addition of
AA results in a shift of the oxidation peak towards the right, i.e., from 0.0 to 0.08 V. This shift in the peaks

could be clearly observed and hence the detection process is evident.

1.2.2. Concentration studies
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Figure 4. (a) CV measurements; (b) DPV measurements in the absence and presence of various

concentrations of AA, within the range of 1-1000 mM and (c¢) Peak current (Ip) vs AA concentration.

The oxidation of molybdate ions in various oxidation states with the increase in the AA concentration is evident
in the positive shift of the cathodic current. Figure 3 (a) provides the cyclic voltammogram at different
concentrations (1-1000 mM) of AA scanned at a rate of 50 mV/s. The DPV profiles of the same is illustrated
in Figure 3 (b), which also shows the shift in the peaks with the increase in the concentration. The change in
the peak current and the shifts become more convoluted at higher concentrations (1-100 mM), while they are
significantly observed at lower values (200-1000 mM). However, the shift in the peak displayed a linear

function within the logarithmic of the AA concentration of 1 to 100 mM, and 200-1000 mM as displayed in
Figure 3(c).
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The linear calibration values for both ranges are provided in the linear regression equation as given below.

For 1-100 mM,
Ip (mA) = 6E — 05 = Conc. AA (uM) + 0.0426; R? = 0.9467 @)

The sensitivity (slope) of the second linear range increased with the increase in AA concentration, due to the
enhanced electrocatalytic ability. The limit of detection (LOD) is estimated to be 30 mM using the 3o/m
criterion where o is the standard deviation of the intercept and m is the slope of the calibration plot. Further

details of the values calculated is provided in Table 1 of the supporting information.
For 200-1000 mM
Ip (mA) = 1E — 05 = Conc. AA (uM) + 0.0496 (R>=0.9788) ®)

Further details of the values calculated are provided in Table 2 of the supporting information.

Table 1. Analytical parameters for AA detection using MoS, modified SPCE.

Parameter

Linear dynamic range (uM) 1-100

Linear regression y = 6E-05x + 0.0426
Correlation Coefficient 0.9462

SD of intercept 0.000925224

LOD (uM) 30

Table 2. Analytical parameters for AA detection using MoS, modified SPCE

Parameter

Linear dynamic range (uM) 200-1000

Linear regression y = 1E-05x + 0.0496
Correlation Coefficient 0.9788

Adj. R-square value 0.99945
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1.2.3. Effect of scan rate

The influence of scan rate in the electrochemical detection of 50 mM AA at the surface of MoS, modified
carbon layer was investigated using cyclic voltammetry method, in the range of 10 to 700 mV/s as shown in
Figure 4 (a). In Figure 4 (b), the peak current (Ip) is not directly proportional to the scan rate (v), and this
supports the idea that the mechanism is not predominantly a surface-controlled process. It is observed that,
there is a linear relationship between the peak current values and the square root of scan rate. The values of
the anodic peak current increased with the increase in the scan rate. Based on Cottrell’s equation, this confirms
that the diffusion-controlled process plays the major role. There is a slight shift in the anodic peak current
towards the right with the increase in scan rate, which may be due to the irreversibility of the oxidation process.
Using the slope value from the plot between peak current and square root of scan rate (Figure 4 (c)), the
diffusion coefficient was calculated to be 1.2262*10 ¢cm?/s from the Randles—Sevcik equation for the scan

speed 100 mV/s at 7.5 pH for 100uM of AA.?!

3 1 1
Ip = 2.69 * 10°nZAD2Co v2 9

Where Ip is the anodic peak current, 4 is the Surface area of the modified region, C, is the concentration of
electroactive species, D'” is Diffusion coefficient, v/’ is the square root of scan rate and # is the number of

electrons transferred.
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Figure 4. (a) CV scans at different scan rate; (b) Peak current (Ip) vs Scan rate; (c) Peak current (Ip) vs \Scan

rate; (d) Log of Ip vs Log of scan rate

From Figure 4 (d), the slope value for the plotted graph between the logarithm of oxidation peak current and
the logarithm of scan rate is 0.48 (Equation 4). This value is much closer to 0.5, which is the theoretical value
for an ideal diffusion-controlled process. This helps us understand that the detection of AA is a result of

diffusion from the bulk solution towards the modified electrode surface.

Loglp = 0.48 LogV + 1.23 (10)

1.2.4. Repeatability study

To examine the repeatability of the screen-printed sensor, the MoS,-modified SPCE was subjected to a cyclic
voltammetry experiment for a continuous 30 cycles (Figure 5 (a)) at a scan rate of 50 mV/s. A 50 mM AA
solution was used as the preferred concentration. After the completion of 30 CV scans, the obtained cyclic
voltammetry pattern for each cycle were found to be similar with a small standard deviation of 4.263 % in the
anodic peak current values (Figure 5 (b)). The change in the peak current of the first cycle to the rest of the
successive cycles was noticeable and is likely due to the need for initial preconditioning of the screen-printed
electrodes. From the bar diagram displayed in Figure 5 (c), the first cycle shows the smallest peak current

value compared to the rest of the CV scans. This shows the appreciable repeatability observed in the sensor

performance.
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