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ABSTRACT

Enzymatic electrochemical glucose sensors are widely used to monitor glucose levels and
effectively manage diabetes. However, these sensors suffer from poor environmental stability
and complex enzyme immobilisation procedures. Additionally, many traditional nanomaterial
synthesis routes used in the development of electrochemical glucose sensors rely on toxic
reagents and harsh reaction conditions, raising concerns about sustainability. To address this,
non-enzymatic glucose (NEG) sensors can be realised through plant-mediated green
synthesis. In this approach, plant phytochemicals drive the formation of nanomaterials that
function as the active sensing elements, avoiding enzyme-related issues and providing a more

sustainable alternative to conventional methods.

Among candidate nanomaterials, CuO offers strong catalytic activity toward glucose oxidation,
and its performance can be enhanced by integrating conductive carbon quantum dots (CQDs)
into a hybrid nanocomposite. For this, plant extracts can serve as both reducing agents for
synthesising CuO nanoparticles and carbon sources for synthesising CQDs. However, despite
its phytochemical abundance, Aloe arborescens has not previously been explored for the
green synthesis of a NEG sensor. The strategy used to deposit these nanomaterials onto
sensor substrates also plays a decisive role in shaping sensor performance. Yet, the influence
that microplotting (a digitally controlled printing technique) has on the electrochemical
performance of green-synthesised glucose sensors has not been systematically investigated

previously.

To this end, this study aimed to synthesise CuO/CQD nanocomposites via a green
hydrothermal route using A. arborescens extract as a reducing agent and carbon source, and
to evaluate their performance as an electrochemical NEG sensor. A secondary aim was to
assess the effect of microplotting deposition on the overall sensing performance of the

fabricated sensor electrodes.

Optimisation of the A. arborescens phytochemical extraction temperature and time maximised
the phenolic content, and optimisation of the hydrothermal synthesis conditions (i.e.,
temperature, time, pH, precursor concentration, and extract concentration) ensured the
reproducible formation of CuO/CQD nanocomposites. Structural characterisation (SEM, EDS,
FT-IR, Raman, XRD, TGA/DTA) confirmed the formation of quasi-spherical CuO
nanostructures decorated with CQDs. Electrochemical characterisation of pristine CuO and
CuO/CQD films drop-cast on fluorine-doped tin oxide (FTO) glass revealed that the
CuO/CQD/FTO platform improved charge-transfer kinetics, electroactive surface area, and

catalytic efficiency.



Drop-casting was employed as a benchmark method before the development of microplotted
sensors. A comparative study of deposition techniques demonstrated that microplotting yields
CuO/CQD electrodes with more application-relevant electrochemical behaviour than drop-
casting. Accordingly, CuO/CQD ink was microplotted onto screen-printed gold electrodes
(SPGEs) and evaluated for glucose detection in 0.1 M NaOH. The resulting CuO/CQD/SPGE
platform exhibited a wide linear range of 0.9-17.1 mM (R? 2 0.995), a detection limit of 0.33
mM, and sensitivities of 0.131-0.0826 mA-mM-"-cm2, with a rapid steady-state response (<6
s). The wide linear range spans hypoglycemic, normoglycemic, and hyperglycemic states,
confirming its clinical relevance. The CuO/CQD sensor also demonstrated excellent
repeatability, reproducibility, stability, and selectivity under the influence of common

interferents, chelating agents, and physiologically relevant chloride concentrations.

Comparative benchmarking against state-of-the-art CuO-based NEG sensors highlights the
role of electrode geometry, deposition precision, and material compatibility in extending the
linear range. Proof-of-concept testing in serum showed <6% deviation from a commercial
glucose meter, affirming the clinical potential of the CuO/CQD/SPGE platform. These findings
illustrate how green-synthesised nanomaterials and precision microfabrication can enable
sustainable, high-performance glucose sensing platforms for clinical and point-of-care

applications.

Keywords: copper oxide nanoparticles; carbon quantum dots; green synthesis; Aloe
arborescens; Microplotter technology; electrochemical non-enzymatic glucose sensor;

diabetes management
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CHAPTER 1: INTRODUCTION

1.1. Background

Diabetes mellitus is a common chronic disease characterised by dysregulated blood glucose
levels resulting from defects in insulin secretion, insulin action, or both (Wang, 2008). It
remains a significant global health challenge that affected about 830 million people worldwide
in 2022, with forecasts indicating that this figure may exceed 1.31 billion by 2050 (Figure 1.1).
This growing prevalence imposes substantial economic burdens on healthcare systems. By
2045, diabetes-related costs are projected to reach 1.05 trillion USD, with a disproportionate
impact on patients in low- and middle-income countries where healthcare resources are
already limited (The Lancet, 2023; NCD-RisC, 2024; WHO, 2024). Poorly controlled diabetes
can lead to severe complications over time, such as cardiovascular, retinal, renal, and
neurological damage (Figure 1.2). This ultimately impairs quality of life and increases
morbidity and mortality. Consequently, implementing effective diabetes management
strategies is essential to reduce the risk of these complications and improve patient outcomes
(Heller and Feldman, 2008; WHO, 2024).

o 1400 -
c
2
'E 1200 -
=
® 1000
k)
S
B 800 -
<
2 600
[
-y
9
& 400 -
(T
o
g 200 -
€
=]
2 0 -
1990 2021 2022 2050 (projected)
Years

Figure 1.1: Global diabetes prevalence in 1990, 2021, and 2022, and projected value for 2050.
Sources of data: The Lancet (2023); NCD-RisC (2024); WHO (2024).
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Figure 1.2: lllustration of typical complications associated with diabetes.
Source: Created with BioRender.com

Effective diabetes management relies on a patient's ability to accurately and frequently
monitor blood glucose levels, ensuring they remain within a safe range. This is achieved by
using reliable glucose sensors that deliver rapid, accurate readings (Benjamin, 2002; Heller
and Feldman, 2008; NCD-RisC, 2024; WHO, 2024). Among the various sensing technologies
used for this purpose, electrochemical sensors have garnered significant attention due to their
suitability for rapid diagnostics. They are ideal for point-of-care applications, as they are well-
suited for real-time glucose monitoring and enabling effective self-management for patients
(Moyer et al., 2012; Wang et al., 2012; Chen et al., 2013; Sehit and Altintas, 2020).
Electrochemical glucose sensors can be classified into enzymatic glucose (EG) sensors and
non-enzymatic glucose (NEG) sensors. EG sensors form the basis of commercially available
glucose sensors; however, no NEG sensors are currently commercially available (Sehit and
Altintas, 2020; Johnston et al., 2021; Naikoo et al., 2021).

EG sensors rely on intermediary enzymes such as glucose oxidase or glucose dehydrogenase
to detect and quantify glucose (Nery et al., 2016; Sehit and Altintas, 2020; Naikoo et al., 2021).
However, their dependence on these biological components constrains their practicality (Si et
al., 2013). For instance, they are prone to degradation under environmental variations in
temperature, pH, humidity, and the presence of toxic chemicals, and require complex enzyme
immobilisation procedures. These vulnerabilities compromise their reproducibility and shelf
life. They also require tightly controlled production and storage conditions to preserve enzyme



activity and are typically only suitable for single-use applications, which drives up costs. This
makes their use challenging for diabetic patients, particularly in countries with limited
resources, where the prevalence of diabetes is rising most rapidly (Ahmad et al., 2013; Tee,
Teng and Ye, 2017; Ashok, Kumar and Tarlochan, 2019; Vokhmyanina et al., 2019; Naikoo et
al., 2021; NCD-RisC, 2024). Hence, there is a pressing need to move away from current

commercial (enzyme-based) glucose sensors.

On the other hand, NEG sensors use nano-sized materials (or nanomaterials) with intrinsic
catalytic properties to directly oxidise glucose, eliminating the need for enzymes (Park, Boo
and Chung, 2006; Si et al., 2013; Sehit and Altintas, 2020). This confers advantages such as
simplified fabrication, improved environmental stability, and lower cost (Wang et al., 2012).
However, their performance is dependent on the electrocatalytic material used (T. R. Kumar
et al., 2015; Liu et al., 2020). This led researchers to investigate diverse nanomaterials,
including precious metals (e.g., Au, Pt, and Pd), transition metals (e.g., Ni, Co, and Cu), metal
alloys (e.g., Au/Ni and Pt/Au), and metal oxides (e.g., CuO, Co30., and NiO), for this purpose
(Xu et al., 2018; Camargo et al., 2021; Song et al., 2024).

Metal oxide nanoparticles offer a low-cost, earth-abundant alternative to precious metals and
metal alloys for NEG sensing (Chitare et al., 2021). They exhibit superior stability in alkaline
media, resist chloride poisoning and oxidative fouling, and mitigate corrosion issues common
to other metal-based materials. Compared to their elemental counterparts, they offer
enhanced sensitivity and selectivity toward glucose. Moreover, their relatively simple synthesis
supports greater scalability (Ahmad et al., 2013; Molazemhosseini et al., 2017; Liu et al., 2020;
Agnihotri, Varghese and M, 2021; Ahamad et al., 2024).

Among the metal oxide nanoparticles explored for electrochemical NEG sensing, Co304, NiO,
and CuO have been the most widely studied (Chitare et al., 2021). Of these, CuO is especially
promising due to its narrow bandgap (~1.2 eV), high redox activity, large electroactive surface
area, and excellent aqueous stability (Molazemhosseini et al., 2017; Ashok, Kumar and
Tarlochan, 2019; Verma and Kumar, 2019). Its natural abundance and low cost enhance its
potential for large-scale applications (Gawande et al., 2016). Moreover, its intrinsic bioactive

properties support its appeal for fabricating medical devices (Verma and Kumar, 2019).

While CuO alone exhibits good electrocatalytic activity, its relatively high charge transfer
resistance can limit its suitability for high-performance sensing. This limitation may be
addressed by coupling CuO with conductive carbon nanomaterials such as graphene, carbon
nanotubes (CNT), and carbon quantum dots (CQDs) to form nanocomposites (Liu et al., 2020;
Mubarakali et al., 2023; Khan et al., 2024; Shao et al., 2024). Among these, CQDs are

particularly attractive due to their high conductivity, quantum confinement and edge effects,



environmental friendliness, and ability to enhance interfacial stability (Ngo et al., 2020; Guo et
al., 2025). They are also biocompatible, making them well-suited for sensing in healthcare
applications (Wang et al., 2017; Guo et al., 2025). Consequently, they have been applied in
the electrochemical sensing of glucose (Li et al., 2015; Maaoui et al., 2016; Sridara et al.,
2020; Khan et al., 2024). In such applications, their favourable properties have been shown to
enhance the electron transfer efficiency of CuO-based NEG sensors, providing a proven route

to improved electrochemical performance.

Conventional routes for synthesising CuO/CQD nanocomposites often rely on hazardous
chemicals, high energy input, and multi-step synthetic protocols, making them environmentally
harmful (Li et al., 2015; Sridara et al., 2020; Khan et al., 2024). On the other hand, green
approaches utilise sustainable, biodegradable materials (e.g., plants and microbes) to
minimise energy consumption and waste (Kharissova et al., 2013; Pal, Rai and Pandey, 2019;
Chahal et al., 2021; Jeevanandam et al., 2022). Plant extracts are attractive because they are
inexpensive and readily available. The phytochemicals in these extracts serve as natural
reducing, capping, and stabilising agents. This obviates the need for toxic reagents, prevents
nanoparticle agglomeration, and enhances surface reaction kinetics (Kharissova et al., 2013;
Pal, Rai and Pandey, 2019; Verma and Kumar, 2019; Bachheti et al., 2022). Moreover, the
choice of plant species strongly influences the properties and performance of the resulting
nanoparticles because of variations in phytochemical composition among species (Shafey,
2020). Therefore, it is essential to investigate how plant extracts affect nanoparticle

performance, particularly in relation to application-specific functionalities.

Within this context, the Aloe genus has been widely studied for green nanoparticle synthesis
due to its phytochemical abundance (Bachheti et al., 2022). However, Aloe arborescens,
known for its notably high antioxidant activity (Lai et al., 2016; Sazhina et al., 2016; Cardarelli
etal., 2017; Andrea et al., 2020; Maliehe et al., 2023), has received far less attention. Extracts
with higher antioxidant activity are known to produce nanoparticles with more desirable
physicochemical properties (Vera et al., 2023). Therefore, A. arborescens may serve as an
effective source of phytochemicals for synthesising nanoparticles. Nevertheless, studies
focused on synthesising NEG sensors mediated by A. arborescens extract are conspicuously

absent from the literature.

The performance of a glucose sensor is also influenced by the method used for its deposition
onto the electrode surface (Ahmad et al., 2018; Bauer, Duerkop and Baeumner, 2023).
Effective deposition must produce uniform, reproducible films while preserving the integrity of
the nanoparticles (Ahmad et al., 2018). Typically, a water- or solvent-based ink containing the

nanoparticles and binders is applied to the electrode surface using a suitable deposition



technique (Saidina et al., 2019; Camargo et al., 2021). Drop-casting is the most accessible for
lab-scale prototyping. It requires minimal equipment and is straightforward to use: a droplet of
ink is manually applied to the electrode with a pipette (Kumar et al., 2020; Bauer, Duerkop and
Baeumner, 2023). However, it offers poor control over film thickness, uniformity, and
reproducibility (Bauer, Duerkop and Baeumner, 2023). This makes it unsuitable for scalable
manufacturing, where process control and automation are essential (Passmore, Atkinson and
Spooner, 2025). As such, deposition methods that ensure sensor scalability and reproducibility
should be prioritised, even during the early stages of development (Bauer, Duerkop and
Baeumner, 2023).

Microplotting is a deposition technique that offers a more advanced alternative by combining
the practical advantages of drop-casting with automation and precise control over volume and
spatial resolution. This enables the fabrication of uniform, high-resolution films with enhanced
reproducibility (Larson, Gillmor and Lagally, 2004). This degree of control is particularly
advantageous when working with plant-mediated nanoparticles. Plant-mediated synthesis
often yields nanoparticles with variable sizes and surface chemistries due to the complexity of
phytochemical precursors (Pradeep et al., 2022; Shiraz et al., 2024). This variability may
complicate consistent film formation when using low-precision deposition techniques (Ahmad
et al., 2018). The control imparted by microplotting compensates for these issues and may
therefore improve the reliability of the resulting sensor (Larson, Gillmor and Lagally, 2004).
However, the effects of this technique on the electrochemical behaviour of sensors

incorporating green-synthesised nanoparticles remain unexplored.

In addition to the immediate scientific and technical challenges discussed above, the
development of glucose sensors must also be considered in the context of the broader global
priorities that shape research and innovation. The United Nations Sustainable Development
Goals (SDGs) provide a strategic framework for guiding such progress, with SDGs 3, 9, and
12 being particularly relevant to sensor development, as explored in this study (see Figure
1.3). In the context of NEG sensing, SDG 3 emphasises the importance of developing
affordable, accurate, and accessible diagnostic tools to support early detection and effective
diabetes management, especially in resource-limited settings. SDG 9 emphasises the need
for novel materials and scalable fabrication techniques that strengthen healthcare
infrastructure without imposing high technological or financial barriers. SDG 12 promotes the
reduction of hazardous substances and waste across a product’s lifecycle, encouraging the
adoption of green synthesis routes and sustainable manufacturing processes. Therefore,
these goals address the necessity for “next-generation” glucose sensors that strike a balance

between performance, environmental responsibility, and socioeconomic accessibility. This



provides a clear imperative for developing materials and methods that align with technological

advancement and sustainable development.
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Figure 1.3: United Nations Sustainable Development Goals relevant to this study.
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1.2. Research Problems
Given the complexity of issues highlighted in the background section and recalling the SDGs

discussed, this study will address several key research problems:

1. Commercial (enzymatic) glucose sensors suffer from poor environmental stability and
complex enzyme immobilisation procedures, reducing their practical utility.

2. Conventional physical and chemical methods of synthesising glucose sensors rely on toxic
reagents and harsh reaction conditions, making them environmentally harmful.

3. Despite the plausibility of using A. arborescens as a reducing agent and carbon source to
synthesise glucose sensors because of its abundance of antioxidant-rich phytochemicals,
its application in glucose sensor fabrication remains unexplored.

4. Using microplotting to deposit green-synthesised glucose sensors for electrode fabrication

remains unexplored.

Hence, there is a need to employ green synthesis methods using A. arborescens as a
phytochemical precursor to develop NEG sensors and fabricate their electrodes using

microplotter technology.

1.3. Research Questions

To address the stated research problems, research questions were formulated as follows:

e How do A. arborescens-derived CuO/CQD nanocomposites perform as an
electrochemical NEG sensor?
e How does microplotting deposition of the A. arborescens-derived CuO/CQD

nanocomposites affect the overall electrochemical performance of the NEG sensor?

1.4. Research Aim and Objectives
This research study primarily aims to develop and evaluate A. arborescens-derived CuO/CQD

nanocomposites for electrochemical NEG sensing. The secondary aim of this study is to



investigate the effect of microplotting deposition on the overall sensing performance of the

fabricated sensor. The specific objectives required to achieve these aims are:

o To optimise the extraction of phytochemicals from A. Arborescens based on total phenolic
content (TPC).

e To synthesise CuO/CQD nanocomposites using A. Arborescens extract via a green
hydrothermal method.

o To formulate a CuO/CQD nanocomposite ink and use it to fabricate glucose sensor
electrodes.

o To systematically investigate the influence of synthesis conditions on the electrochemical
performance of CuO/CQD-based glucose sensor electrodes and identify the optimal
conditions.

e To assess the electrochemical performance of the optimised CuO/CQD sensor for NEG
sensing.

e To compare the electrochemical performance of drop-cast and microplotted CuO/CQD

sensors for NEG sensing.

1.5. Delineation

The boundaries/limitations of the research study are as follows:

o The study focused on using A. arborescens extract as the reducing agent and stabiliser
for the synthesis of the CuO nanoparticles and as the carbon precursor for the synthesis
of the CQDs. Other plant extracts or carbon precursors were not explored, which may limit
the generalisability of the findings to materials other than those used in this study.

e The CuO/CQD nanocomposites were not characterised using X-ray spectroscopic
analysis because of limited resources.

o Deposition of the CuO/CQD nanocomposites was performed using microplotter
technology. Other printing methods were not investigated. Different printing methods may
influence the conductivity and performance of the sensor.

o The study did not assess the performance of the glucose sensor in clinical settings.

1.6. Structure of Thesis

This thesis contains five chapters. The structure from Chapter 2 onward is outlined as follows:

Chapter 2 Reviews current glucose monitoring technologies and the need for NEG
sensing. It then discusses materials for NEG sensing, focusing on CuO as a
metal oxide catalyst and CQDs as carbon-based enhancers. Synthesis
methods are then discussed, emphasising plant-mediated green synthesis

and identifying A. arborescens as a sustainable reducing agent and carbon



Chapter 3

Chapter 4

Chapter 5

source. Deposition strategies are then surveyed, highlighting printing
techniques and leading to a comparison between drop-casting and
microplotting. The chapter concludes by identifying research gaps and

establishing the rationale for this study.

Sets out the research methodology. It begins by describing the physical and
electrochemical characterisation methods applied in this study. The chapter
then details the materials used, the preparation of A. arborescens extract, and
the green hydrothermal synthesis of CuO/CQD nanocomposites. This is
followed by their characterisation using specific analytical instruments, the
formulation of nanoparticle inks, and electrode fabrication via drop-casting and
microplotting. The electrochemical measurements used to evaluate sensor

performance and the software used for data acquisition are then presented.

Presents the results and discussion. It begins with optimisation studies on
phytochemical extraction from A. arborescens and synthesis conditions
influencing electrode performance. Physicochemical characterisation of
pristine CuO and CuO/CQD nanocomposites is then carried out using
microscopic, spectroscopic, and thermal techniques. Electrochemical
behaviour of the fabricated electrodes is then examined, followed by detailed
performance studies of drop-cast and microplotted CuO/CQD electrodes for
NEG sensing. Comparative analysis is explicitly extended to microplotted
CuO/CQD nanocomposites on screen-printed gold electrodes. The influence
of CuO/CQD electrode architecture on sensor performance is then discussed.
The chapter concludes with validation of the CuO/CQD sensor in real serum

samples.

Concludes the research study by summarising the findings, reflecting on the

outcomes, and providing recommendations for future work.



CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

Diabetes mellitus remains one of the most prevalent and rapidly increasing chronic diseases
worldwide. As such, there is a growing demand for accurate and reliable glucose monitoring
devices to mitigate severe complications. Electrochemical glucose sensors have emerged as
the most practical solution. Within this class, non-enzymatic glucose (NEG) sensors are
promising because they exploit nanomaterial catalysts to achieve enhanced electrocatalytic
performance. However, advancing this field requires deliberate choices of electrode materials,
sustainable synthesis strategies, and deposition methods that ensure reproducibility and
scalability. This chapter surveys existing glucose monitoring technologies, the materials
landscape for NEG sensing, approaches to green nanomaterial synthesis with emphasis on
Aloe species, and nanomaterial deposition techniques for NEG sensor electrode fabrication.

It also identifies the unresolved gaps that define the rationale for this study.

2.2. Understanding Diabetes Mellitus and the Importance of Glucose
Monitoring

Diabetes mellitus refers to a group of metabolic disorders characterised by dysregulated blood
glucose levels due to impaired insulin secretion, insulin action, or both (Heller and Feldman,
2008; Wang, 2008; Sacks et al., 2011). In individuals with diabetes, this impaired regulation
leads to abnormally broad fluctuations in blood glucose levels, typically ranging from 2 to 30
mM, compared to the narrower range of 4 to 7 mM in non-diabetic individuals (Heller and
Feldman, 2008). Blood-glucose levels above the normal range are referred to as
hyperglycaemia, while levels below the normal range are referred to as hypoglycaemia (Jia,
Wang and Xia, 2010).

The primary forms of diabetes are Type 1 and Type 2, which differ in their mechanisms of
impaired glucose regulation and insulin availability. The effects of Type 1 and Type 2 diabetes
on the uptake of glucose by cells are illustrated in Figure 2.1. Other, less common forms of
diabetes also exist, but Type 2 diabetes remains the most prevalent, accounting for
approximately 85% to 95% of global cases (Sacks et al., 2011; NCD-RisC, 2024).

Although the pathophysiology and progression of each type of diabetes differ, all forms require
frequent and consistent glucose monitoring to maintain glucose levels within a safe range and
prevent severe complications such as heart disease, kidney failure, blindness, and even death
(Wang, 2008; WHO, 2024). Currently, this monitoring is primarily performed by individuals with

diabetes at the point of care, using a glucometer paired with disposable blood glucose test

9



strips, which serve as the glucose sensors in the system. While this approach has become a
basis of diabetes self-management, it presents several limitations that impact user
compliance, data accuracy, and early detection of glucose-related complications (Heller and
Feldman, 2008; Song et al., 2024).
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Figure 2.1: Comparison of glucose uptake mechanisms in normal, Type 1, and Type 2 diabetic states.
Source: Med Learning Group (2025).

2.3. Limitations of Conventional Glucose Monitoring

The most common method currently used for point-of-care blood glucose monitoring is the
“finger-prick method”, as illustrated in Figure 2.2. In this procedure, a lancet is used to
puncture the fingertip, producing a small drop of blood. This blood sample is then placed onto
a disposable blood glucose test strip. Once the strip is inserted into the glucometer, the device
measures the signal to determine the blood glucose concentration. While widely used, this
method can be painful and inconvenient, often requiring multiple measurements throughout
the day to ensure adequate glycaemic control. It also does not warn of hypoglycaemia, and
repeated skin punctures may become burdensome. Moreover, inaccurate blood sampling by
individuals with diabetes can lead to unreliable data, and the repeated use of lancets increases
the risk of infection (Benjamin, 2002; Bruen et al., 2017; Johnston et al., 2021). These
limitations have led to increased interest in developing less invasive glucose-monitoring
approaches, including sensors capable of detecting glucose in alternative bodily fluids, such
as saliva, sweat, tears, and interstitial fluid. However, these fluids often present complex
matrices with potential interfering species that may interfere with the sensor signal and lead
to false readings (Ferrag and Kerman, 2020; Johnston et al, 2021; Zhu et al., 2022).
Consequently, developing sensors that can reliably detect glucose in such complex biological

matrices is paramount.

10



28./03

5 H

mmol/L

\
W

- ‘-Q(‘

\

~

Figure 2.2: Schematic illustration of the conventional “finger-prick” method for blood glucose
monitoring. A: Lancet used to puncture the fingertip. B: Disposable glucose test strip. C: Glucometer
displaying the measured blood glucose level. Source: Bruen et al. (2017).

2.4. Performance Requirements for a Reliable Glucose Sensor

Given the critical importance of maintaining blood glucose within a safe range, novel glucose
sensors must meet stringent performance criteria tailored to clinical and self-monitoring needs.

A glucose sensor should satisfy several critical parameters to be considered reliable:

i.  Sensitivity
A high sensitivity is essential for detecting subtle fluctuations in glucose levels, enabling early
detection of hypo- or hyperglycaemic episodes (McGrath and Scanaill, 2013; Tetyana,
Shumbula and Njengele-Tetyana, 2021).

ii.  Linear detection range
A wide linear detection range allows the sensor to cover the full spectrum of clinically relevant
glucose concentrations, accommodating hypoglycaemic (<4 mM), normoglycaemic (4—7 mM),

and hyperglycaemic (>7 mM) states (Wang, 2008).

iii.  Limit of detection
A low limit of detection (LOD) is required for accurately quantifying trace glucose
concentrations because analytes are often present at very low levels, especially in real

samples (Ferrag and Kerman, 2020).

iv.  Selectivity
Excellent selectivity is crucial, as glucose must be reliably distinguished from electroactive
interferents (e.g., ascorbic acid, uric acid, acetaminophen) commonly found in biological fluids
(Jia, Wang and Xia, 2010; Ferrag and Kerman, 2020).
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V. Response time
A rapid sensor response time is necessary to avoid life-endangering episodes of
hypoglycaemia and make timely therapeutic decisions, such as insulin dosing or dietary

interventions (Heller and Feldman, 2008).

vi.  Reproducibility and Repeatability
Reproducibility across repeated measurements and repeatability between different sensor
units ensure consistent performance and are vital in manufacturing, where quality control

relies on statistical sampling rather than individual calibration (Ferrag and Kerman, 2020).

vii.  Stability
Sensors must resist signal drift, degradation, and external (environmental) factors such as
humidity and temperature. Shelf life further reflects this stability, particularly for sensors

intended for long-term use (Ferrag and Kerman, 2020).

viii. ~ Real-sample validation

Real-sample validation is crucial for establishing diagnostic utility. A sensor that performs well
in controlled environments must also function effectively in complex matrices such as blood,
sweat, or serum. These matrices often introduce matrix effects that suppress analyte signals
and reduce accuracy. Dilution is commonly used to minimise these interferences, enhancing

detection reliability under practical conditions (Ferrag and Kerman, 2020).

2.5. Overview of Glucose Sensor Technologies

2.5.1. Classification of Sensor Modalities

Glucose sensors are broadly classified based on the signal transduction mechanism they
employ, with optical and electrochemical modalities being the most widely used in both
research and commercial devices (Mcnichols and Coté, 2000; Jernelv et al., 2019; Adeel et
al., 2020; Teymourian, Barfidokht and Wang, 2020; Ou, Liu and Xia, 2021; Ahmed et al., 2022;
Govindaraj et al., 2023; Huang et al., 2025). The potential of optical sensors to detect glucose
non-invasively and without the need for chemical labels has made them a focus of ongoing
research (Ahmed et al., 2022). Optical techniques such as Raman spectroscopy, fluorescence
sensing, near-infrared spectroscopy, surface plasmon resonance, surface-enhanced Raman
scattering, and optical coherence tomography have been investigated for their molecular
specificity, high sensitivity, and ability to probe glucose concentrations in biological matrices.
However, these methods often require complex and costly optical components, are
susceptible to signal interference from ambient light or skin/tissue scattering that plagues their
sensitivity and specificity, and demand regular calibration and precise alignment of optical

elements to maintain consistent signal quality (Mcnichols and Coté, 2000; Koschinsky and
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Heinemann, 2001; Jernelv et al., 2019; Ahmed et al., 2022). These constraints limit their

reliability and feasibility for low-cost, portable glucose monitoring applications.

In contrast, electrochemical glucose sensors overcome these pitfalls by providing direct, real-
time quantification of glucose with high sensitivity, excellent selectivity, and low power
requirements. Their ease of fabrication using relatively low-cost and straightforward
electronics makes them particularly well-suited for portable and point-of-care devices. As a
result, electrochemical sensing remains the most practical and widely adopted approach for

glucose monitoring (Jalalvand and Karami, 2025; Yang et al., 2025).

2.5.2. Working Principles of Electrochemical Glucose Sensors

Electrochemical glucose sensors function based on electrochemical reactions occurring at the
interface between an electrode and an electrolyte. When glucose molecules interact with the
electrode, a redox (reduction-oxidation) reaction is triggered, resulting in the transfer of
electrons (Jalalvand and Karami, 2025). This electron transfer generates a measurable
electrical signal, such as current (amperometry), potential (potentiometry), or impedance
(electrochemical impedance spectroscopy). The magnitude of this electrical signal is directly
proportional to the glucose concentration, enabling its quantification and analysis (Elgrishi et
al., 2018; Bard, Faulkner and White, 2022; Yang et al., 2025).

A typical electrochemical sensor setup for laboratory testing consists of a three-electrode
system immersed in an electrolyte solution containing the target analyte (in this case, glucose),
as shown in Figure 2.3a. The electrodes include a working electrode (WE), where the
electrochemical reaction involving glucose occurs; a reference electrode (RE), which provides
a stable potential for controlling or measuring the WE potential; and a counter electrode (CE,
also known as the auxiliary electrode), which completes the electrical circuit and allows current
to flow without influencing the RE potential. The WE is the central component and is often
modified with specific nanomaterials or recognition elements to enhance the sensor’s
sensitivity and selectivity toward glucose (Elgrishi et al., 2018; Yang et al., 2025). For portable
and point-of-care applications, these electrodes are often miniaturised into integrated formats,
such as the Metrohm DropSens 220AT (Figure 2.3b), which combines the WE, RE, and CE
onto a single compact substrate (Song et al., 2024). This integration enables glucose sensing

without the need for bulky laboratory setups.

Electrochemical glucose sensors are generally classified into enzymatic glucose (EG) and
non-enzymatic glucose (NEG) sensor types, which differ in their recognition elements,
detection mechanisms, and material requirements (Johnston et al., 2021; Naikoo et al., 2021).

These categories are discussed in the sections to follow.
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Figure 2.3: (a) Schematic illustration of a three-electrode electrochemical cell used for laboratory-based
glucose sensor testing. Source: Elgrishi et al. (2018). (b) Commercially available integrated three-
electrode system for portable electrochemical measurements (Metrohm DropSens 220AT).

2.5.3. Enzymatic Electrochemical Glucose Sensors

As one of the two main categories of electrochemical glucose sensors, EG sensors are widely
used in commercial glucometers due to their high sensitivity and selectivity toward glucose
(Teymourian, Barfidokht and Wang, 2020; Aun et al., 2023). Over time, these sensors have
evolved through distinct generations, each defined by the method used to transfer electrons

from the enzyme to the electrode, as shown in Figure 2.4.

In first-generation sensors, glucose oxidase (GOx), which contains the flavin adenine
dinucleotide (FAD) cofactor, catalyses the oxidation of glucose to gluconolactone. During this
process, FAD is reduced to FADH, and then reoxidised by molecular oxygen, producing
hydrogen peroxide as the measurable product. Second-generation sensors replace oxygen
with artificial redox mediators (Med) that shuttle electrons from the reduced enzyme to the
electrode, lowering the operating potential and reducing oxygen dependence. Third-
generation sensors aim for direct electron transfer between GOx and the electrode surface,
eliminating the need for both oxygen and mediators (Zhu et al., 2022). However, direct electron
transfer remains inefficient, and enzymatic sensors overall suffer from instability under
fluctuating temperatures, pH levels, humidity, and toxic chemicals, as well as stringent
production and storage requirements to preserve enzyme activity. These vulnerabilities limit
their reproducibility, operational stability, and shelf life, prompting the development of fourth-
generation NEG sensors (Teymourian, Barfidokht and Wang, 2020; Zhu et al., 2022; Aun et
al., 2023).
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Figure 2.4 First- to fourth-generation mechanisms of electrochemical glucose sensing.
Source: Zhu et al. (2022)
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2.5.4. Non-enzymatic Electrochemical Glucose Sensors

NEG sensors, or fourth-generation sensors, represent the second major category of
electrochemical glucose sensors (Figure 2.4). Instead of relying on biological recognition
elements, these sensors directly catalyse the oxidation of glucose on the electrode surface
using electrocatalytic materials (Figure 2.5). Advances in nanotechnology have primarily
driven the evolution of NEG sensors (Teymourian, Barfidokht and Wang, 2020; Jalalvand and
Karami, 2025). Nanomaterials such as precious metals (e.g., Au, Pt, and Pd), transition metals
(e.g., Ni, Co, and Cu), metal alloys (e.g., Au/Ni and Pt/Au), and metal oxides (e.g., CuO,
Co304, and NiO) have mainly been employed to enhance catalytic activity, conductivity, and

surface area (Song et al., 2024).

NEG sensors offer improved operational stability, longer shelf life, and reduced susceptibility
to environmental factors (Do, Kim and Le, 2023; Song et al., 2024; Jalalvand and Karami,
2025). NEG sensors generally also exhibit higher current densities and sensitivities compared
to EG sensors. EG sensors typically have sensitivities in the order of approximately
5 yA-mM-"-cm2, while NEG sensors can have sensitivities exceeding 100 yA-mM-"-cm (Aun
et al., 2023). However, achieving high selectivity and a wide linear range remains challenging
because the measured current reflects not only glucose oxidation but also contributions from
coexisting electroactive species within the applied potential window, as well as matrix effects,
surface adsorption/fouling, and transport or kinetic limitations. Therefore, NEG sensors have
not yet reached the commercial glucose market (Teymourian, Barfidokht and Wang, 2020).
Ongoing research focuses on engineering nanostructured electrode surfaces and hybrid

materials to maximise sensitivity, selectivity, and linear range, enabling reliable glucose
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detection in complex sample matrices (Teymourian, Barfidokht and Wang, 2020; Song et al.,
2024).
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Figure 2.5: Representative electrode materials for non-enzymatic glucose sensors.
Sources: Adapted from Zhu et al. (2022) and Song et al. (2024).

2.6. Materials for Non-enzymatic Electrochemical Glucose Sensors

As highlighted in Section 2.5.4, various nanomaterial classes have been explored for NEG
sensors, each offering distinct advantages and limitations for glucose oxidation. It should be
noted that these materials often exhibit greater catalytic activity in alkaline electrolytes, where
abundant OH- ions form reactive intermediates on the catalyst surface. This accelerates
electron transfer from glucose to the electrode, which is why NEG sensor testing is commonly
performed in alkaline media (Song et al., 2024). The following subsections provide a detailed
examination of four key material classes: precious metals, transition metals, metal alloys, and
metal oxides. A summary of the advantages and limitations of each material class discussed

in the following subsections is presented in Table 2.1.

2.6.1. Precious Metals

Precious metals such as Pt, Au, and Pd are well-known for their exceptional catalytic activity
and have been widely applied in NEG sensor development (Lee et al., 2018; Sehit et al., 2020;
Dogan, Cepni and Ozer, 2024). They offer high sensitivity, rapid electron transfer kinetics, and
excellent chemical stability in alkaline media. However, their performance can be
compromised by susceptibility to chloride poisoning and by strongly adsorbed oxidation
intermediates, which reduce apparent sensitivity and selectivity over time. Combined with their
high cost, limited natural abundance, and environmental concerns, these drawbacks limit their
scalability, stability, and reusability (Kumar et al., 2015; Tee, Teng and Ye, 2017). This has

prompted researchers to explore non-precious metal and metal oxide alternatives.

2.6.2. Transition Metals
Transition metals such as Ni, Co, and Cu have attracted significant attention for their catalytic
potential and affordability (Mo et al., 2021; Yu et al., 2021; Koyappayil et al., 2022). In alkaline

media, Ni, Co, and Cu demonstrate strong electrocatalytic performance and favourable redox
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chemistry for glucose sensing (Govindaraj et al., 2023). These materials are more abundant
and cost-effective than precious metals, often offering higher sensitivities, lower detection
limits, and faster response times (Ghosh, Li and Yates, 2023). However, they can suffer from
lower selectivity and gradual degradation in strong alkaline solutions, where surface oxidation,
dissolution, and structural changes reduce long-term catalytic stability. They may also be
prone to oxidation in air, which also affects long-term stability (Niu et al., 2016). As a result,
researchers have investigated alternative materials that combine affordability with improved

stability and selectivity.

2.6.3. Metal Alloys

Metal alloys, formed by combining two or more metallic elements, can exhibit synergistic
effects that enhance electrocatalytic performance. Examples such as Au/Ni, Pt/Au, Au/Pd, and
Pt/Pd have demonstrated superior activity, resistance to fouling, and improved selectivity
compared to their monometallic counterparts (Vinoth et al., 2020; Lin et al., 2021; Pak et al.,
2021; Guler, Zengin and Alay, 2023). Alloying can also improve tolerance to chloride poisoning
and extend sensor lifetimes (Dhara and Mahapatra, 2017). However, alloy fabrication is often
complex, relies on costly precious metals, and may still face corrosion and selectivity
challenges (Tee, Teng and Ye, 2017; Naikoo et al., 2023; Nemati et al., 2023). These
persistent drawbacks have encouraged a shift toward materials that retain strong catalytic

properties while offering greater chemical stability, lower cost, and simpler synthesis.

2.6.4. Metal Oxides

Given the limitations associated with precious metals, transition metals, and their alloys, metal
oxides such as CuO, Co304, and NiO have emerged as a compelling alternative for NEG
sensing. They provide a low-cost, earth-abundant alternative to precious metals and metal
alloys for NEG sensing (Chitare et al., 2021). They exhibit superior stability in alkaline media,
resist chloride poisoning and oxidative fouling, and mitigate corrosion issues common to other
metal-based materials. Compared to their elemental metal counterparts, they offer enhanced
sensitivity and selectivity toward glucose due to their favourable redox properties and
abundant catalytically active sites. Their relatively straightforward synthesis routes also
support greater scalability for sensor production (Liu et al., 2020; Agnihotri, Varghese and M,
2021; Naikoo et al., 2021). However, their lower intrinsic electrical conductivity can limit
electron transfer rates, ultimately narrowing their linear range. To address this, they are often
combined with other conductive nanomaterials or engineered into hybrid nanostructures to
improve conductivity (Liu et al., 2020; Chitare et al., 2021).
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Table 2.1: Comparative summary of materials used as non-enzymatic glucose sensors.

Relevance to

Au/Pd, Pt/Pd)

and chloride tolerance;
improved stability

corrosion and selectivity
issues

WELSITE] Key advantages Key limitations sensing in alkaline
class .
media
Precious High catalytic activity; High cost; limited availability; Strong activity but
metals fast electron transfer; chloride poisoning; limited scalability and
(Pt, Au, Pd) excellent chemical interference from oxidation cost-effectiveness
stability intermediates; narrow linear
range
Transition Abundant; cost-effective; Lower selectivity; weaker Promising balance of
metals high sensitivity; low interference rejection; prone  cost and performance,
(Ni, Co, Cu) detection limits; fast to oxidation in air/solution; but stability
response times corrosion in alkaline media improvements are
needed
Metal alloys ~ Synergistic enhancement Complex fabrication; reliance Enhanced
(Au/Ni, Pt/Au,  of sensitivity, selectivity, on costly precious metals; performance, but

challenged by
scalability and cost

Metal oxides Abundant; low cost; High charge transfer Attractive, sustainable
(CuO, Co304, stable in alkaline media; resistance that limits the option; often
NiO) resistant to chloride linear range hybridised with

conductive materials
for improved
performance

poisoning; favourable
redox properties

2.6.5. Rationale for Selecting CuO in Non-enzymatic Glucose Sensing

Drawing on the preceding discussion of NEG sensor materials, it is evident that metal oxide
nanoparticles are a logical and practical choice for sensor fabrication, offering a combination
of catalytic performance, chemical stability, cost-effectiveness, and scalability. Within this
class, Co3z04, NiO, and CuO have received the most research attention for electrochemical
glucose sensing (Chitare et al., 2021). Among these, CuO stands out for its combination of a
narrow bandgap (~1.2 eV), high redox activity, and a large electroactive surface area. These
attributes collectively facilitate efficient electron transfer and rapid glucose oxidation
(Molazemhosseini et al., 2017; Ashok, Kumar and Tarlochan, 2019; Verma and Kumar, 2019).
Its natural abundance, low cost, and stability in aqueous alkaline media further strengthen its
potential for large-scale, low-cost manufacturing (Gawande et al., 2016). Moreover, its
inherent antibacterial, antifungal, and anti-inflammatory properties offer additional advantages

for integration into medical devices (Verma and Kumar, 2019).

CuO crystallises in a monoclinic structure and exhibits favourable Cu(ll)/Cu(lll) redox
transitions, which contribute to its versatility as an electrocatalyst for glucose oxidation in

alkaline environments (Marioli and Kuwana, 1992; Naz et al., 2023). Multiple mechanistic
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models have been proposed for CuO-based NEG sensors (Xie and Huber, 1991; Marioli and
Kuwana, 1992; Kano et al., 1994; Barragan et al., 2018). For example, some studies attribute
catalytic activity to the formation of CuOOH and related Cu(lll) species in strong alkaline media
(Marioli and Kuwana, 1992; Aun et al., 2023). Others link it to CuQO’s p-type semiconducting
properties, where hole accumulation above the flat band potential initiates hydroxyl-assisted
oxidation to gluconolactone (Barragan et al., 2018; Aun et al., 2023). While the precise
mechanism remains under debate, sufficient OH- concentration is widely recognised as
necessary for the generation of these active species, optimisation of redox behaviour, and
enhancement of glucose adsorption (Aun et al., 2023). High-pH conditions have been reported
to improve catalytic performance, likely through the promotion of active-site formation and

stronger carbohydrate adsorption (Xie and Huber, 1991; Marioli and Kuwana, 1992).

A comparative analysis of C0304, NiO, and CuO-based NEG sensors (Table 2.2) shows that,
although all three materials offer similar linear ranges and low detection limits, CuO-based
systems frequently deliver higher sensitivities and faster response times. Supporting this,
Tian, Baskaran and Tiwari (2018) compared Co304, NiO, and CuO nanoparticles for NEG
sensing. Each material was fabricated using the same procedure to ensure a fair performance
evaluation. They found that the CuO-based sensor exhibited the highest sensitivity and

selectivity toward glucose oxidation.

This combination of performance advantages, favourable electronic structure, redox
versatility, and strong interactions with hydroxyl ions makes CuO a cost-effective and stable
electrocatalyst that is uniquely suited for efficient glucose oxidation, aligning well with the aims

of this study.
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Table 2.2: Comparison of non-precious metal oxide-based sensors (Co304, NiO, CuO) for glucose detection.

Materials LOD (pM) Linear Range (mM) Sensitivity (W/A.mM-.cm?) Response Time (s) References
3D Co304/CFP? 0.046 0.001 -1 180 - Kannan et al. (2017)
C0s0s NF/PGE® 0.04,0.14  0.005—0.06,0.2 — 3.0 693.02, 228.03 <3 Mondal, Ma&%ﬂ”?f‘”d Sharma
Co0304NSs/CCe 1 0.01-2.0 8506 <6 Liu et al. (2018)
Co304
nanoplates/GCE: 2.7 0.05-3.2 212.92 <5 Kang et al. (2019)
Co0304 NBs/GCE® 0.00794 up to 6 1068.85 9.5 Wang et al. (2020)
NiO HPA/GCE' 0.32 0.0025-1.10 1323 - He et al. (2018)
. Heyser, Schrebler and Grez
Ni/NiO9 1.16 0.1-10 206.9 6 (2019)
NiO/SPGE" 2.5 0.25-3.75 1618.4 - Ahmad et al. (2020)
LIO-Ni 3.31 0.005-1.1 5222 - Sedaghat et al. (2020)
NiO/GCE/ 1.4 0.05-9.5 904.6 <2 Ahmad et al. (2022)
CuO/Ag/Sik 0.5 0.05-18.45 2762.5 <2 Ahmad et al. (2013)
CuO NSs/CC! 1 up to 1 4901.96 <3 Zhong et al. (2016)
CuO/GCE™ 0.259 0.0005 - 2.67 2634.44 1-2 Wang et al. (2018)
CuO nanorods/GCE" 0.22 0.1-4.0 1834 2 Gou et al. (2018)
CuO
nanospheres/GCE® 0.15 0-6.535 1806.1 3 Luo et al. (2020)

a: Three-dimensional (3D) thorn-like Co30O4 nanostructure-modified carbon fibre paper (CFP) electrode b: CosO4 nanoflower (NF) modified pencil graphite
electrode (PGE). c: Porous Co304 hanosheets (NSs) on carbon cloth (CC) substrates. d: Porous Co304 nanoplates modified glassy carbon electrode (GCE). e:
Three-dimensional hierarchical CozO4 nanobooks (NBs) modified GCE. f: Cubic NiO hollow porous architecture (HPA) modified glassy carbon electrode. g: NiO
nanostructures on Ni foil substrates. h: NiO nanosheets modified screen-printed gold electrode. i: Nanodonut-shaped NiO nanostructures modified GCE. |:
Laser-Induced Mesoporous Nickel Oxide on Ni foil substrates. k: Inkjet-printed CuO nanoparticles on Ag nanoparticle—sputtered Si substrates. I: CuO
nanosheets (NSs) on carbon cloth (CC) substrates m: Petal-like CuO nanostructures modified GCE n: Ultrathin CuO nanorods modified GCE. o: CuO
nanospheres modified GCE.
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2.7. Performance Enhancement of CuO with Carbon Nanomaterials

As noted in Section 2.6.4, CuO nanoparticles, like many other metal oxides, have inherently
low electrical conductivity. This limits the efficiency of electron transfer between the catalyst
and the electrode, thereby reducing the catalytic performance of NEG sensors. A common
strategy to address this limitation is to integrate CuO with other conductive materials to form
nanocomposites (Liu et al., 2020; Chitare et al., 2021). As the name suggests, a
nanocomposite is a nanomaterial composed of two or more constituent materials with distinctly
different physical or chemical properties (Pal, 2020). Such integration not only increases the
number of catalytically active sites but can also modify the band structure at the hybrid
interface, facilitating faster electron transfer. Benefiting from these synergistic effects,
nanocomposites typically exhibit improved electrochemical performance compared to their
standalone components (Liu et al., 2020; Chitare et al., 2021). Notably, combining CuO with
carbon-based nanomaterials is a practical approach to overcoming conductivity limitations
while maintaining catalytic activity (Liu et al., 2020; Ngo et al., 2020; see Figure 2.6). The

following subsections review examples of such carbon materials.

Metal Oxide Carbon

Nanoparticle Nanoparticles R E IS
High charge Improved charge
transfer resistance transfer

Figure 2.6: Nanocomposite formation of metal oxide and carbon nanomaterials for enhanced charge
transfer. Source: Created with BioRender.com

2.7.1. Examples of Carbon Nanomaterials Used in CuO-Based NEG Sensors

Building on the discussion above, the high charge transfer resistance of CuO may limit its
sensitivity, increase the LOD, and narrow the linear range when used alone as the active
material in NEG sensors (Liu et al., 2020). Carbon nanomaterials such as graphene (Cuara et
al., 2021; Mubarakali et al., 2023), carbon nanotubes (Geetha et al., 2022; Shao et al., 2024),
and carbon quantum dots (Maaoui et al., 2016; Sridara et al., 2020; Khan et al., 2024) have
been incorporated into CuO-based NEG sensors to improve their electron-transfer

capabilities.

21



2.7.1.1.  Graphene

Cuara et al. (2021) synthesised graphene nanoplatelet/CuO nanocomposites via an
environmentally friendly method for electrochemical NEG sensing. When used to modify a
glassy carbon electrode, the sensor exhibited a linear range of 0.25 yM—-2.5 mM, a sensitivity
of 845 yA-mM"-cm, and a detection limit of 0.25 uM for glucose. It also showed negligible

current responses to uric acid, dopamine, and ascorbic acid.

2.7.1.2.  Carbon Nanotubes (CNTs)

Shao et al. (2024) prepared CuO/CNT nanocomposite NEG sensors that exhibited a linear
range of 0.5 yM—1 mM, a sensitivity of 4.34 yA-mM-"-cm, a detection limit of 0.355 uM, and
a rapid response time of 0.45 s. The sensor also showed favourable selectivity toward glucose

in human urine in the presence of sucrose, ascorbic acid, dopamine, urea, and NaCl.

2.7.1.3.  Carbon Quantum Dots (CQDs)

Sridara et al. (2020) modified screen-printed carbon electrodes with CuO/CQD
nanocomposites for glucose sensing. The sensor exhibited two linear ranges (0.5-2 mM and
2-5 mM) with sensitivities of 110 and 63.3 pA-mM-'-cm™, respectively, and a detection limit of
0.2 mM. The sensor also demonstrated good selectivity towards glucose over uric acid,

ascorbic acid, dopamine, sucrose, and lactose, as well as good stability in alkaline media.

2.7.2. Carbon Quantum Dots as Targeted Performance Enhancers

Among the previously highlighted carbon nanomaterials, CQDs offer a unique combination of
structural, electronic, and chemical properties that make them valuable performance
enhancers for CuO-based NEG sensors (Wang et al.,, 2017). CQDs are quasi-spherical
nanoparticles composed of sp?/sp?® hybridised carbon cores with quantum dot sizes of <10 nm
(Guo et al., 2025). Their high conductivity is attributed to T stacking interactions between
atomic planes (Das, Mondal and Ghosh, 2023; Guo et al., 2025). When used in composite
form with CuO, CQDs can act as conductive bridges or electron shuttles between adjacent
CuO particles. This improves interparticle connectivity and facilitates efficient charge transfer
at the electrode—electrolyte interface. As a result, charge transfer resistance is reduced,

accelerating glucose oxidation kinetics (Khan et al., 2024; Guo et al., 2025).

As noted, graphene and CNTs have also been used as supports for CuO nanoparticles in
NEG sensing applications (Cuara et al., 2021; Shao et al., 2024). However, CNTs have been
shown to exhibit potential cytotoxicity in various cell lines and animal models (Francis and
Devasena, 2018). Additionally, both graphene and CNTs suffer from low aqueous solubility
(Das, Mondal and Ghosh, 2023). On the other hand, CQDs do not share this limitation. Their
high solubility stems from oxygen-containing functional groups (e.g., carboxyl, hydroxyl) that

improve composite stability and provide a larger accessible surface area for electrochemical
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reactions (Zhu et al., 2015; Das, Mondal and Ghosh, 2023; Guo et al., 2025). These functional
groups are also proposed to localise glucose near CuO active sites via hydrogen bonding with
glucose hydroxyl groups (Figure 2.7). This localisation may enhance electrooxidation (Khan
et al., 2024). Such interactions have been linked to measurable performance gains, including
higher sensitivity, lower detection limits, and wider linear ranges in glucose detection (Li et al.,
2015; Maaoui et al., 2016; Sridara et al., 2020; Khan et al., 2024).

For example, Li et al. (2015) demonstrated the potential of CQDs to enhance the
electrochemical performance of Cu2O in NEG sensing. The authors synthesised octahedral
Cu20O nanoparticles and CQD/octahedral Cu.O nanocomposites. The octahedral Cu.O
nanoparticle-based sensor exhibited a linear range of 0.3—4.1 mM, a detection limit of 128 uM,
and a sensitivity of 0.241 pA-mM'-cm2. However, the electrochemical performance was
enhanced when the CQD/octahedral Cu,O nanocomposites were employed. The linear range
broadened to 0.02—4.3 mM, the detection limit dropped to 8.4 uM, and the sensitivity increased
to 0.298 yA-mM-"-cm. In another study, Khan et al. (2024) fabricated a CuO-modified glassy
carbon electrode and a CuO/CQD-modified glassy carbon electrode. The CuO/CQD electrode
showed a 17.7-fold increase in anodic current for glucose oxidation in comparison to the CuO
electrode. This enhancement was attributed to improved charge transfer and the increased

number of active sites provided by the CQDs.
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Figure 2.7: Glucose localisation on CuO/CQD nanocomposite facilitated by oxygen-containing
functional groups via hydrogen bonding. Source: Created with BioRender.com
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2.8. Nanoparticle Synthesis
2.8.1. Conceptual Approaches to Synthesising Nanoparticles

Nanoparticle synthesis can be understood through two primary conceptual approaches: top-
down and bottom-up (Wang et al., 2017; Das, Mondal and Ghosh, 2023). In top-down
approaches, bulk materials are broken down into nanoparticles. In bottom-up approaches,
nanoparticles are assembled from atoms or molecular precursors through nucleation and

subsequent growth (Pal, Rai and Pandey, 2019). These approaches are shown in Figure 2.8.
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Figure 2.8: Schematic representation of top-down and bottom-up nanoparticle synthesis approaches.
Source: Created with BioRender.com

2.8.2. Classification of Synthesis Techniques

In addition to the conceptual distinction highlighted above, nanoparticle synthesis can be

classified according to the categories of techniques used. This includes physical, chemical,

and biological/green methods (Pal, Rai and Pandey, 2019). A schematic summary of these

categories is presented in Figure 2.9.

2.8.2.1.  Physical Synthesis Methods

Physical methods, such as laser ablation, arc discharge, and electrochemical deposition,
employ high-energy processes to fragment bulk materials into nanoscale structures (Krishnia,
Thakur and Thakur, 2022; Namakka et al., 2023). These routes generally align with top-down
principles (Jain et al., 2024). They can yield high-purity nanomaterials, but the process is time-
consuming and energy-intensive, resulting in bulk heating of the source material and the
surrounding environment. They also require sophisticated instrumentation. These factors limit
their practicality for sustainable and cost-effective sensor development (Pal, Rai and Pandey,
2019; Jeevanandam et al., 2022).

2.8.2.2.  Chemical Synthesis Methods

Chemical methods, such as sol-gel, co-precipitation, hydrothermal, microwave-assisted, and
pyrolysis, rely on solution-based or thermal processes (Taneja et al., 2022; Namakka et al.,
2023). These routes generally align with bottom-up principles (Jain et al., 2024). They are
versatile and widely applied for both CuO and CQD synthesis (Saleem et al., 2024; Sharma

et al., 2025). However, many chemical methods involve toxic reagents (such as sodium
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borohydride and hydrazine) and yield undesirable byproducts. Consequently, waste handling
and safety become non-trivial considerations, especially at scale. These risks contribute to the
perception that chemical methods are harmful to both living organisms and the environment
(Pal, Rai and Pandey, 2019; Jeevanandam et al., 2022).

2.8.2.3.  Biological/Green Synthesis Methods

Biological, or green, synthesis methods have emerged in response to the environmental,
safety, and cost limitations associated with conventional physical and chemical approaches.
These methods utilise naturally derived reducing, capping, and stabilising agents, including
microbial (i.e., bacteria, fungi, and algae) and plant extracts. This obviates the need for
hazardous reagents (Pal, Rai and Pandey, 2019; Jeevanandam et al., 2022). Conceptually,
they align with bottom-up strategies, as biomolecules from biogenic agents govern the
nucleation and growth of nanoparticles (Ishak, Kamarudin and Timmiati, 2019; Jain et al.,
2024).

Compared to conventional methods, green synthesis minimises toxic chemical use, does not
require sophisticated equipment, is amenable to scale-up, and can be carried out under mild
conditions such as low-temperature hydrothermal processing (Pal, Rai and Pandey, 2019;
Verma and Kumar, 2019; Jain et al., 2024). Additionally, the nanoparticles produced through
these routes often exhibit enhanced biocompatibility, which is advantageous for biomedical

applications (Akintelu et al., 2020).

Despite these advantages, green synthesis methods still face challenges. Achieving
consistent control over nanoparticle size, morphology, and surface chemistry can be more
difficult compared to physical and chemical processes (Das and Chatterjee, 2019).
Additionally, the complex composition of biological extracts can introduce batch-to-batch
variability that complicates industrial reproducibility (Pradeep et al., 2022; Shiraz et al., 2024).
Nevertheless, because green synthesis aligns with green chemistry principles and offers
scalable implementation, it was selected in this study as the preferred sustainable route for
synthesising CuO and CQDs.

25



] Physical Synthesis Biological Synthesis

Chemical reaction e.g., Laser ablation Extraction of biological
substances
! Metal Biological
ions -« +. extract
Lens - & — / }—[
Carbon e
Coating Coating Metal target '
solution

N -

l Synthesis

l Synthesis Nanoparticles 1 =

Figure 2.9: Schematic representation of physical, chemical, and biological synthesis routes for
nanoparticles. Source: Created with Biorender.com

2.8.3. Plant-mediated Green Synthesis

As previously noted, green nanoparticle synthesis encompasses both microbe-mediated and
plant-mediated methods (Figure 2.10). Among these, plant-mediated methods stand out for
their operational simplicity, scalability, efficiency, and cost-effectiveness (Pal, Rai and Pandey,
2019). Several practical limitations, including the strict requirement for aseptic conditions and
labour-intensive procedures such as microbial isolation, culture optimisation, and culture
media maintenance, hinder microbe-mediated synthesis. These processes require skilled
personnel and extended reaction times, which increase the complexity and cost of scale-up
(Annu, Ali and Ahmed, 2018; Jeevanandam et al., 2022).

Plant-mediated synthesis, on the other hand, enables nanoparticle formation within minutes
to a few hours (depending on the plant species). Plant materials are abundantly available in
nature, require minimal pre-processing, and reduce biohazard risks. The inherent simplicity,
lower safety requirements, and reduced infrastructure demands associated with plant-based
synthesis render it well-suited for scalable production of biocompatible nanoparticles (Annu,
Ali and Ahmed, 2018; Jeevanandam et al., 2022).

For plant-mediated nanoparticle synthesis, plant extracts are typically prepared by boiling and
crushing plant tissues in a solvent (most often distilled or deionised water) and collecting the

supernatant after centrifugation (Verma and Kumar, 2019; Pourakbar, Moghaddam and
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Popovic-Djordjevic, 2020). The functional versatility of these extracts arises from their diverse
phytochemical composition. Phytochemical classes, such as polyphenols, flavonoids,
terpenoids, alkaloids, sugars, and proteins, synergistically contribute to nanoparticle formation
(Pal, Rai and Pandey, 2019; Verma and Kumar, 2019; Shafey, 2020; Jeevanandam et al.,
2022). These phytoconstituents serve multifaceted roles in the formation of metal-based
nanoparticles. They reduce metal ions to form metal or metal oxide nanoparticles, chelate and
stabilise the growing nuclei, and cap the particle surfaces to suppress aggregation and
modulate morphology. However, identifying the single active species responsible for the
reduction process remains challenging, but it is generally attributed to the collective action of
multiple phytochemicals. When synthesising CuO nanoparticles, these interactions support
low-temperature formation of stable oxide nanostructures with surface functionalities
conducive to electron transfer and dispersion (Avinash et al., 2019; Verma and Kumar, 2019;
Murugan et al., 2023).

Plants also serve as carbon sources for synthesising carbon-based nanomaterials such as
CQDs (Chahal et al., 2021; Verma et al., 2022; S et al., 2023). Under hydrothermal conditions,
it is proposed that saccharides, amino acids, and other organic components first break down
into furanic intermediates through hydrolysis and dehydration. These intermediates then
condense into small polymer-like clusters, which carbonise into CQDs with sp?/sp® hybridised
carbon cores. Surface functional groups (e.g., -OH, —COOH, —C=0) and natural dopants from
the extract cap the formed CQDs (He et al., 2018; Liu et al., 2019; Liu, Li and Yang, 2020; S
et al., 2023). These functionalities improve the colloidal stability and electronic properties of
the CQDs, which are advantageous for electrochemical NEG sensing (as described in Section
2.7.2).

It is important to note that the composition and concentration of phytochemicals vary
significantly between plant species, which directly influences the nucleation kinetics,
morphology, crystallinity, and surface characteristics of the synthesised nanoparticles
(Shafey, 2020). As such, the choice of plant species is a critical design parameter because
electrochemical sensor performance depends sensitively on the electronic, structural, and
surface characteristics of the nanomaterials employed (Song et al., 2024; Jalalvand and
Karami, 2025). For this reason, various plant species have been used as biogenic agents for
the green synthesis of CuO nanoparticles and CQDs, forming the basis for the focused

discussions that follow.
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Figure 2.10: Plant- and microbe-mediated routes for nanoparticle synthesis. Extracts from plants or
microorganisms act as biological sources for nanoparticle formation. Source: Created with
Biorender.com

2.8.4. Plant-mediated Green Synthesis of CuO Nanoparticles

Numerous plant extracts have been investigated for the green synthesis of CuO nanoparticles,
including but not limited to Capsicum frutescens (K. et al., 2021), Malva sylvestris
(Benhammada and Trache, 2022), Eucalyptus globulus (Alhalili, 2022), Jasminum sambac
(Nouren et al., 2024), and Moringa peregrina (Barani et al., 2024). Notably, species of the Aloe
genus have received considerable attention due to their availability, biocompatibility, and
abundance of phytochemicals (Salehi et al., 2018; Bachheti et al., 2022). More than 130
phytochemicals distinguish the Aloe genus from diverse classes, including alkaloids,
anthrones, chromones, phenolics, and flavonoids, among others (Dagne et al., 2000). Some

examples of these phytochemicals are shown in Figure 2.11.

In CuO nanoparticle synthesis, copper salts (e.g., CuSO4, CuCl,, Cu(NOs3),, Cu(OAc).) serve
as the metal precursors (Verma and Kumar, 2019; Cuong et al., 2021). Regarding Aloe-
mediated CuO nanoparticle synthesis, the reduction process is facilitated by the transfer of
electrons from the phytochemicals present in the Aloe extract to the copper ions derived from
the precursor. This induces nucleation and promotes the subsequent growth of CuO
nanostructures (Chakraborty et al., 2022; Gebre, 2023).
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Several studies have demonstrated the effectiveness of Aloe-based routes for synthesising
CuO nanoparticles, with Aloe vera (also known as Aloe barbadensis Miller) being the most
extensively studied (Table 2.3). It can be inferred that a few authors apply Aloe-derived CuO
nanoparticles in NEG sensing. For example, Avinash et al. (2019) used A. vera latex as a
reducing agent to synthesise CuO nanoparticles. The nanoparticles were subsequently used
to modify a carbon paste electrode for the detection of paracetamol and glucose. Their study

demonstrated the feasibility of Aloe-derived CuO nanoparticles for use in NEG sensing.

Table 2.3: Studies on Aloe-mediated synthesis of CuO nanoparticles and their applications.

Precursor Plant Source Application Studied References

Gunalan, Sivaraj and

CuSO04-5H20 A. vera leaf extract Optical properties Venckatesh (2012)

Antibacterial activity against

Cu(NO3)2:3H20 A. vera leaf extract fish pathogens

Kumar et al. (2015)

Photocatalytic dye degradation

CuSO04-5H20 A. vera leaf extract .
properties

Kerour et al. (2018)

Paracetamol and glucose

Cu(NO3)2 A. vera latex sensor

Avinash et al. (2019)

Antibacterial activity and
Cu(OAc)2-H20 A. vera leaf extract photocatalytic dye degradation =~ Sharma and Kumar (2021)
properties

Antioxidant, antidiabetic, and

Cu(OAc)2:H20 A. vera leaf extract anti-inflammatory activities

Narayanan et al. (2023)

Antibacterial activity, molecular
Cu(NOs3)2-3H20 A. vera leaf extract docking, and photocatalytic Jabeen et al. (2024)
dye degradation properties

2.8.5. Plant-mediated Green Synthesis of CQDs

Numerous plants have also been explored as carbon sources for the green synthesis of CQDs,
including Catharanthus roseus (Arumugham et al., 2020), Polyalthia longifolia (Sariga et al.,
2023), Curcuma zedoaria (Zhang et al., 2023), Sideritis vuralii (Baslak et al., 2023), and
Psidium guajava L. (Tariq et al., 2023), among others. The Aloe genus has likewise proved
favourable for synthesising CQDs. As in the case of CuO nanoparticles, A. vera remains the
most extensively investigated among the Aloe species for CQD synthesis (Xu et al., 2015;
Ghosale et al., 2016; Devi et al., 2018; Malavika et al., 2021; Cheng et al., 2022; Srivastava

et al., 2024). Reported routes typically employ hydrothermal, microwave-assisted, or low-
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temperature pyrolytic treatments of aqueous Aloe extracts. The resulting CQDs are quasi-
spherical and carry oxygen-containing surface groups that improve water dispersibility and
stability (Table 2.4).

For example, Xu et al. (2015) reported a hydrothermal route that produced Aloe-derived CQDs
with abundant —OH groups and good aqueous dispersibility. Devi et al. (2018) used a one-
step pyrolysis of A. vera extract to obtain CQDs functionalised with -OH and —COOH groups.
Malavika et al. (2021) employed microwave-assisted reflux of A. vera to yield uniformly
dispersible CQDs. Cheng et al. (2022) synthesised nitrogen-doped CQDs hydrothermally from
A. vera and ethylenediamine, attributing their stability to oxygen- and nitrogen-containing
surface functionalities. Srivastava et al. (2024) synthesised CQDs hydrothermally from A. vera
gel that exhibited high colloidal stability and effective charge-transfer behaviour in aqueous

electrochemical tests.

Table 2.4: Studies on Aloe-mediated synthesis of CQDs.

Plant source Route Surface groups Key notes References

Water-dispersible; stable

Aloe leaf extract Hydrothermal -OH )
films

Xu et al. (2015)

Stable dispersion;

A. vera leaf extract Pyrolysis —OH, -COOH functionalised surface Devi et al. (2018)

A. vera leaf extract asl\/lsiiz:g\g?(\aﬁ;x -OH dispgrr;iif(;)r:?qb?c?c%errc:;:tible Malavika et al. (2021)

é'e\/tfl;?;ﬁzggﬁig Hydrothermal O/N groups impIrEor:/Zaclingﬁeitsréibilri;ﬁsfer Cheng et al. (2022)
fveragel el o Sechechstaten  srvamactal

2.8.6. Aloe arborescens for Green Nanoparticle Synthesis

Aloe arborescens is a flowering succulent perennial species within the Aloe genus of the
Asphodelaceae family that is recognised as one of the most extensively studied Aloe varieties
used globally (Salehi et al., 2018; Klopper et al., 2020). It is indigenous to the south-eastern
regions of Africa (including South Africa, Malawi, Mozambique, and Zimbabwe) and has the
third widest distribution range of all Aloe species (Figure 2.12). Regarding South Africa, A.
arborescens occurs along the south and east coasts of the country, from the Cape Peninsula,
through the Western Cape, Eastern Cape, and KwaZulu-Natal, and inland to Mpumalanga,
Limpopo, and the Free State (Smith et al., 2012; Klopper et al., 2020). It has been under
cultivation at the Dutch East India Company’s Gardens in Cape Town, South Africa, since
1695 (Smith et al., 2012). It has also been exported to tropical and subtropical regions for its

ornamental and medicinal applications (Smith et al., 2012; Klopper et al., 2020). It shows
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robust growth in areas characterised by high summer rainfall, but it also flourishes in the winter

rainfall region of the Western Cape (Smith et al., 2012).

The leaf extract of A. arborescens presents a compelling subject for research in nanoparticle
synthesis (Sazhina et al., 2016; Maliehe et al., 2023). However, the scientific literature reveals
a predominant focus on Aloe vera for Aloe-based plant-mediated nanoparticle synthesis,
resulting in a scarcity of studies on other species, such as A. arborescens. Despite this, a few
investigations have been conducted into its potential in this field. For instance, Altaf and
Jaganyi (2016) demonstrated the use of the aqueous extract of A. arborescens for the green
synthesis of triangular gold nanoparticles. The use of the A. arborescens extract obviated the
need for extra stabilising or capping agents. Kumar et al. (2017) investigated the use of A.
arborescens leaf sap extract as a reducing, stabilising, and capping agent for the green
synthesis of silver nanoparticles. They successfully synthesised smooth-surfaced silver
nanoparticles and concluded that A. arborescens has the potential as an active ingredient in
various biological applications. In another study, Kumar, Houreld and Abrahamse (2020)
successfully synthesised silver nanoparticles using A. arborescens leaf sap extract as a

reducing, stabilising, and capping agent.

Notably, the antioxidant activity of plant extracts affects the physicochemical properties and
chemical reactivity of the synthesised nanoparticles (Vera et al., 2023). For instance, Vera et
al. (2023) used plant extracts with varying antioxidant activities to synthesise ZnO
nanoparticles. It was observed that the extract with the highest antioxidant activity led to the
synthesis of ZnO nanoparticles with the most favourable properties and vice versa. This was
attributed to a higher amount of residual organic matter on the synthesised nanoparticles with
a lower concentration of antioxidant molecules. Consequently, this led to a lack of uniformity
in the size and distribution of the particles (which is generally unfavourable). Numerous studies
reveal that the antioxidant activity of A. arborescens far outweighs that of A. vera, owing to the
synergistic effects of its vitamins, carotenoids, and its high total phenolic content (Lai et al.,
2016; Sazhina et al., 2016; Cardarelli et al., 2017; Andrea et al., 2020; Maliehe et al., 2023).
This suggests that employing A. arborescens could potentially be more advantageous than A.
vera when used as a reducing agent for producing nanoparticles with uniform and desirable

characteristics.
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Figure 2.12: Native distribution of A. arborescens in southern Africa. Inset photograph: A mature
flowering A. arborescens plant in its natural habitat. Source: Klopper et al. (2020).

2.8.7. Parameters Influencing Plant-mediated Green Synthesis of Nanoparticles

In plant-mediated green synthesis, parameters such as synthesis temperature, synthesis time,
extract concentration, precursor type and concentration, and the pH of the reaction mixture
regulate the reaction kinetics of reduction and complexation (Figure 2.13). These factors, in
turn, govern particle size, crystallinity, and surface functionalities (Pal, Rai and Pandey, 2019;
Cuong et al., 2021; Jain et al., 2024). These physicochemical characteristics directly influence
the electrochemical performance (e.g., charge transfer resistance, sensitivity, linear range,

etc.) of NEG sensors (Jalalvand and Karami, 2025).

2.8.7.1.  Synthesis Temperature

Synthesis temperature plays a critical role in the rate of phytochemical-mediated reduction
and subsequent crystallisation of nanoparticles. Higher temperatures promote rapid
nucleation and improved crystallinity of CuO domains while driving the carbonisation of CQDs
(Lupu, 1970; Pflieger et al., 2022; Nazibudin, Zainuddin and Abdullah, 2023). However,
excessively high temperatures may induce grain coarsening, particle agglomeration, and the
degradation of stabilising surface functional groups (Pflieger et al., 2022; Qiu et al., 2023; Jain
et al., 2024). Therefore, optimising the synthesis temperature is essential to balance
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crystallinity with surface functionality because these factors directly impact electron transfer

and glucose oxidation activity (Thatikayala et al., 2020).

2.8.7.2.  Synthesis Time

The duration of the synthesis reaction influences the extent of reduction, particle growth, and
structural stability. Insufficient reaction time may lead to incomplete reduction of Cu(ll) ions or
inadequate carbonisation of CQDs. Conversely, prolonged reaction times may lead to
aggregation and the formation of larger nanoparticles with a reduced active surface area (Pal,
Rai and Pandey, 2019; Azad et al.,, 2023; Nazibudin, Zainuddin and Abdullah, 2023).
Therefore, optimising synthesis time is essential to preserve nanoparticle features and retain

the active sites that contribute to catalytic performance.

2.8.7.3.  Extract Concentration

The concentration of plant extract affects the availability of phytochemicals that serve as
reducing, capping, and stabilising agents. At low extract concentrations, the limited availability
of reductant slows nucleation. This leads to the synthesis of larger and less uniform particles.
Increasing the extract concentration accelerates nucleation and yields smaller nanoparticles
with better surface coverage of phytochemicals (Kerour et al., 2018; Cuong et al., 2021; Azad
et al., 2023). However, excessively high concentrations can over-stabilise the nanoparticles,
forming thick organic shells that hinder electron transfer (Aliannezhadi et al., 2024). Therefore,
optimising the extract concentration is essential to provide sufficient capping for maintaining

dispersion while enabling efficient charge transfer.

2.8.7.4.  Precursor Type and Concentration

The type and concentration of the metal precursor strongly influence nucleation density and
growth dynamics. Copper salts such as sulphate, nitrate, and acetate differ in solubility and
complexation behaviour. These factors influence reduction efficiency and particle morphology
(Chawla, Sharma and Randhawa, 2017). For example, Bhosale, Karekar and Bhanage (2016)
reported that CuO nanoparticles synthesised using CuSO4exhibited superior uniformity in size
and shape compared to those obtained from CuCl,, Cu(NOs)2, and Cu(OAc).. In another
study, Chawla, Sharma and Randhawa (2017) demonstrated that CuO nanoparticles
synthesised using CuSOs achieved the highest glucose sensitivity relative to those
synthesised from Cu(NOs3). and Cu(OAc)..

Regarding precursor concentration, increasing the concentration enhances supersaturation
and nucleation rates, which yield smaller primary crystallites (Azad et al., 2023). However,
excess metal ion concentrations can cause uncontrolled growth and aggregation (Jain et al.,
2024). Therefore, optimising precursor concentration is essential to achieve CuO

nanoparticles that benefit glucose oxidation activity.
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2.8.7.5. Reaction Mixture pH

The pH of the reaction mixture governs the speciation of metal ions and the ionisation state of
phytochemicals (Khan et al., 2022). Alkaline conditions (pH 8-12) promote the hydrolysis of
Cu(ll) ions into Cu(OH),, which subsequently undergo thermal dehydration to CuO (Ahmed et
al., 2025). The pH may also influence the stability of phytochemicals (Yang, He and Zhao,
2013). Acidic conditions result in incomplete reduction and poor stabilisation. On the other
hand, highly alkaline conditions may cause excessive etching or dissolution of nuclei.
Therefore, it is necessary to optimise the reaction pH as the structural characteristics of the

resulting nanoparticles directly influence their electrochemical behaviour (Azad et al., 2023).

2.8.8. Relevance to CuO/CQD Nanocomposite Synthesis

Deducing from Sections 2.8.1-2.8.3, plant-mediated green synthesis offers a bottom-up
approach in which phytochemicals reduce and stabilise CuO nanoparticles and also serve as
carbon precursors for CQDs. Sections 2.8.4—2.8.5 demonstrate that Aloe-based routes may
produce CuO nanoparticles and oxygen-functionalised CQDs with good colloidal stability and
favourable charge-transfer behaviour in aqueous media. Section 2.8.6 motivates the use of A.
arborescens as a phytochemically rich extract whose antioxidant activity supports the
formation of CuO/CQD nanocomposites with favourable properties. Finally, Section 2.8.7
identifies the key parameters that need to be considered when synthesising nanoparticles.
These considerations support the use of an A. arborescens-mediated hydrothermal route for
synthesising CuO/CQD nanocomposites, and a systematic parameter-optimisation strategy to

produce nanomaterials with enhanced performance for NEG sensing.

Synthesis

Reaction mixture pH temperature

Parameters influencing plant-

mediated nanoparticle
synthesis

Precursor Extract
concentration Precursor type concentration

Figure 2.13: Synthesis parameters influencing plant-mediated nanoparticle synthesis.
Source: Created with Biorender.com
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2.9. Deposition Methods for Nanomaterials

The performance of a glucose sensor is also influenced by the method used for its deposition
onto the electrode surface (Ahmad et al., 2018; Bauer, Duerkop and Baeumner, 2023).
Effective deposition must produce uniform, reproducible films while preserving the integrity of
the nanomaterials (Ahmad et al., 2018). A variety of methods have been developed for
depositing nanomaterials onto substrates for fabricating electrochemical sensing platforms.
These methods can be broadly grouped into: (i) coating-based methods such as drop-casting,
dip-coating, spin-coating, and blade-coating; (ii) direct deposition methods such as
electrochemical deposition, electrospinning, and electrospraying; (iii) direct growth, where
nanostructures are synthesised in situ on the substrate; and (iv) printing-based methods such
as screen printing, inkjet printing, nozzle-jet printing, and microplotting (Larson, Gillmor and
Lagally, 2004; Ahmad et al., 2018; Bauer, Duerkop and Baeumner, 2023).

Printing methods are considered the most practical option for sensor fabrication among the
aforementioned deposition strategies. Printing constitutes an additive manufacturing approach
in which features may be created by depositing materials in a layer-by-layer manner (Chang
et al., 2018). These methods offer simplicity, low cost, scalability, fine spatial resolution, and
minimal material waste (Camargo et al., 2021; Zheng et al., 2023). These advantages make

them well-suited for the large-scale production of sensing devices (Ahmad et al., 2018).

Printing methods employ solution-based inks similar to other techniques. However, their
distinctive advantage lies in the ability to deposit patterned films with tailored configurations in
a rapid and, in some cases, programmable manner across diverse substrates such as glass,
paper, plastics, and textiles (Gabardo and Soleymani, 2016; Ahmad et al., 2018; Camargo et
al., 2021; Zheng et al., 2023). This level of control over spatial arrangement is often
challenging to achieve with other deposition methods, which usually require auxiliary masking
or etching steps (Gabardo and Soleymani, 2016; Ahmad et al., 2018). For these reasons,
printing is increasingly regarded as the most practical and versatile approach for fabricating
electrochemical sensors over coating, direct deposition, and direct growth methods.
Nevertheless, drop-casting remains the most accessible deposition technique for lab-scale

prototyping (Bauer, Duerkop and Baeumner, 2023).

2.9.1. Nanoparticle Inks for Printing

Printing relies on the preparation of (conductive) nanoparticle inks. These are stable
dispersions of the synthesised nanomaterials in a water- or solvent-based medium formulated
with binders to ensure printability, adhesion, wettability, and reproducibility (Gabardo and

Soleymani, 2016; Saidina et al., 2019; Camargo et al., 2021). More specifically, when used
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judiciously, the binder content enhances the mechanical integrity of the nanoparticle film on

sensor substrates without electrically insulating the film (Camargo et al., 2021).

The widespread adoption of printing methods for high-quality nanoparticle film fabrication has,
however, been hindered by the coffee-ring effect. This phenomenon originates from non-
uniform solvent evaporation during drying, which induces capillary flows within the deposited
ink. These flows displace suspended nanoparticles toward the three-phase contact line,
resulting in preferential accumulation at the film edges. Consequently, a characteristic ring-

like deposit forms, which compromises film uniformity and performance (Li et al., 2018).

Nevertheless, solvent mixtures can be used to improve ink quality and homogeneity. This is
because mixed solvent systems can moderate evaporation to suppress coffee-ring effects due
to differences in surface tension (Camargo et al, 2021). For example, dissolving CuO
nanoparticles in a mixed solvent (i.e., water, ethanol, isopropyl alcohol, and ethylene glycol)
resulted in a deposited film without any structural defects, such as the coffee-ring effect or
bulging (Ahmad et al., 2013). In another study, dissolving Cu nanoparticles in a mixed solvent
(i.e., water, ethanol, glycerol and ethylene glycol) created a gradient in surface tension, which

enabled the fabrication of a high-quality ink dispersion (Li and Chen, 2014).

The principal advantage of ink-based deposition lies in its compatibility with various printing
methods and its resultant suitability for rapid prototyping. Additionally, ink-based deposition
accommodates a wide range of materials with varying compositions, structures, and
functionalisations. However, its main limitation is the requirement for additional post-
processing steps (e.g., annealing/calcination) to achieve functional sensing performance
(Gabardo and Soleymani, 2016). Nevertheless, according to Camargo et al. (2021), the
combination of conductive inks with advanced printing methods may play a pivotal role in the

development of next-generation sensing devices.

2.9.2. Printing Techniques in Sensor Fabrication

As noted, printing methods have been applied in the lab-scale fabrication of electrochemical
NEG sensors, including screen printing (Choudhry et al., 2009; X.-W. Liu et al., 2016) and
inkjet printing (Ahmad et al., 2013; Bernasconi, Mangogna and Magagnin, 2018; Ezzat et al.,
2023). By contrast, nozzle-jet printing and microplotting appear less established in this context,
with only isolated reports such as that of Molazemhosseini et al. (2017) and Bhat et al. (2018)

demonstrating their use in glucose sensing.

2.9.2.1.  Screen Printing
Screen printing is one of the most established techniques for electrode fabrication. A large
proportion of commercially available glucose test strips are produced using this method

(Gabardo and Soleymani, 2016). In screen printing, ink is forced through a patterned mesh
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(or screen) using a squeegee onto the substrate to generate a predefined pattern (Orzari et
al.,, 2025), as seen in Figure 2.14a. The technique is robust and highly scalable,
accommodating high-viscosity inks and producing mechanically durable films in a single pass
(Suresh et al.,, 2021). Its main advantages include operational simplicity, straightforward
equipment design, high throughput, and compatibility with a broad range of substrates
(Huebner, 2017; Suresh et al., 2021; Zheng et al., 2023).

X.-W. Liu et al. (2016) demonstrated the feasibility of screen printing in glucose sensing. The
authors developed a NEG sensor by screen printing flower-like CuO nanostructures onto a
graphite electrode. The resulting platform exhibited sensitivities of 233—-890 yA-mM-'-cm
across three linear ranges (4 uM-14.5 mM), a detection limit of 4 pM, and a steady-state

response time of 3 s.

Despite the advantages of screen printing, it exhibits notable limitations. The method provides
only moderate to low feature resolution due to constraints imposed by the mesh size (Suresh
et al., 2021). Furthermore, the thick films it generates can obstruct ion transport through pores
and channels, consequently reducing the electroactive surface area. This limitation is
problematic for the fabrication of highly sensitive electrochemical sensors, which require thin
films to maximise performance. The thick films also necessitate high-temperature curing
(Ahmad et al., 2018). Additional limitations include reproducibility challenges arising from
mesh swelling or clogging, material wastage during the printing process, and contamination
risks associated with the technique’s contact-based nature (Ahmad et al., 2018; Orzari et al.,
2025). These pitfalls have motivated increasing research interest towards automated thin-film

printing methods that overcome the deficiencies of conventional screen printing.

2.9.2.2.  Inkjet Printing

Inkjet printing is a digital, non-contact deposition technique in which micro-sized droplets of
ink are ejected directly onto a substrate from nozzles on a print head in a drop-on-demand
mode (Figure 2.14b). This is most commonly achieved through piezoelectric or thermal
actuation, but the piezoelectric mode is most relevant for nanoparticle inks (lhalainen,
Maattanen and Sandler, 2015; Saidina et al., 2019). The method offers high spatial resolution,
minimal material waste, and the ability to rapidly deposit high-resolution patterns of diverse
inks using relatively simple instrumentation. These attributes make it attractive for the
fabrication of low-cost nanostructured sensing platforms. Inkjet technology has accordingly
been utilised in commercial glucose test strips to deposit nanomaterials (Gabardo and
Soleymani, 2016; Ahmad et al., 2018; Namakka et al., 2023).

Ahmad et al. (2013) demonstrated the feasibility of inkjet printing in glucose sensing. The

authors developed a NEG sensor by inkjet printing CuO nanoparticles onto Ag electrodes.
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The sensor exhibited a sensitivity of 2762.5 yA-mM-'-cm2 (at +0.60 V), a linear range of 0.05—

18.45 mM, a detection limit of 0.5 uM, and a response time of <2 s.

However, inkjet printing imposes stringent requirements on the rheology of the ink.
Nanoparticle inks must maintain viscosities within a narrow range (1-20 mPa-s) to ensure
stable jetting (Ilhalainen, Maattdnen and Sandler, 2015). Even slight deviations can result in
nozzle clogging, satellite droplets, or poor pattern fidelity. As a result, careful optimisation of
both ink formulation and jetting parameters is necessary (Ahmad et al., 2018; Saidina et al.,
2019). Furthermore, particle agglomeration and the low solids loading required to avoid
clogging regularly yield thin, low-conductivity films that demand multiple passes or post-
treatment to achieve adequate electrical performance (Gabardo and Soleymani, 2016; Ahmad
et al., 2018). Another limitation is the inherent inability of an inkjet printer to produce
continuous, uniform lines with very small widths, which restricts its effectiveness for patterned

electrode fabrication (Larson, Gillmor and Lagally, 2004).

The drawbacks of inkjet printing adversely affect reproducibility and complicate scale-up for
commercial sensor production (Gabardo and Soleymani, 2016). Nevertheless, inkjet printing
remains a standard and widely adopted technique for fabricating electronic devices at the
laboratory scale, owing to its versatility and well-established advantages (Huebner, 2017;
Zheng et al., 2023).

2.9.2.3.  Nozzle-jet Printing

Nozzle-jet printing is a deposition method that delivers a continuous micro-scale stream of ink
through a large nozzle using pressure and is guided by stage motion to form lines or patterns
on the substrate (Figure 2.14c). Unlike inkjet printing, nozzle-jet systems accommodate
higher-viscosity inks with greater solids loading. This enables the deposition of thicker, more

conductive films at relatively low cost (Ahmad et al., 2018; Selvan and Pramanik, 2025).

Bhat et al. (2018) demonstrated the feasibility of nozzle-jet printing in glucose sensing. The
authors developed a NEG sensor by nozzle-jet printing CuO nanoparticle ink and Ag precursor
ink onto a flexible PET substrate. The fully printed electrode achieved a sensitivity of 1424.2
MA-mM-cm? (at +0.60 V), a linear range of 0.1-15 mM, a detection limit of 0.3 uM, and a

response time of ~2 s.

However, nozzle-jet printing suffers from low-resolution deposition, limiting its suitability for
fabricating well-defined, small-sized electrode features. It also requires careful optimisation of
nozzle pressure, tip diameter, stage velocity, and nozzle-substrate spacing. Consequently,
nozzle-jet printing is not preferred over more simplified technologies with higher resolution

deposition capabilities like inkjet printing (Ahmad et al., 2018).
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Figure 2.14: Printing-based methods for nanoparticle deposition onto sensor substrates: (a) screen
printing, (b) inkjet printing, and (c) nozzle-jet printing. Source: Adapted from Selvan and Pramanik
(2025).

2.9.2.4.  Microplotting (Preferred Printing Method)

This section describes microplotting and motivates its selection as the preferred printing
method for this study. The preceding sections indicate that inkjet printing is generally preferred
over screen and nozzle-jet printing for fabricating finely patterned electrodes. Consequently,
considerable effort has been devoted to adapting inkjet systems for the deposition of
nanomaterials. The aim is to enable software-defined patterns that can be rapidly printed onto
substrates. However, because inkjets inherently form lines from overlapping droplets,
achieving the continuous and finely resolved features required for electrochemical sensors is
difficult. Microplotting retains the advantages of inkjet printing while overcoming these critical
limitations because it can dispense continuous lines that closely follow the intended geometry

(Larson, Gillmor and Lagally, 2004; Simonenko et al., 2021).

The principle of operation of a microplotter (i.e., the apparatus used for microplotting) differs
fundamentally from inkjet systems. In piezoelectric inkjet printers, a piezoelectric element
deforms to compress a small ink chamber, generating a pressure pulse that dispenses a
droplet through the nozzle (Cummins and Desmulliez, 2012). In contrast, a microplotter does
not rely on chamber compression or pressure pulses. Instead, it employs a piezoelectric (PZT)
element to induce ultrasonic axial vibrations in a glass or ceramic micropipette tip. Ink is drawn
into the pipette by capillary action, and these vibrations directly eject the ink at the tip.
Deposition then proceeds as either discrete droplets or continuous lines through the
coordinated motion of motorised X, Y, and Z stages (Larson, Gillmor and Lagally, 2004). An

illustration of the apparatus and its components is shown in Figure 2.15.
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Figure 2.15: lllustration of the microplotter setup showing major components.
Source: Adapted from Simonenko et al. (2021).
Moreover, microplotting accommodates inks with viscosities up to 450 cP (SonoPlot, 2016).
This is well beyond the narrow viscosity range tolerated by inkjet systems. This reduces
rheological constraints, enables higher solids loading, and improves film quality. The
technique also benefits from lower maintenance costs since repairing the microplotter

dispenser is considerably less costly than replacing inkjet cartridges (Simonenko et al., 2021).

Molazemhosseini et al. (2017) demonstrated the feasibility of microplotting in glucose sensing.
The authors developed a single-use NEG sensor by microplotting CuO nanoparticle ink onto
a thin-film gold electrode on a PET substrate. The sensor exhibited a sensitivity of 2419.8
MA-mM"-cm?, a linear range of 0.1-6.5 mM, a detection limit of 0.5 uM, and a response time

of <5 s.

From the discussion above, it is evident that microplotting combines the digitally defined
precision of inkjet printing, broad ink compatibility, and practical cost advantages. Unlike
screen and nozzle-jet printing, it achieves finely resolved features without sacrificing
reproducibility. It also overcomes the rheological constraints and discontinuous line patterning
inherent to inkjet systems. These attributes make microplotting the most suitable deposition

method for fabricating NEG sensors in this study.

2.9.3. Drop-casting versus Microplotting for NEG Sensor Fabrication

Having established microplotting as the preferred printing method for nanoparticle deposition,
it is nevertheless important to compare it with drop-casting, which continues to serve as the
standard deposition approach for laboratory-scale prototyping of electrochemical sensors
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(Kumar et al., 2020; Bauer, Duerkop and Baeumner, 2023). In this study, drop-casting was
employed as an initial proof-of-concept step before the development of microplotted sensors.
Therefore, the following section contrasts the two methods and outlines the continued
relevance of drop-casting, while also motivating the advantages of microplotting for

reproducible and scalable sensor fabrication.

2.9.3.1.  The Relevance of Drop-casting for Lab-scale Prototyping

The appeal of drop-casting lies in its simplicity and accessibility. The technique requires only
a pipette to dispense a droplet of nanoparticle ink onto an electrode surface. This is then
followed by drying to form a sensing layer (Kumar et al., 2020), as shown in Figure 2.16. This
simplicity makes it well-suited for rapid prototyping and preliminary investigations of
nanomaterial performance that generates essentially no waste material (Bauer, Duerkop and
Baeumner, 2023).

Nanoparticle ink

. & +— .
Active ';gg A droplet from pipette
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beae o Ink drying modified electrode
electrode nanoparticle ink
surface

Figure 2.16: A schematic showing the drop casting of nanoparticle ink onto an electrode surface.
Source: Adapted from Kumar et al. (2020).

Numerous studies have adopted drop-casting to evaluate nanoparticle-based sensing
platforms with ink mixtures based on Nafion (a perfluorinated polymeric ionomer used as a
binder) for the electrochemical detection of glucose (Cao et al., 2015; Khan et al., 2021; Bauer,
Duerkop and Baeumner, 2023). However, the technique offers little control over film thickness,
uniformity, or spatial resolution. This compromises reproducibility and complicates the
reliability of comparisons between electrodes (Bauer, Duerkop and Baeumner, 2023).
Therefore, drop-casting is unsuitable for scalable manufacturing, where process control and
automation are essential (Passmore, Atkinson and Spooner, 2025). As such, deposition
methods that ensure sensor scalability and reproducibility should be prioritised, even during

the early stages of sensor development (Bauer, Duerkop and Baeumner, 2023).
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2.9.3.2.  The Rationale for Using Microplotting over Drop-casting

Microplotting directly addresses the limitations of drop-casting while preserving its practical
advantages. Microplotting adds automation, digitally defined patterning, precise deposition
control, and spatial resolution. These features enable the fabrication of thin, uniform, and high-
resolution films with significantly enhanced reproducibility (Larson, Gillmor and Lagally, 2004).
This control is particularly advantageous when working with plant-mediated nanoparticles,
whose variable sizes and surface chemistries often complicate consistent film formation when
using low-precision deposition techniques (Ahmad et al., 2018; Jain et al., 2024; Shiraz et al.,
2024). Microplotting has the potential to compensate for this variability and thereby enhance
sensor reliability by improving uniformity and pattern fidelity. In contrast to the manual and
operator-dependent drop-casting process, microplotting offers an automated platform that
bridges the gap between laboratory prototyping and scalable sensor fabrication. In fact, on the
industrial scale, drop-casting is realised by large plotters (Bauer, Duerkop and Baeumner,
2023).

This comparison highlights why drop-casting remains valuable for preliminary, low-cost
testing, but also establishes microplotting as the more suitable choice for fabricating

reproducible plant-mediated NEG sensors and justifying its adoption in this study.

2.10. Summary of Identified Research Gaps and Rationale

Although NEG sensors have advanced considerably, two critical gaps remain unresolved. The
first is that no study has yet reported the green synthesis of such sensors mediated by A.
arborescens extract, despite the plant’'s abundance of antioxidant-rich phytochemicals
capable of reducing, capping, and stabilising nanomaterials. The second is that the influence
of microplotting on the electrochemical behaviour of green-synthesised NEG sensors has not

been investigated.

This study addresses both gaps by exploring the one-pot green synthesis of CuO/CQD
nanocomposites using A. arborescens extract and evaluating their electrochemical
performance when deposited via microplotting. Additionally, drop-casting is included as a
benchmark method because it remains the standard technique for laboratory-scale

prototyping of electrochemical sensors.

Furthermore, as noted in Chapter 1, this study is driven by its relevance to the United Nations

Sustainable Development Goals. It supports:

e SDG 3 (Good Health and Well-being) by contributing to affordable and accurate

diagnostics.
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e SDG 9 (Industry, Innovation and Infrastructure) through the development of scalable and
innovative sensor platforms.
e SDG 12 (Responsible Consumption and Production) by utilising green synthesis, lowering

energy requirements, and avoiding hazardous reagents.

These elements provide both the scientific rationale and the broader societal justification for

the research.

2.11. Conclusion

This review makes clear the urgent need for improved glucose monitoring technologies, given
the limitations of conventional finger-prick methods and the instability of EG sensors. NEG
sensors offer a promising alternative, with CuO recognised as a strong candidate. However,
its poor intrinsic conductivity requires enhancement. Integrating CuO with CQDs has proven
effective in improving electron transfer, catalytic performance, and stability. Plant-mediated
green routes provide a more sustainable pathway for synthesising CuO/CQD nanocomposites
compared to conventional methods. Within this context, Aloe species provide phytochemically
abundant extracts that act as natural reducing and stabilising agents. Among them, A.
arborescens stands out for its high antioxidant activity but remains unexplored for synthesising
NEG sensos. Deposition methods are equally important for translating nanomaterials into
functional sensors, as the chosen technique influences the performance of the resulting
sensing platform. While drop-casting remains useful for prototyping, microplotting provides the
automation, precision, and reproducibility needed for scalable fabrication. Consequently, two
unresolved gaps emerge: (i) the absence of A. arborescens-mediated CuO/CQD NEG
sensors and (ii) the unexplored influence of microplotting on their electrochemical behaviour.

These insights directly inform the experimental approach presented in Chapter 3.
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CHAPTER 3: RESEARCH METHODOLOGY

3.1. Introduction
This chapter describes the materials, preparation procedures, synthesis methods, and
analytical techniques employed in this study. The content is organised into the following

sections:

—_—

Principles of Physical Characterisation and Electrochemical Techniques

N

Materials

w

Preparation and TPC Determination of A. arborescens Extract

N

Synthesis of CuO/CQD Nanocomposites
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\I

Electrode Fabrication
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)

)

)

) Experimental Setup for Physical Characterisation
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)

) Experimental Setup for Electrochemical Measurements
)

©

Experimental Workflow Summary

Experimental work and analyses were primarily conducted at the Cape Peninsula University
of Technology (CPUT), Bellville Campus, in the Oil and Gas Laboratory (Room 1.27) of the
Chemical Engineering and Chemistry Building. Raman spectroscopy measurements were
performed at the University of Cape Town (UCT), Upper Campus, in Room 1.06 (Electron

Microscope Unit) of the New Engineering Building.

3.2. Principles of Physical Characterisation and Electrochemical Techniques
This section provides an overview of the principles underlying the analytical methods
employed in this study. The purpose is to outline how each technique operates and the type
of information it provides to show its relevance to this study. The discussion is divided into
physical characterisation techniques, which probe the structural, morphological, and
compositional features of the CuO/CQD nanocomposites, and electrochemical methods,
which evaluate the electron transfer properties and sensing performance of the fabricated

electrodes.

3.2.1. Physical Characterisation Techniques

3.2.1.1.  Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDS)
SEM is a surface imaging technique that employs a focused electronic beam to scan a sample.

When the beam interacts with the surface of the sample, it generates secondary and
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backscattered electrons, which are detected to form high-resolution images. This provides
information on the surface morphology, particle size, and texture of the sample at the micro-

to nanoscale (Baer and Thevuthasan, 2010).

EDS is typically integrated with SEM to provide elemental analysis of a sample. The technique
relies on detecting characteristic X-rays emitted when the electron beam irradiates the sample,
with each element producing distinct emission peaks. Therefore, EDS enables qualitative and

semi-quantitative determination of elemental composition (Baer and Thevuthasan, 2010).

For instance, EDS analysis can be used to verify the presence of the metal constituent and
oxygen as the principal elements in metal oxide nanoparticles. The relative peak intensities of
the elements in the spectrum further provide insights into the stoichiometry and overall

composition of the nanoparticles (Saleem et al., 2024).

3.2.1.2.  Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR is a vibrational spectroscopy technique that measures the absorption of infrared
radiation by covalent molecular bonds in a sample. As different functional groups absorb
radiation at characteristic wavenumbers, the resulting spectrum provides information on the
chemical structure, bonding, and surface functionalisation of materials. This enables
identification of inorganic and organic species, including metal-oxygen bonds (e.g., Cu-0)
and functional groups associated with phytochemical residues from plant-mediated synthesis
(e.g., -OH, —COOH, —C=0). Spectra can be obtained in either transmission or reflectance

modes (Baer and Thevuthasan, 2010).

3.2.1.3.  Raman Spectroscopy

Raman spectroscopy is based on inelastic scattering of monochromatic light, typically from a
laser source in the visible, near-IR, or near-ultraviolet range. When the light photons interact
with molecular vibrations of a sample, a small fraction undergoes an energy shift (the Raman
effect), producing a spectrum characteristic of the vibrational modes of the material (Baer and
Thevuthasan, 2010).

Raman is especially useful for analysing carbon-based materials by distinguishing sp? and sp?®
bonding configurations and assessing structural disorder. The most widely studied Raman
bands for sp? carbon materials and their composites are the D and G bands (Li et al., 2023),
as shown in Figure 3.1. The D band is associated with the degree of structural disorder in
carbon systems and typically appears in the range 1300-1400 cm™. The G band represents
the degree of structural order and typically appears near 1580 cm™ (Li et al., 2023; Metrohm,
2023). The intensity ratio of these bands (I,/I;) is commonly used as a semi-quantitative

parameter to evaluate the quality of the carbon sample. The higher the intensity ratio, the
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greater the structural disorder within a sample (Metrohm, 2023). Raman spectroscopy can
also be used to investigate the lattice dynamics of metal oxide nanoparticles, such as CuO
(Xu et al., 1999).
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Figure 3.1: Representative Raman spectrum of carbon material with characteristic D and G bands.
Source: Dychalska et al. (2016).

3.2.1.4.  X-ray Diffraction (XRD)

XRD is a technique used to characterise the crystallographic structure of materials. When a
crystalline sample is irradiated with X-rays, constructive interference occurs at specific angles
according to Bragg's law. The resulting diffraction peaks correspond to specific
crystallographic planes of the analysed material (Patra and Baek, 2014; Saleem et al., 2024).
These peaks facilitate phase identification by comparison with reference patterns in
crystallographic databases and can also indicate the presence of secondary phases or
residual impurities. Additionally, XRD can be used to estimate crystallite size by means of the

Scherrer equation (Patterson, 1939; Baer and Thevuthasan, 2010).

3.2.1.5.  Thermogravimetric and Differential Thermogravimetric Analysis (TGA/DTA)

TGA monitors changes in sample mass as a function of temperature or time under controlled
heating. This provides information on the thermal stability, decomposition behaviour, and
volatile components such as moisture. DTA is performed simultaneously to track the heat flow
associated with endothermic and exothermic events (Saleem et al., 2024). In the case of
copper-based materials, annealing is typically applied to complete the oxidation of
heterogeneous copper oxide phases into pure CuO. This thermal oxidation step is often
necessary because synthesis routes can yield mixed copper oxide phases (Aun et al., 2023).
Accordingly, TGA/DTA helps relate thermal transitions to the electrochemical behaviour of the

annealed particles.
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3.2.2. Electrochemical Methods
3.2.2.1.  Cyclic Voltammetry

Cyclic voltammetry is a dynamic electrochemical technique in which the potential of the
working electrode (as described in Section 2.5.2) is swept linearly at a fixed scan rate across
a predefined potential window on either side of the equilibrium potential, while the resulting
current is recorded. When the applied potential exceeds the equilibrium potential, oxidation
occurs, resulting in an anodic current. Conversely, when the potential is made more negative,
reduction occurs, and a cathodic current is observed (Kalita et al., 2023). In the case of NEG
sensors, the anodic process corresponds to the direct oxidation of glucose at the electrode
surface, and the resulting current is linearly proportional to glucose concentration. The shape,
peak current, and position of the resulting voltammogram provide information on redox
processes, electron transfer kinetics, diffusion behaviour, and electrochemical stability (Aviha
and Slaughter, 2025). Therefore, cyclic voltammetry may be applied to optimise experimental
conditions (Semenova et al., 2018), compare electrode architectures (Ferrari et al., 2022), and

evaluate the shelf life and reusability of NEG sensors (Aviha and Slaughter, 2025).

Cyclic voltammograms, such as that shown in Figure 3.2, typically exhibit oxidation and
reduction peaks. The magnitude of the oxidation peak reflects the catalytic activity of the
electrode toward the analyte, with higher peak currents generally indicating more effective
sensing performance (Elgrishi et al., 2018). The potential at which this oxidation occurs is then
used to define the working potential for chronoamperometric studies (Molazemhosseini et al.,
2017).

Oxidation
peak
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Y
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Figure 3.2: Representative cyclic voltammogram showing the oxidation peak characteristic of electrode
processes. Source: Dickinson (2013).
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3.2.2.2.  Chronoamperometry

Chronoamperometry is an electrochemical technique in which the working electrode potential
is stepped to a fixed value, and the resulting current is recorded as a function of time. The
measured steady-state current is directly proportional to the analyte concentration (Kalita et
al., 2023). In the context of glucose sensing, chronoamperometry is used for quantifying
sensitivity, linear detection range, LOD, and response time under controlled conditions (Aviha
and Slaughter, 2025).

Chronoamperograms typically show a rapid initial current transient that decays to a steady-
state value (Bard, Faulkner and White, 2022). Upon successive additions of analyte (e.g.,
glucose), stepwise current increases are observed, reflecting the catalytic oxidation at the
electrode surface (Figure 3.3). This technique is also employed in interference studies, where
competing electroactive species, such as uric acid, ascorbic acid, and acetaminophen, are
introduced to evaluate selectivity. Therefore, chronoamperometry is a valuable tool for
assessing the practical applicability of NEG sensors in complex biological matrices, such as
serum samples (Aviha and Slaughter, 2025).
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Figure 3.3: Representative chronoamperogram showing the current-time response with stepwise
increases upon successive glucose additions. Source: Adapted from Yoon et al. (2013).

3.2.2.3.  Electrochemical Impedance Spectroscopy (EIS)

EIS is a frequency-domain technique used to investigate the interfacial properties of
electrode—electrolyte systems (Aviha and Slaughter, 2025). Measurements are carried out by
applying a small sinusoidal potential perturbation over a range of frequencies, and the
resulting current response is recorded. The voltage—current relationship is expressed as
impedance (Z), which is a complex quantity composed of a real part (Z’) and an imaginary part
(Z”). Impedance spectra are commonly represented as Nyquist plots (Figure 3.4), where
features such as the solution resistance (Rs), charge transfer resistance (R«), double-layer
capacitance (Cq), and diffusion behaviour can be evaluated (Kalita et al., 2023; Lazanas and
Prodromidis, 2023).
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EIS is useful in sensor development for tracking electrode modifications, confirming
nanomaterial integration, and assessing electron transfer at the sensing interface. The
semicircle diameter in a Nyquist plot corresponds to Rg, with smaller diameters indicating
faster electron transfer (Aviha and Slaughter, 2025). Circuit fitting using equivalent circuit
models, such as the one illustrated in the inset of Figure 3.4, is often employed to extract

quantitative values for interfacial parameters (Singh, Maurya and Malviya, 2023).
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Figure 3.4: Representative Nyquist plot with an inset showing an equivalent circuit model used to fit
impedance data. Source: Ariyoshi et al. (2022).

3.3. Materials

The following materials, reagents, and substrates were used throughout this study:

A. arborescens leaves collected in Cape Town, South Africa, deionised (DI) water, Folin-
Ciocalteu's phenol reagent, sodium carbonate (299.5%, anhydrous powder), gallic acid
monohydrate (=98.0%, powder), copper(ll) sulphate salt (299.0%), sodium hydroxide (NaOH,
296.0%), ethanol (absolute), ethylene glycol (299.0%), isopropanol (IPA, 299.0%), Nafion (5
wt%), D-(+)-glucose (299.5%), D-(-)-fructose, sucrose (299.5%), D-lactose monohydrate, L-
ascorbic acid (AA), uric acid (UA, 299%, crystalline), dopamine hydrochloride (DA),
acetaminophen (AC, 98.0-102.0%, powder), citric acid (299.5%), sodium citrate, potassium
chloride (299.0%), sodium chloride (299.0%). All chemicals were purchased from Merck
(Sigma-Aldrich). All chemicals were of analytical reagent grade and used without further

purification.

Additional materials include fluorine-doped tin oxide (FTO)-coated glass (surface resistivity
~7 Q/sq.) purchased from Merck (Sigma-Aldrich) and screen-printed gold electrodes (model:
220AT) purchased from Metrohm DropSens.
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3.4. Preparation and TPC Determination of A. arborescens Extract

3.4.1. Preparation of A. arborescens Leaf Extract

The extraction procedure was adapted from previous literature (Kumar et al., 2015), with slight
modifications. Fresh A. arborescens leaves were thoroughly washed, air-dried, and finely
chopped to facilitate the extraction process. Thereafter, 10 g of the chopped leaves were
accurately weighed and boiled in 100 mL of DI water under varying conditions, with
temperatures ranging from 60 to 80°C for durations of 5 to 30 minutes, as specified in the
experimental matrix (Table 3.1). After cooling to room temperature, each extract was vacuum
filtered twice using Whatman filter paper (0.45 um pore size) to remove residual particulates.
The resulting filtrates were stored at 4°C until used for the determination of total phenolic

content (TPC). The extraction workflow is depicted in Figure 3.5.

Table 3.1: Extraction conditions for A. arborescens leaf extract used in TPC analysis.

Experiment ID Extraction temperature (°C) Extraction time (min)

al 60 5

a2 60 15
a3 60 30
b1 80 5

b2 80 15
b3 80 30
c1 100 5

c2 100 15
c3 100 30

Chopped A. Phytochemical - Purified A.
arborescens : Filtration arborescens
extraction
leaves extract

Figure 3.5: Schematic representation of the phytochemical extraction of A. arborescens leaves.
Source: Created with Biorender.com
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3.4.2. Determination of TPC in A. arborescens Extract

The TPC of the A. arborescens extracts was determined using the (colourimetric) Folin—
Ciocalteu method (Singleton and Rossi, 1965), with slight modifications. In a series of
volumetric flasks, 15 mL of DI water and 1 mL of Folin—Ciocalteu’s reagent were mixed with 1
mL of each previously prepared extract. A blank was prepared by replacing the extract with 1
mL of DI water. After mixing, the flasks were left to stand for 6 minutes. Subsequently, 3 mL
of 20% sodium carbonate solution was added to each flask, mixed thoroughly, and incubated
at 30 °C for 2 hours. During incubation, the reaction produced characteristic, blue-coloured
complexes (Figure 3.6). After incubation, the absorbance of 1 mL of each sample was
measured at 765 nm using a spectrophotometer (model: GBC, Cintra 3030), with the blank
serving as the reference. TPC values were expressed as milligrams of gallic acid equivalents
per gram of A. arborescens leaves on a dry basis (mg GAE/g), calculated from a gallic acid
calibration curve (40-200 mg/L, y = 0.005x + 0.067, R? = 0.998).

Figure 3.6: Formation of characteristic blue complexes during incubation in the Folin—Ciocalteu
reaction for TPC analysis of A. arborescens extracts. Note: Labels a1-c3 denote extracts prepared
under the conditions listed in Table 3.1.

3.5. Synthesis of CuO/CQD Nanocomposites

The A. arborescens extract used for nanocomposite synthesis was obtained following the
procedure described in Section 3.4.1. However, extracts were prepared at the optimised
temperature and time conditions identified from the TPC analysis in Section 3.4.2, and at

varying concentrations (0—1 g/mL) to examine their influence on the synthesis.

The synthesis procedure was adapted from previous literature (Kerour et al., 2018; Gounder
Thangamani and Khadheer Pasha, 2021), with modifications. A one-pot green hydrothermal
approach was employed, in which CuSQO4 (0-2 g) was dissolved in 100 mL of A. arborescens
extract. The pH was adjusted to 6—10 by the dropwise addition of 2 M NaOH under continuous
magnetic stirring. After an additional 10 minutes of stirring, the mixture was transferred to a
Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment at 80-120°C

for 6—24 hours in a muffle furnace. Upon completion of the reaction, the autoclave was cooled
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naturally to room temperature in a fume hood, and the resulting precipitate was separated via
centrifugation at 5000 rpm for 15 minutes. The precipitate was then washed five times with DI
water and absolute ethanol to remove residual organic impurities. It was dried at 80°C for 5
hours in an incubator oven, ground into a fine powder, and stored in a nitrogen-purged, airtight
container for subsequent testing and analysis. Different combinations of CuSO4 mass, extract
concentration, pH, synthesis temperature, and reaction time were systematically varied
according to the experimental matrix shown in Table 3.2. A simplified schematic of the overall

synthesis workflow is presented in Figure 3.7.

Control experiments (CO and EQ) were performed to assess the individual roles of CuSO4 and
A. arborescens extract in forming CuO/CQD nanocomposites. The synthesis performed in the

absence of the extract (i.e., experiment EQ) yielded pristine CuO nanoparticles.

Table 3.2: Reaction conditions for the green hydrothermal synthesis of CuO/CQD nanocomposites.

Experiment ID T:r)r’\'::r:::sre pH C:lisog (sga)lt Stli’:::;zs‘;s conlcs:::frzttion
(°C) (g/ml)

A1 80 10 0.5 24 0.5
A2 100 10 0.5 24 0.5
A3 120 10 0.5 24 0.5
B1 120 6 0.5 24 0.5
B2 120 8 0.5 24 0.5
CO0 120 10 0 24 0.5
C1 120 10 1 24 0.5
Cc2 120 10 2 24 0.5
D1 120 10 0.5 6 0.5
D2 120 10 0.5 12 0.5
EO 120 10 0.5 24 0

E1 120 10 0.5 24 0.5
E2 120 10 0.5 24 1

Extract + CuSO, Mixing + pH Hydrothermal Cu0O/CQD
salt adjustment synthesis Nanocomposites

Figure 3.7: Simplified workflow illustration of the hydrothermal synthesis of CuO/CQD nanocomposites.
Source: Created with Biorender.com
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3.6. Experimental Setup for Physical Characterisations

The morphological evaluation was performed using scanning electron microscopy (SEM,
model: JEOL, JCM-7000 NeoScope™) equipped with energy-dispersive X-ray spectroscopy
(EDS), which was used to analyse the elemental composition. The crystal structure and
compositional characteristics were evaluated using X-ray diffraction (XRD, model: Bruker, D2
PHASER) with Cu-Ka radiation (A = 1.54184 A) in the range of 20-80° at 30 kV and a current
of 10 mA. Raman analysis was performed using the WITec Raman microscope (model:
alpha300 R). The molecular structure was investigated using a Fourier transform infrared
spectrometer (FT-IR, model: PerkinElmer, Spectrum Two™) in the 450-4000 cm™' range.
Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTA) were
performed using a thermal analyser (model: NETZSCH, STA 449 F5 Jupiter®). Data analysis
was performed using OriginPro 2025 SR1 (10.2.0) software.

3.7. Ink Formulation

The ink formulation procedure was adapted from previous literature (Ahmad et al., 2013), with
modifications. The CuO/CQD nanocomposites were dispersed in a solvent mixture consisting
of DI water, ethanol, isopropanol, and ethylene glycol in a 40:30:15:15 (vol%) ratio. To 1 mL
of this solvent mixture, 10 mg of CuO/CQD nanocomposites and 25 uL of Nafion (5 wt%) were
added to enhance substrate adhesion. The resulting solution was stirred for 24 hours using a
magnetic stirrer and then sonicated for 30 minutes in a 40 kHz (240 W) ultrasonic bath (model:
MRC, CLEAN-02) to ensure homogeneity. Thereafter, the ink was stored at 4°C in a
refrigerator until it was used. A visual representation of the CuO/CQD nanocomposites before
and after formulation into an ink is provided in Figure 3.8. For comparison, pristine CuO ink
was formulated using the same method to confirm that the observed electrochemical

performance was due to the incorporation of the CQDs.

The pristine CuO and CuO/CQD inks were applied to FTO-coated glass and screen-printed
gold electrodes (SPGEs). Neither the pristine CuO nanoparticles nor the CuO/CQD
nanocomposites were annealed before ink formulation when intended for deposition onto the
FTO glass substrates, as these substrates tolerate high-temperature post-deposition
annealing. However, when intended for deposition onto the SPGEs, the CuO/CQD
nanocomposites were pre-annealed at 400°C for 30 minutes in a muffle furnace before ink

formulation to prevent thermal degradation of the SPGEs.

The solvent composition and nanocomposites concentration were selected based on
qualitative observations of spreading behaviour and film uniformity on the electrode surfaces.

While no systematic optimisation was performed, the chosen formulation consistently yielded
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homogeneous, adherent films with minimal bleeding during both drop-casting and

microplotting. This enabled reproducible sensor fabrication throughout the study.

CuO/CQD
Nanocomposites

Cu0O/CQD ink

Figure 3.8: CuO/CQD nanocomposites before and after formulation into an ink.
Source: Created with Biorender.com

3.8. Electrode Fabrication

3.8.1. Drop-casting of pristine CuO and CuO/CQD inks

The electrochemical characterisation of the CuO/CQD sensor was performed on electrodes
prepared by drop-casting the CuO/CQD ink onto FTO glass substrates. Before use, all FTO
substrates underwent a standardised cleaning procedure. Firstly, the substrates were cleaned
with a mild detergent solution, followed by ultrasonication in DI water for 15 minutes and
absolute ethanol for another 15 minutes. They were then dried under a nitrogen stream and
subjected to UV-ozone treatment (model: Ossilia, L2002A3) for 5 minutes to remove residual
organic contaminants and increase surface energy. Thereafter, 50 pyL of the formulated
CuO/CQD ink was drop-cast onto a 1 cm? area of the pre-cleaned FTO substrates and
annealed at 400°C for 30 minutes in a muffle furnace. The resulting electrodes were
designated as CuO/CQD/FTO. Pristine CuO electrodes were fabricated using the same
procedure and were designated as CuO/FTO. Following this, the electrodes were stored in
preparation for electrochemical performance testing. An illustration of the drop-casting

procedure is shown in Figure 3.9.
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Figure 3.9: lllustration of the drop-casting process for CuO/CQD ink on FTO glass substrates.
Source: Created with Biorender.com

3.8.2. Microplotting of CuO/CQD ink

The microplotting procedure was adapted from previously reported literature
(Molazemhosseini et al., 2017), with modifications. Microplotting was performed using the
Microplotter Proto (SonoPlot®), equipped with a 50 ym-tipped glass micropipette. The ink
dispenser was mounted on a robotic arm with X-Y-Z motion control and operated via
SonoGuide software. A dispensing AC voltage of 2.0 V was applied for microplotting at the
resonant frequency of the dispenser (around 440 kHz). Before microplotting, the micropipette
was sequentially rinsed with ethanol and DI water using the automatic rinsing function of the
SonoGuide software. The cleaned micropipette was then immersed in the CuO/CQD ink,
allowing it to fill via capillary action. The filled micropipette was automatically positioned above
the pre-cleaned FTO substrate until the fluid meniscus made direct contact with the substrate
surface. A 1 x 1 cm? square pattern, designed in LibreCAD software, was imported into
SonoGuide for automated microplotting. Following microplotting, the electrodes were
annealed at 400°C for 30 minutes in a muffle furnace and designated as CuO/CQD/FTO. The

electrodes were subsequently stored for electrochemical performance testing.

Microplotting onto SPGEs followed a similar procedure. However, the ink used for SPGE
microplotting contained pre-annealed CuO/CQD nanocomposites, as described in Section
3.7. Before deposition, all SPGEs were subjected to UV-ozone treatment for 5 minutes. A 0.2
x 0.2 cm? square pattern was microplotted onto the working electrode area of the SPGEs.
Following deposition, the electrodes underwent a final heat treatment at 150°C for 30 minutes
to adhere the CuO/CQD nanocomposites to the SPGE and were designated as

CuO/CQD/SPGE. An overview of the microplotting procedure is shown in Figure 3.10.
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Figure 3.10: Visual representation of the microplotting procedure. (a) Microplotter Proto used for
deposition. (b) Sequential images of micropipette filling, positioning, and dispensing of CuO/CQD ink
onto FTO substrates. (¢) Example of a microplotted CuO/CQD film on FTO glass.
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3.8.3. Optimisation of annealing temperature and deposited nanoparticle layers

Optimisation studies were conducted to determine the optimal annealing temperature and the
ideal number of drop-cast and microplotted layers (see Figures C1a to C1c in Appendix C).
Based on these studies, 400°C, four drop-cast layers, and three microplotted layers were
selected as the optimal conditions. Unless indicated in specific cases, the data presented

throughout this study were obtained under these optimal conditions.

3.9. Experimental Setup for Electrochemical Measurements

All electrochemical measurements were performed using an Autolab PGSTAT302N
Potentiostat (Metrohm) connected to a personal computer. For measurements involving FTO-
based electrodes, a conventional three-electrode setup was employed, with an Ag/AgCl (3 M
KCIl) electrode serving as the reference electrode, a platinum wire as the counter electrode,
and the as-prepared FTO-based electrodes as the working electrode (Figure 3.11). For
measurements using SPGEs, the built-in silver pseudo-reference electrode was used as the
reference electrode, gold as the counter electrode, and the gold surface modified with
CuO/CQD nanocomposites as the working electrode. All electrochemical experiments were
conducted at room temperature in a 0.1 M NaOH solution. Data was analysed using NOVA
2.0 (Metrohm) and OriginPro 2025 SR1 (10.2.0) software packages.

Figure 3.11: Experimental setup for electrochemical measurements, showing (a) the Autolab

PGSTAT302N potentiostat and (b) the conventional three-electrode cell configuration with working
electrode (red), reference electrode (blue), and counter electrode (black). Note: SPGE measurements

were performed using the built-in three-electrode configuration as described in the text.
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3.10. Experimental Workflow Summary

The overall experimental plan is summarised in Figure 3.12, which outlines the preparation of
A. arborescens extract, the green hydrothermal synthesis of CuO/CQD nanocomposites, ink
formulation, NEG sensor electrode fabrication, and electrochemical testing procedures. This

workflow formed the foundation of the study, and the corresponding results are presented and

discussed in Chapter 4.
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Figure 3.12: Condensed schematic representation of the overall experimental workflow, from A.
arborescens extract preparation to electrochemical performance evaluation. Source: Created with

Biorender.com
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Introduction

This chapter presents and discusses the experimental findings of the study. It begins with the
optimisation of A. arborescens extract conditions based on TPC. This is followed by the
optimisation of the CuO/CQD nanocomposite synthesis parameters, assessed through the
electrochemical performance of CuO/CQD/FTO glucose sensor electrodes. The optimised
CuO/CQD nanomaterials and the pristine CuO nanoparticles are then subjected to
physicochemical characterisation to confirm their structural, morphological, and chemical
properties. Thereafter, surface characterisation of the electrode films is undertaken to evaluate
how the deposition method (drop-casting versus microplotting) affects the morphology of the
CuO/CQD/FTO electrodes and to characterise the surface features of the CuO/CQD/SPGE
electrodes. Electrochemical characterisation of the CuO/CQD/FTO electrodes is then
undertaken to establish their baseline redox behaviour and interfacial properties. Finally, the
electrochemical performance of the electrodes is evaluated and compared in the context of

NEG sensing.

4.2. Extraction Optimisation of A. arborescens Based on TPC

Figure 4.1 presents the results of the optimisation study to determine the optimal extraction
time and temperature for A. arborescens extract, based on achieving the highest TPC on a
dry basis (mg gallic acid equivalents per g dry leaves). The TPC was selected as the
optimisation criterion for extraction parameters because polyphenols (as a prominent class of
phytochemicals) have been shown to play a major role in the reduction and stabilisation of
metal-based nanoparticles (Benassai et al., 2021; Fierascu et al., 2022). The figure displays
isotherms at 60°C, 80°C, and 100°C for extraction times ranging from 5 to 30 minutes. The
data indicate that a 5-minute extraction consistently yielded the highest TPC across all the
temperatures tested. Consequently, 5 minutes was selected as the optimal extraction time.
Although TPC values at 5 minutes were similar across temperatures, 60°C was chosen as the
optimal extraction temperature because it was the lowest temperature tested among the
temperatures examined. Additionally, the TPC at 60°C was only 0.9% lower than the maximum
TPC value observed at 100°C. Therefore, the optimised extraction conditions of 60°C for 5
minutes were adopted for the preparation of all A. arborescens extracts used in subsequent

nanomaterial syntheses.

60



2 16.0 | =—&r=60°C

© ]

; ] em@==80°C

S 14.0 | =%=100°C

HS 12.0 ]

S <

U(g, 10.0 ;

2 ] ik XX T

SE 80 -

c

2 ]

o 6.0 -

s

ﬁ 4.0 LUNNNL N R R L N N B N BN A B N B BN BN N BN B RN N B N N I BN N N B I N B B
0 5 10 15 20 25 30 35

Extraction Time (min)

Figure 4.1: Effect of extraction time (5, 15, 30 minutes) and temperature (60°C, 80°C, 100°C) on total
phenolic content in A. arborescens leaves.

4.3. Optimisation of CuO/CQD Nanocomposite Synthesis

Figure 4.2 presents cyclic voltammograms (CVs) from the optimisation studies conducted to
determine the optimal synthesis conditions for CuO/CQD nanocomposites, specifically
optimising CuSO4 mass, extract concentration, pH, synthesis temperature, and reaction time.
All CVs were recorded in 0.1 M NaOH containing 1 mM glucose, over a potential range of 0
to +0.80 V vs. Ag/AgCl, at a scan rate of 20 mV-s™. The tested parameter values for each
experiment are provided in the figure key (with experiments designated as A1 — E2) and

referenced in the figure legend.

As previously noted, control experiments were conducted to evaluate the roles of CuSO4and
A. arborescens extract in the formation of the nanocomposites. Specifically, hydrothermal
synthesis was performed without CuSO4 (experiment C0) and without A. arborescens extract
(experiment EQ). The absence of the extract resulted in the formation of pristine CuO

nanoparticles.

It is important to note that synthesis parameter optimisation was conducted before optimising
the annealing temperature and nanoparticle layer deposition (see Section 3.8.3).
Consequently, in this optimisation study, all samples were drop-cast onto a 1 cm? area of FTO

glass in three layers and subsequently annealed at 150°C to fabricate the electrodes.

The optimal synthesis conditions were selected based on the highest anodic peak current
density. As shown in Figure 4.2, experiment A3 yielded the best results, corresponding to a
CuSO4 mass of 0.5 g, an extract concentration of 0.5 g/mL, a pH of 10, a synthesis

temperature of 120°C, and a reaction time of 24 hours. Consequently, the nanocomposites
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synthesised at these optimal conditions were used for further structural and electrochemical

evaluation.
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Figure 4.2: CV response of electrodes fabricated under different synthesis conditions, corresponding
to experiments A1 — E2, as indicated in the figure key. The CV for experiment A3, which exhibits the
highest anodic peak current density, is highlighted. All measurements were conducted in 0.1 M NaOH
containing 1 mM glucose at a scan rate of 20 mV-s-'.
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44. Physicochemical Characterisation of CuO and CuO/CQD Nanomaterials

4.4.1. Scanning Electron Microscopic and Energy-Dispersive X-ray Spectroscopic
Analysis

The morphologies of the pristine CuO nanoparticles and the putative CuO/CQD
nanocomposites are presented in the SEM micrographs in Figure 4.3a and Figure 4.3b,
respectively. The pristine CuO nanoparticles predominantly exhibit a thin, crystalline, flake-
like morphology with angular features. This is possibly a result of their anisotropic growth
preferences. These flakes appear randomly stacked, forming layered aggregates. In contrast,
the putative CuO/CQDs show clustered, polydisperse, quasi-spherical morphology. The inter-
cluster voids likely create a porous network beneficial for enhanced analyte diffusion and
active site accessibility. This distinct morphological transformation is influenced by the
preferential adsorption of capping phytochemicals from the A. arborescens extract on the
crystal planes of emerging CuO nuclei. These biomolecules are responsible for shape
formation by kinetically controlling the growth rates of the crystal facets, thereby promoting
isotropic growth (Thanh, Maclean and Mahiddine, 2014; Bhosale, Karekar and Bhanage,
2016; Verma and Kumar, 2019).

As previously reported, CuO nanoparticles synthesised via green routes often exhibit spherical
or near-spherical morphologies (Verma and Kumar, 2019). This trend was also observed in
this study. Therefore, these phytochemicals likely act as templating agents during the
synthesis process. The average particle size of the putative CuO/CQDs was estimated from
the SEM micrograph to be ~414 £ 11 nm.

EDS was employed to assess the elemental makeup of the pristine CuO nanoparticles and
the putative CuO/CQD nanocomposites. The pristine CuO spectrum (Figure 4.3c) exhibits a
Cu-to-O atomic ratio (44.1 at% Cu vs. 39.2at% O). This is consistent, within experimental
uncertainty, with the expected 1:1 stoichiometry of CuO. This validates the successful
synthesis of tenorite-phase copper oxide. A minor sulphur signal (5.96 at%) confirms residual
sulphate from the CuSOQ4 precursor, and trace carbon (10.7 at%) is attributed to adventitious

background arising from the carbon tape used in the SEM chamber.

The CuO/CQD spectrum (Figure 4.3d) shows a dramatic increase in surface carbon to
36.4 at% (14.1 wt%), relative to the pristine material. A proportional decrease in both oxygen
(29.2 at%) and copper (34.4 at%) is also evident. Sulphur falls below the detection limit,
indicating that the green synthesis effectively displaced or solubilised residual sulphate ions.
This is likely due to the coordination of phytochemicals and enhanced removal of the precursor
within the organic matrix. The roughly threefold rise in carbon content far exceeds the

background level. Additionally, the concurrent disappearance of sulphur strongly suggests the
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deposition of an organic carbonaceous phase, consistent with CQDs derived from the A.

arborescens extract.

These data indicate that a carbon deposition has formed on the CuO particles. Notably, the
Cu-to-O ratio in the composite sample remains close to unity (34.4:29.2 at%). This reaffirms
that the core copper oxide structure is retained despite surface modification. The EDS findings

provide preliminary evidence for the successful incorporation of CQD onto the CuO structure.
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Figure 4.3: SEM micrographs of (a) flake-like pristine CuO nanoparticles and (b) quasi-spherical
CuO/CQD nanocomposites, alongside their corresponding EDS spectra: (¢) pristine CuO and (d)
CuO/CQD. Insets in (c) and (d) present quantitative elemental compositions (mass% and atom%) of
the respective materials.
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4.4.2. Fourier Transform Infrared Spectroscopic Analysis

FT-IR spectra of the pristine CuO nanoparticles and the CuO/CQD nanocomposites were
recorded to elucidate their chemical compositions and surface functionalities. In Figure 4.4a,
pristine CuO exhibits a broad O-H stretching envelope between 3588 and 3272 cm™,
attributable to adsorbed moisture and surface hydroxyl groups (Socrates, 2001; Mayo, Miller
and Hannah, 2004). In the fingerprint region, five bands at 630, 603, 594, 510, and 482 cm""
correspond to Cu—O0 lattice vibrations (Guha, Peebles and Wieting, 1991; Socrates, 2001; Xu
et al., 2007). These bands align with the Cu signals observed in EDS. Weak-to-moderate
absorption bands from 1126 to 779 cm™ may be assigned to residual sulphate species from
the CuSO. precursor (Nakamoto, 1986; Secco, 1988; Socrates, 2001). These bands indicate

incomplete sulphate removal during washing, as verified by the sulphur signal in EDS.

In contrast, the CuO/CQD nanocomposite spectrum (Figure 4.4b) retains a Cu—O band at
476 cm™ but displays new carbon-derived features (Gunalan, Sivaraj and Venckatesh, 2012).
The bands at 1039 and 1100 cm™ may be attributed to C—-O-C and C-O edge-site defects
within the carbonised CQD network (Huang et al., 2007). The aromatic out-of-plane C—H
bending modes at 713 and 779 cm™ and the wag at 874 cm™ may be attributed to remnant
graphitised phenolic structures derived from the plant polyphenols (Socrates, 2001).
Additionally, the absorption bands at 1313 and 1407 cm™ suggest the presence of aromatic
amines or amide fragments, and the band at 1632 cm™ corresponds to thermally robust
carbonyls (Huang et al., 2007; Gunalan, Sivaraj and Venckatesh, 2012). These residual
functional groups would likely provide active sites for glucose oxidation, for example, through
hydrogen bonding. However, these deductions alone cannot confirm the presence of CQDs,
but the coexistence of carbon—oxygen and Cu-O vibrations provides evidence for the

successful formation of nanocomposites.
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Figure 4.4: (a) FT-IR spectra of pristine CuO nanoparticles and (b) CuO/CQD nanocomposites.
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The distinctions between the pristine CuO and CuO/CQD spectra reflect their divergent
synthesis environments. In the green route, phytochemicals in the A. arborescens extract
(polyphenols, flavonoids, tannins) may coordinate multidentately to CuO surfaces, displacing
sulphate ions and quenching their characteristic bands. This is consistent with the ability of
organic capping agents to replace surface-bound anionic species (Kwan Li et al., 2023). The
viscous, biomolecule-rich medium formed during green synthesis likely promotes sulphate

removal by encapsulating nascent nanoparticles and facilitating their washout.

The broad O-H stretching bands observed in pristine CuO (3588 to 3272 cm™) are also
significantly reduced in the CuO/CQD nanocomposites. This change is likely due to the
presence of the carbonised CQD coating, which may promote surface dehydroxylation and
inhibit the re-adsorption of water or hydroxyl groups. Although CQDs contain oxygen-rich
functional groups that enhance aqueous dispersibility and facilitate glucose interaction, these
groups appear to be more tightly bound to the CuO surface in the nanocomposites. As a result,
they are less freely available in forms that contribute to the broad moisture-related O-H
absorption typically observed on bare CuO. This strong surface attachment likely suppresses
non-specific hydroxylation and moisture accumulation. Hence, a diminished O—H envelope is
observed in the CuO/CQD spectrum. This interpretation is further supported by Raman

analysis, which is discussed in the following section.

Additionally, the pristine CuO spectrum shows five distinct Cu—O lattice vibrations, while the
composite shows only a single Cu-O band (476 cm™). This is possibly due to CQD surface

coverage and local lattice distortions induced by coordinated phytochemical residues.

4.4.3. Raman Spectroscopic Analysis

Raman spectroscopy further confirms the hybrid nature of the CuO/CQD nanocomposites and
emphasises how the inclusion of CQDs modifies the vibrational landscape of CuO. Of the nine
zone-centre optical phonon modes associated with CuO, only the Ay and 2By modes are
Raman active (Guha, Peebles and Wieting, 1991; Xu et al., 1999). The pristine CuO spectrum
(Figure 4.5a) reveals peaks at 270, 327, and 592 cm™, corresponding to the Ag and Bg
vibrational modes of monoclinic tenorite. These values are slightly red-shifted compared to
bulk CuO (typically 296, 346, and 636 cm™), likely due to a combination of size-induced
phonon confinement, surface relaxation, and structural defects (Xu et al., 1999; Yang and Li,
2008).

In the CuO/CQD spectrum (Figure 4.5b), CuO-associated features are still evident, with an
Ag-like mode at 276 cm™ and a B¢ mode at 609 cm™'. Notably, new bands emerge in the higher
wave number region, including a D-band at 1353 cm™', sub-bands at 1386 and 1413 cm™, and

a G-band at 1573 cm™. These bands are all indicative of disordered sp? carbon structures.
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The intensity ratio of the D to G bands (I, /I;) was calculated to be 0.36, indicating a relatively
low degree of disorder and the presence of functional groups associated with structural defects
(Zhou et al., 2021). This suggests that while the CQDs retain functional groups, their close
surface association with CuO limits non-specific adsorption of surface hydroxyls and water.
These observations are consistent with the FT-IR findings. Additionally, a broad envelope
centred at 2911 cm™', with shoulders between 2771 and 3063 cm™, is evident. Depending on
the structural order of the carbon phase, these bands can be attributed to C—H stretching or
second-order (2D) overtones of the D-band (Lu et al., 2021). These observations confirm the
integration of graphitic and disordered carbon domains into the CuO matrix, reinforcing the

formation of a CuO/CQD hybrid nanostructure.
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Figure 4.5: (a) Raman spectra of pristine CuO nanoparticles and (b) CuO/CQD nanocomposites.

4.4.4. X-ray Diffraction Analysis

The XRD patterns of the pristine CuO nanoparticles and the CuO/CQD nanocomposites are
shown in Figure 4.6. All XRD patterns were matched against the XRD reference patterns in
the Materials Project database version 2020_09 08 (Jain et al., 2013). In both samples, the
dominant peaks match the monoclinic tenorite phase (Persson, 2016a). Minor reflections
attributable to cuprite can also be observed (Persson, 2014b). However, the pristine CuO
exhibits relatively broad, low-intensity CuO reflections (e.g., (111), (002), (111), etc.). These

are likely a consequence of residual sulphate impurities (Persson, 2016b).

In contrast, the CuO/CQD nanocomposites display sharper, higher-intensity CuO peaks. This
suggests that the A. arborescens phytochemicals used during synthesis promote slight grain
growth and reduce lattice defects (Ungar, 2004; Holder and Schaak, 2019). Notably, sulphate-
related peaks present in the pristine sample are suppressed in the composite. This confirms
that possible CQD functionalisation and phytochemical capping effectively remove residual

CuSO04 (consistent with the previously discussed EDS and FT-IR data).
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Additionally, a gentle, broad feature appears on the far left of the CuO/CQD XRD profile. This
corresponds to the (002) reflection of small, sp2-hybridised graphitic domains within the CQDs
(Persson, 2014a; Ateia, Rabie and Mohamed, 2024; Khan et al., 2024). This observation is
corroborated by the I,/I; ratio of 0.36, reflecting the presence of nano-sized, moderately

ordered sp? carbon clusters. This further confirms the successful formation of CQDs onto the

CuO core.

According to the Scherrer formula (Patterson, 1939), the average crystallite size of the
CuO/CQD nanocomposites was estimated to be 17 + 2 nm (see Appendix A), indicating that
they are polycrystalline structures with approximately 14400 crystallites per particle on
average. This high crystallite density is expected due to particle aggregation and, hence,
nanocrystallite formation during the annealing steps. This contributes to the structural porosity

within the CuO/CQD particles, as seen in Figure 4.3b.
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Figure 4.6: X-ray diffraction pattern of pristine CuO nanoparticles (blue) and CuO/CQD nanocomposite
(red). Note: Baseline inserted (green) to emphasise the (002) graphite carbon reflection in the

CuO/CQD diffraction pattern.
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4.4.5. Thermogravimetric and Differential Thermogravimetric Analysis
TGA and DTA of the as-synthesised CuO/CQD composite, which initially contained Cu.0O as
the dominant phase, were conducted over the 70°C to 650°C range in air to elucidate its

thermal behaviour. The TGA/DTA profiles (Figure 4.7) reveal four major mass-loss regions.
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Figure 4.7: TGA (red) and DTA (blue) curves of the CuO/CQD nanocomposites.

Between 70°C and 150°C, the material loses about 0.8 wt% as physisorbed water and residual
solvents used for nanoparticle washing evaporate (Maul et al., 2011; Jeli¢ et al., 2018). From
150 to 320°C, a further 4.3 wt% is lost while the DTA curve rises from roughly 0.6 to 1.3 pV/mag.
This likely reflects the oxidative decomposition of loosely bound phytochemical-derived
capping fragments (Pflieger et al., 2022; Qiu et al., 2023). The oxidation of Cu20 to CuO also
starts very slowly above 250°C (Lupu, 1970).

The most substantial change occurs between 320°C and 460°C, where an even further 13.7
wt% of the mass is lost. In this temperature range, the DTA curve exhibits a peak at 378°C, at
which the most significant rate of change in CuO/CQD mass loss occurs. To the right of this
peak, the DTA curve exhibits a plateau-like region from 380°C to 415°C where the slope
remains flat. Within this plateau-like region, there is an inflection point at about 398°C (=
400°C) after which the DTA curve begins to climb again. This inflection point corresponds to
the bulk conversion of Cu,O to CuO and the carbonisation of more stable CQD edge defects,
such as carbonyl, quinone, and graphitic phenolic structures (Lupu, 1970; Pflieger et al., 2022;
Qiu et al., 2023). This is corroborated by the FT-IR spectrum of the CuO/CQD nanocomposites
(Figure 4.4b).
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Between 460°C and 650°C, a further 2.6 wt% is lost even as the DTA curve climbs toward 4
MV/mg. This is consistent with the gradual sintering of CuO grains, slight decomposition of
CuO into Cu0 (above 500-600°C) (Lupu, 1970), and further graphitisation of the CQD
network. Comparison with electrochemical measurements shows that annealing at 400°C
delivers the highest anodic peak current density (Figure C.1b in Appendix C). This falls at the
inflection point within the plateau-like region of the DTA curve. At this temperature, the
completion of all desirable thermal transformations occurs (removal of all liable organics,
maximising active CuO phase, and preserving conductive CQD defects) before the onset of

sintering and defect loss that would otherwise diminish electrochemical activity.

4.5. Surface Characterisation of Electrode Films

4.5.1. Drop-Cast and Microplotted CuO/CQD Films on FTO

SEM analysis revealed clear differences in surface morphology between drop-cast and
microplotted CuO/CQD/FTO electrodes. At lower magnification, the drop-cast film appeared
coarse and uneven, with large clumps of material and few boundaries linking them (Figure
4.8a). On the other hand, the microplotted film displayed a finer, more uniform texture with

frequent boundaries and interconnected porous channels (Figure 4.8b).

At higher magnification, the drop-cast electrode showed partially fused nanoparticle clusters
with limited microporous pathways (Figure 4.8c). However, the microplotted sample retained
a more granular texture with distinct particle edges and numerous interparticle junctions
(Figure 4.8d). These observations confirm that microplotting produces films with better control

and finer dispersion of the nanocomposite compared to conventional drop-casting.
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Figure 4.8: SEM micrographs of CuO/CQD electrodes prepared by different deposition methods: (a)
drop-cast (low magnification), (b) microplotted (low magnification), (c) drop-cast (high magnification),
and (d) microplotted (high magnification).

4.5.2. Microplotted CuO/CQD Films on SPGE

The SEM images provide complementary perspectives of the microplotted CuO/CQD feature
on the SPGE. Using backscattered electron imaging (BEI) at lower magnification (Figure
4.9a), the nanocomposite appears as a sharply bounded square that contrasts with the
underlying gold working electrode. This confirms the precise spatial control of the microplotting
process. Subtle tonal variations and faint diagonal streaks across the feature reflect the
directionality of successive microplotting passes. The absence of macroscopic cracking or
delamination indicates a continuous and adherent film. The magnified image, obtained using
secondary electron imaging (SEI), reveals how the CuO/CQDs are distributed across the gold
working electrode (Figure 4.9b). The nanocomposites appear as brighter deposits anchored
on the smoother grey background of the gold working electrode. It is also evident that the
deposits are irregular. This irregular arrangement produces a roughened surface, increasing
the effective interfacial area compared to bare gold. Therefore, microplotting achieves both

accurate feature definition and nanoscale textural complexity in a single SPGE.
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EDS of the microplotted CuO/CQD film on the SPGE (Figure 4.9c) revealed the presence of
C, O, F, Cu, and Au. The prominent Au peak arises from partial excitation of the underlying
gold working electrode. This reflects the thinness of the microplotted film relative to the
electron beam penetration depth. Cu and O signals confirm the presence of CuO within the
printed layer. The strong fluorine contribution likely originates from the Nafion binder used in
the ink formulation. Therefore, the elevated oxygen signal relative to the particle-only
measurements is attributed primarily to Nafion rather than to changes in the intrinsic CuO

stoichiometry.
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Figure 4.9: SEM micrographs of the CuO/CQD feature microplotted onto the SPGE: (a) BEI image
showing the square deposit confined to the gold electrode, and (b) SEI image highlighting the irregular
CuO/CQD distribution on the substrate surface. (¢) EDS spectrum of the microplotted film, with the inset
presenting the corresponding elemental composition in mass% and atom%.
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4.6. Electrochemical Characterisation of the Fabricated Electrodes

4.6.1. Cyclic Voltammetry Studies of the Fabricated Electrodes

CVs of bare FTO and CuO/CQD/FTO electrodes were recorded (third CV cycle) in 0.1 M
NaOH, in the presence and absence of glucose, over a potential range of 0 to +0.80 V vs.
Ag/AgCl at a scan rate of 20 mV-s' (Figure 4.10). In the absence of glucose, the
CuO/CQD/FTO electrode exhibited an inherent background current. This was likely due to
intrinsic redox transitions (Wan et al., 2013), double-layer capacitance effects (He et al., 2016),
and surface-adsorbed hydroxyl ions (Barragan et al., 2018). The typical redox transition peaks

of glucose were not observed.
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Figure 4.10: CV response of CuO/CQD/FTO electrode in 1 mM glucose (green), without glucose (red),
and bare FTO electrode (blue) at a scan rate of 20 mV.s"" in 0.1 M NaOH.

A significant current increase was observed at the CuO/CQD/FTO electrode upon addition of
1 mM glucose, with oxidation initiating around +0.20 V vs. Ag/AgCl and a broad oxidation peak
centred at +0.42 V vs. Ag/AgCI. A significant and sharp increase in current was also observed
at potentials greater than +0.60 V vs. Ag/AgCl. This was likely due to the oxidation of OH" ions
at the electrode surface, leading to the formation of O, (Barragan et al., 2018). In contrast, the
bare FTO electrode showed no detectable redox activity over the studied potential range. This

confirms that the CuO/CQDs are responsible for the catalytic activity.

Notably, most CuO-based glucose sensors in the existing literature exhibit onset potentials
around +0.30 V vs. Ag/AgCI and glucose oxidation peaks between +0.50 and +0.60 V vs.
Ag/AgCl (Sahoo et al., 2019; Inyang et al., 2020; Vediyappan et al., 2021; Khan et al., 2024).
The lower onset and oxidation potentials for glucose oxidation observed at the CuO/CQD/FTO
electrode imply that lower overpotentials are required. This is advantageous because it

enables glucose oxidation to occur closer to its thermodynamic potential. This reduces the
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extra energy needed to drive the reaction and minimises interference from competing side
reactions, such as oxygen evolution (Barragan and Kubota, 2016; Zuo et al., 2019). These

side reactions would otherwise mask the glucose oxidation current signal.

As noted in Section 2.6.5, the exact glucose oxidation mechanism at CuO electrodes in
alkaline media remains a topic of debate (Wang and Wang, 2018; Aun et al., 2023).
Nevertheless, two proposed mechanisms from the literature may be invoked to interpret the
glucose oxidation behaviour observed in this study. The Cu(lll)-mediated mechanism, first
proposed by Marioli and Kuwana (1992), begins with the deprotonation and isomerisation of
glucose to its enediol form. This is then followed by its adsorption onto the electrode surface.
Oxidation occurs between +0.40 to +0.80 V vs. Ag/AgCl and coincides with the Cu(ll)/Cu(lll)
redox transition. Here, Cu(lll) likely facilitates electron transfer. The reactions can be described

as follows:

CuO + OH™ - CuOOH + e~ 4.1)
CuOOH + e~ + glucose — CuO + OH™ + gluconic acid 4.2)

According to this mechanism, during cyclic voltammetry, Cu(ll) on the CuO/CQD/FTO
electrode is first oxidised to Cu(lll). The Cu(lll) species then catalyses the oxidation of glucose
to gluconolactone, which is further oxidised to gluconic acid. The Cu(ll)/Cu(lll) redox couple
facilitates this process by enhancing the catalytic current response, which depends on the
glucose concentration. However, no clearly defined Cu(ll)/Cu(lll) redox peak was observed at
the CuO/CQD/FTO electrode in the absence of glucose. This suggests that Cu(lll) formation
may be a gradual or transient process, immediately reducing back to Cu(ll) or being consumed
by OH- ions.

Alternatively, Barragan et al. (2018) proposed a semiconductor charge-transfer mechanism
where CuQO'’s p-type nature and surface-adsorbed hydroxyls facilitate direct glucose oxidation
without requiring Cu(lll) as an intermediate. In an alkaline solution, OH" ions adsorb onto the
CuO/CQD/FTO surface. Applying an anodic potential narrows the space-charge region,
drawing hole vacancies (h*) of the CuO closer and distorting the OH- electron cloud. This
forms a paired complex, (OHags)(h*), with partial charge transfer. Sometimes, hydroxyl
radicals are generated that desorb, allowing continuous OH" adsorption. Glucose then
oxidises at these activated sites by losing a hydrogen atom to form gluconolactone (which

hydrolyses to gluconate).

In the present study, the addition of glucose leads to a clear increase in anodic current within
the potential region typically associated with Cu(ll)/Cu(lll) surface redox activity, despite the

absence of a well-defined Cu(ll)/Cu(lll) redox peak in the glucose-free electrolyte. This
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behaviour is consistent with a redox-assisted glucose oxidation pathway in which Cu(lll)
species form transiently under anodic polarisation and participate directly in glucose oxidation,
rather than accumulating as stable electrochemical intermediates. At the same time, the
smooth, continuous increase in anodic current with increasing glucose concentration suggests
that glucose oxidation is not governed solely by a discrete redox process. Instead, this
response is also compatible with a contribution from semiconductor-mediated charge-transfer
behaviour, in which anodic polarisation facilitates interfacial charge transfer at hydroxyl-
activated CuO surface sites. Hence, it can be postulated that the electrocatalytic activity of
CuO/CQD/FTO for glucose oxidation in alkaline media likely occurs through concurrent

Cu(lll)-mediated and semiconductor charge-transfer processes.

For both mechanisms considered, the CQDs enhance the electrochemical response by acting
as conductive bridges or electron shuttles between adjacent CuO nanoparticles. This
improves interparticle electronic connectivity during anodic polarisation. The resulting
enhancement in connectivity facilitates more efficient charge transfer from CuO active sites to
the current collector and mitigates local charge accumulation at poorly connected CuO—-CuO
interfaces. In this way, back-electron-transfer processes that can reduce faradaic efficiency
are limited. Additionally, the surface functionalisation of CQDs localises glucose molecules
near CuO catalytic sites via hydrogen bonding. These effects lower the onset potential and
boost the glucose-dependent anodic current response relative to pristine CuO, in agreement
with previously reported CuO/CQD-based NEG sensors (Li et al., 2015; Maaoui et al., 2016;
Sridara et al., 2020; Khan et al., 2024).

The effect of scan rate on glucose oxidation at the CuO/CQD/FTO electrode in 0.1 M NaOH
was studied using cyclic voltammetry (0 to +0.80 V vs. Ag/AgCl). As shown in Figure 4.11a,
the anodic and cathodic peak current densities increased with increasing scan rate from 10 to
300 mV:-s™. This trend is also observed for CUO/FTO (see Figure B.1 in Appendix B). The
anodic peak current density varied linearly with the square root of the scan rate (R? = 0.993,
Figure 4.11b), indicating a diffusion-controlled process (Bard, Faulkner and White, 2022).
This implies that glucose molecules must diffuse to the electrode surface before oxidation
occurs. A linear relationship between anodic peak current density and scan rate (R2 = 0.972)
was observed (Figure 4.11c). This suggests that while there is a strong diffusion component
describing the process, surface adsorption also plays a role (Gosser, 1993). The observed
linearity between peak potential and the natural logarithm of scan rate (R?> = 0.977, Figure
4.11d) suggests that interfacial kinetics predominantly govern the electron transfer process.
This is consistent with a surface-confined redox process. The consistent peak potential shift
with the scan rate further indicates finite electron-transfer kinetics (Laviron, 1979; Gosser,
1993).
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Figure 4.11: (a) CV response of CuO/CQD/FTO electrode to 1 mM glucose at various scan rates (10,
15, 20, 25, 30, 50, 70, 100, 150, 200, 250, and 300 mV.s') in 0.1 M NaOH; (b) anodic peak current
density versus square root of scan rate; (¢) anodic peak current density versus scan rate; (d) anodic
peak potential versus natural logarithm of scan rate.

The deductions made from Figures 4.11a to 4.11d reveal kinetic limitations in glucose
oxidation at the CuO/CQD/FTO electrode, placing the process in the quasi-reversible regime.
Therefore, the anodic charge-transfer coefficient (a¢,) and the rate constant of the

electrochemical reaction (k) can be estimated according to Laviron’s model (Laviron, 1979):

RT

= F" 4+ ——1
(1 —ay)nF "

Epq

v (4.3)

and

RT  (1-ay)aqFAE,
logks = aglog(1—ay)+ (1 —ay)loga, — IOgnFU - 2.3RT

(4.4)
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where E,, is the anodic peak potential (V), E%is the formal potential (V), R is the ideal gas
constant (8.314 J-mol"-K™), T is the temperature (298 K), n is the number of electrons involved
in the rate-determining step, F is the Faraday constant (96500 C-mol'), v is the scan rate
(mV-s™), and AE, is the peak separation (V). At high scan rates, the width of an anodic peak

(W,) is given by (Laviron, 1979):

62.5

= e (4.5)

Consequently, the a, and n values for glucose oxidation at the CuO/FTO and CuO/CQD/FTO
electrodes were determined iteratively using Equations 4.3 and 4.5, along with Figure 4.11d
and Figure B.1b. The CuO/FTO electrode exhibits an a, value of 0.26 (<0.5) with n = 0.99
(= 1), indicating that a significant portion of the applied potential is ineffective in overcoming
the activation barrier. This consequently results in a higher overpotential. In contrast, the
CuO/CQD/FTO electrode exhibits an a, value of 0.72 (>0.5) with n = 0.94 (= 1). This suggests
a more favourable energy barrier distribution, which enables more efficient electron transfer
and a lower overpotential, as previously deduced (Gosser, 1993; Bard, Faulkner and White,
2022).

The rate constants (k) for glucose oxidation at the CuO/FTO and CuO/CQD/FTO electrodes,
calculated using Equation 4.4, were 0.225 s and 0.324 s, respectively. The lower k, value
for CuO/FTO indicates slower redox kinetics at the electrode surface. In contrast, the higher
k¢ for CuO/CQD/FTO suggests that glucose oxidation occurs approximately 1.5 times faster,
reflecting enhanced electrochemical activity. The improved kinetic parameters («a, and k) for
glucose oxidation at CuO/CQD/FTO, compared to CuO/FTO, is due to the synergistic
interaction between CuO nanoparticles and CQDs. The CQDs likely prevent rapid CuO
passivation, maintaining an electrochemically active surface. The CQDs also enhance charge
transfer by introducing additional conductive pathways, increasing active sites, and optimising

the interfacial energy landscape (Khan et al., 2024; Zhang et al., 2024).

The glucose-sensing capability of the CuO/CQD/FTO electrode was evaluated over a glucose
concentration range of 0 to 10 mM (Figure 4.12a). The anodic peak current response
exhibited a linear relationship (R? = 0.987) with glucose concentration (1-5 mM) in 0.1 M
NaOH (Figure 4.12b). Progressive positive shifts in the anodic peak potential were observed
as the glucose concentration increased. This can be attributed to the adsorption of glucose
molecules on the electrode surface. As active sites become occupied with each binding event,
electron transfer efficiency decreases, requiring a higher overpotential to sustain oxidation

(Gosser, 1993; Sandford et al., 2019). This further confirms the adsorption of species onto the
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electrode surface as deduced from the scan rate analysis and postulated in the reaction

mechanisms considered.
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Figure 4.12: (a) CV response of the same electrode to 0—10 mM glucose in 0.1 M NaOH at a scan rate
of 20 mV.s', and (b) corresponding calibration curve showing anodic peak current density versus
glucose concentration (1-5 mM).

4.6.2. Electrochemical Impedance Spectroscopic Analysis of the Fabricated

Electrodes

Electrochemical impedance spectroscopy was also used to evaluate charge-transfer kinetics
at the CuO/FTO and CuO/CQD/FTO electrodes in the presence of 1 mM glucose. The
corresponding Nyquist plot is shown in Figure 4.13a, with the equivalent circuit used for data
fitting (by the Leveneberg—Marquardt algorithm), presented in Figure 4.13b. The circuit
approximates the complex electrochemical system observed in EIS (Orazem and Tribolett,
2008). In the circuit diagram, R represents the solution/electrolyte resistance to ionic
conduction; Ry describe the charge transport resistance within the drop-cast nanoparticle film
brought about by surface defects and adsorbed species; CPE; describes the non-ideal
capacitive behaviour of the nanoparticle film due to surface roughness, porosity, and trapped
charges; R, models the resistance to charge transfer at the electrode-electrolyte interface
during glucose oxidation; CPE,; models the non-ideal capacitive charge accumulation at the
electrode-electrolyte interface (i.e., double-layer); and Z,,, (Warburg impedance) accounts for
the semi-infinite diffusion limitations of glucose and OH" ions from the bulk electrolyte to the
double layer (Orazem and Tribolett, 2008; Lasia, 2014).
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Figure 4.13: (a) Nyquist plot for the CuO/FTO and CuO/CQD/FTO electrodes and (b) schematic of the
equivalent circuit used for fitting.

The phase exponent (N) of a constant phase element (CPE) indicates how close the CPE
approximates an ideal capacitor (N =1) (Orazem and Tribolett, 2008; Lazanas and
Prodromidis, 2023). For the CuO/CQD/FTO electrode, the phase exponent for CPEf (N; =

0.84) and CPEy (Ng, = 0.74) is notably lower than those for the CuO/FTO electrode (Ny =
0.95, N4 = 0.94). This suggests that the CuO/CQD/FTO electrode exhibits greater surface

heterogeneity, increased porosity, and a more complex charge transfer process (Orazem and
Tribolett, 2008; Lasia, 2014). Specifically, the lower N value indicates that the nanoparticle
film is less uniform. This is likely due to the presence of CQDs and bio-derived functional
groups from the A. arborescens extract, which contribute to defects and charge trapping within
the film. Consequently, this results in more non-ideal capacitive behaviour (Orazem and
Tribolett, 2008; Lasia, 2014). Likewise, the lower N, value suggests that the CuO/CQD/FTO
electrode has a higher density of functional groups and active sites. These promote stronger
ion adsorption and more complex charge storage dynamics (Orazem and Tribolett, 2008).
Moreover, a lower phase exponent corresponds to a more depressed (flattened) semicircle
on the Nyquist plot (Lazanas and Prodromidis, 2023), as seen when comparing the semicircles
for CUO/FTO and CuO/CQD/FTO electrodes in Figure 4.13a.
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The R, values obtained from the Nyquist plot fitting for CuO/FTO (62.6 kQ) and
CuO/CQD/FTO (19.9 kQ) indicate a greater resistance to electron transfer during glucose
oxidation at the CuO/FTO electrode. This reflects the high charge transfer resistance typical
of pristine CuO materials. The lower R.; value obtained for the CuO/CQD/FTO electrode is
undoubtedly due to the decoration of CQDs, which introduce additional conductive pathways

and increase active sites for more efficient glucose oxidation.

The reduced charge-transfer resistance and the depressed semicircle behaviour observed for
the CuO/CQD/FTO electrode indicate that glucose oxidation is governed by an interface-
controlled charge-transfer process occurring across the electrode—electrolyte interface. The
CQDs promote a more distributed, electronically accessible interface. This enables electron
exchange across multiple nanoscale regions rather than being localised at discrete sites.
While diffusion of glucose and OH" ions contributes to the overall impedance response, the
dominant improvement in electrochemical performance arises from enhanced interfacial

charge-transfer kinetics following CQD incorporation.

The electrochemically active surface area (ECSA) of the CuO/FTO and CuO/CQD/FTO
electrodes was estimated by normalising their respective double-layer capacitance (Cy;)
against the average standard value of 40 uF-cm? for an atomically smooth surface, as
reported in other studies (Liu et al., 2016; Zuo et al., 2019). Since CPEs were used to model
the capacitive behaviour of the electrodes, C,;; values were determined from the Nyquist plot
and the corresponding Bode plots (Figure B.2) retrieved from the electrochemical software
used for EIS measurements. This method of determining C,; values is a visual observation

method and is briefly described in Appendix B.

The extracted C,; values for CuO/FTO (32.0 uF) and CuO/CQD/FTO (253 pF) correspond to
estimated ECSAs of 0.80 cm? and 6.33 cm?, respectively. Since CPEs were required and
glucose was present in the system, these ECSA values reflect the effective interfacial area

engaged in charge transfer rather than the pure double-layer ECSA.

Given that the geometric area of the electrodes is 1 cm?, the roughness factor (RF) for
CuO/FTO and CuO/CQD/FTO was determined to be 0.80 and 6.33, respectively. This
indicates that the CuO/CQD/FTO electrode exhibits a significantly higher electrochemically
active surface area, attributed to increased porosity and nanoscale roughness (Bard, Faulkner
and White, 2022), as seen in the SEM micrograph of the CuO/CQD nanocomposites (Figure
4.3b). Table B.1 presents the measured and calculated EIS parameters for the CuO/FTO and
CuO/CQD/FTO electrodes.
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4.7. Electrochemical Performance of the CuO/CQD/FTO Electrode
4.7.1. Chronoamperometric Detection of Glucose at the Drop-cast CuO/CQD/FTO

Electrode
Chronoamperometric measurements were performed in 0.1 M NaOH under continuous mild
stirring, with successive additions of glucose. Measurements were first performed at various
potentials within the oxidation peak range identified via cyclic voltammetry (+0.40 to +0.70 V
vs Ag/AgCl). This was done to account for the shift in anodic peak current density observed
with increasing glucose concentration at the CuO/CQD/FTO electrode (Figure 4.12a). This
approach enabled the selection of an optimal applied potential (+0.70 V vs Ag/AgCl), which
produced the highest sensitivity and was subsequently used for further analysis. Accordingly,
the chronoamperogram (Figure 4.14a) was recorded with successive glucose additions from
1 to 6 mM at a fixed potential of +0.70 V vs Ag/AgCIl. The current response increased
proportionally with glucose concentration up to 3 mM, beyond which it began to plateau,
suggesting the saturation of electrocatalytic active sites on the electrode surface. As a result,
the CuO/CQD/FTO electrode exhibited a linear response in the range of 1-3 mM (R? = 0.985),

achieving a sensitivity of 2.00 mA-mM-"-cm, as shown in the calibration curve (Figure 4.14b).

Regarding electrochemical stability, a stable chronoamperometric signal was maintained over
an extended duration. This was accompanied by a rapid steady-state response time of less
than 4 seconds (Figure 4.14c). Similarly, a stable response was demonstrated over 50
consecutive CV scan cycles, with no observable anomalies in the CV profiles (Figure C.2 in
Appendix C).

The limit of detection (LOD) was calculated to be 0.004 mM, based on the formula 3c,/S,
where oy represents the standard deviation of the baseline noise and S represents the slope
of the calibration curve (FDA, 2024). This approach was consistently applied for all
chronoamperometric measurements. It is worth noting that the glucose concentration range
beyond the linear region (i.e., 3—-6 mM) was excluded from quantitative analysis due to
reduced predictive reliability, as evidenced by an R? value of 0.875 in this region (Figure
4.14b).

Interestingly, the CuO/CQD/FTO electrode exhibits a broader linear range (1-5 mM), lower
sensitivity (0.811 mA-mM-"-cm2), and higher LOD (0.545 mM) when evaluated using cyclic
voltammetry (Figures 4.12a and 4.12b), in contrast to chronoamperometric measurements
on the same electrode (Figures 4.14a and 4.14b). It should be noted that for cyclic
voltammetric measurements, the LOD was calculated based on the formula 303/S, where oy

represents the standard deviation of the regression residuals (FDA, 2024).
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Figure 4.14: (a) Chronoamperometric response of the drop-cast CuO/CQD/FTO electrode to increasing
glucose concentrations (1-6 mM) in 0.1 M NaOH at +0.70 V vs. Ag/AgCl, and (b) corresponding
calibration curve showing steady-state current density versus glucose concentration. (c)
Chronoamperometric stability test of the same electrode to 1 mM glucose in 0.1 M NaOH over 15
minutes. Inset: Enlarged view of the response spike, indicating a steady-state response time of less
than 4 seconds.

The differences in performance characteristics between the two measurement techniques
stem from their respective fundamental operational principles and their influence on the
electrochemical behaviour of the sensor. In cyclic voltammetry, the applied potential is linearly
swept across a broad range (0 to +0.80 V vs. Ag/AgCl in this case), enabling the capture of
both fast and slow electron-transfer kinetics. This is because redox processes respond
differently depending on their kinetic parameters and activation energies, with different
reactions initiating at specific points along the potential sweep (Gosser, 1993; Elgrishi et al.,
2018). Such a wide potential window enhances the electrode’s ability to detect glucose over
a wider concentration range. Hence, a broader linear range is observed. However, the

continuously changing potential also introduces greater background and capacitive currents,
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especially at lower concentrations. This can mask the analytical signal and lead to reduced
sensitivity and elevated LODs (Edmonds, 1988).

In contrast, chronoamperometry operates by applying a constant potential selected to optimise
glucose oxidation. This targeted approach facilitates a more selective and stable current
response by suppressing competing reactions and minimising background and capacitive
interferences. As a result, the system more effectively resolves the faradaic current response
of glucose. Ultimately, the sensitivity improves, and the LOD lowers (Edmonds, 1988).
Nevertheless, using a fixed potential restricts the ability to accommodate a wide range of
analyte concentrations, as the current may plateau at higher concentrations due to diffusion
limitations or saturation of the electroactive surface (Bard, Faulkner and White, 2022). This

plateauing effect is evident in Figure 4.14a.

4.7.2. Selectivity Studies of the Drop-cast CuO/CQD/FTO Electrode

The selectivity of CuO/CQD/FTO towards glucose was evaluated in the presence of common
coexisting interfering species found in human blood, including ascorbic acid (AA), uric acid
(UA), dopamine (DA), acetaminophen (AC), and sugar derivatives such as fructose, sucrose,
and lactose. These interferents are typically present at concentrations 30 to 50 times lower
than glucose (Ahmad et al., 2013). However, a more stringent 10:1 glucose-to-interferent
concentration ratio was employed to rigorously assess the sensor’s selectivity. Under these
conditions, chronoamperometric measurements were performed in 0.1 M NaOH at a fixed
potential of +0.70 V vs. Ag/AgCI (Figure 4.15a). Initially, 1 mM glucose was introduced,
followed by the successive addition of 0.1 mM of each interfering species. This sequence was
repeated (adding another 1 mM glucose, followed by 0.1 mM of each interferent) to confirm

consistent selectivity under repeated exposure.

The glucose baseline current density is indicated by the horizontal red lines in Figures 4.15a
and 4.15b. No significant deviation from the baseline was observed following the addition of
each interfering species and the second sequence of additions (Figure 4.15a). This suggests
that the interferents have a negligible impact on glucose detection, confirming the sensor’s
consistent selectivity. Specifically, the combined presence of AA, UA, DA, and AC caused only
a ~5% deviation from the glucose signal. The sugar derivatives resulted in an even lower

deviation of ~1%, indicating minimal interference at the applied potential.
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Figure 4.15: (a) Chronoamperometric response of the drop-cast CuO/CQD/FTO electrode
demonstrating minimal interference from common electroactive and sugar species (AA, UA, DA, AC,
fructose, sucrose, and lactose) in 0.1 M NaOH at +0.70 V vs. Ag/AgCl. (b) Chronoamperometric
response showing the electrode’s resistance to chloride-induced poisoning (KCI, NaCl) and chelation-
based interference (citric acid, sodium citrate) under the same conditions.

The excellent selectivity of CuO/CQD/FTO can be attributed to three key factors. First, the
incorporation of Nafion in the nanoparticle ink forms a negatively charged perfluorinated
ionomer layer that electrostatically repels anionic species (e.g., AA and UA) and neutral
molecules (e.g., AC). This reduces their adsorption and electrochemical activity on the
electrode surface (Vaidya, Atanasov and Wilkins, 1995; Jia, Wang and Xia, 2010). Second,
the electrode’s high nanoscopic surface roughness enhances its effective surface area. This
promotes the faradaic current for the sluggish, kinetically controlled glucose oxidation, with a
minimal effect on the purely diffusion-controlled oxidation of interfering species (Park, Chung
and Kim, 2003; Jia, Wang and Xia, 2010). Third, conducting measurements in strongly basic
media (0.1 M NaOH) suppresses the oxidation of most common interferents while favouring
the electrooxidation of glucose (Huang et al, 2008; Ahmad et al., 2013; Ghanbari and

Hajheidari, 2015).

The susceptibility of the CuO/CQD/FTO sensor to chloride-induced poisoning and chelation
effects was also evaluated using chronoamperometric measurements in 0.1 M NaOH at an
applied potential of +0.70 V vs. Ag/AgCI (Figure 4.15b). Following an initial addition of 1 mM
glucose, 0.1 mM citric acid, sodium citrate, and KCI were each successively introduced. To
assess the influence of physiologically relevant chloride levels, 154 mM NaCl was
subsequently added. This concentration of NaCl corresponds to the typical concentration
which is isotonic with human blood (i.e., 0.9% w/v NaCl or normal saline; Ince and Groeneveld
(2014)). Even after adding the high-concentration NaCl solution, the cumulative deviation from

the original glucose signal caused by these compounds was minimal, at ~1%. Notably, the
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sensor maintained a strong response to glucose, as confirmed by the second addition of 1
mM glucose. These results indicate the excellent resistance of CuO/CQD/FTO to chloride-

induced poisoning and chelation-based interference.

4.7.3. Repeatability, Reproducibility, and Shelf Life of the Drop-cast CuO/CQD/FTO
Electrode

Cyclic voltammetry was used to assess the intra-sensor repeatability, inter-sensor

reproducibility, and shelf life (or storage stability) of the CuO/CQD/FTO electrode. To evaluate

repeatability, a single electrode was tested five times (N = 5) under identical conditions in 1

mM glucose prepared in 0.1 M NaOH (Figure 4.16a). The current responses showed minimal

variation, with a relative standard deviation (%RSD) of 4.4%, demonstrating the good

repeatability of the electrode.

For reproducibility, five independently fabricated CuO/CQD/FTO electrodes (N = 5) were
tested under the same conditions (Figure 4.16b). The %RSD was calculated to be 3.6%,
indicating excellent consistency across different electrodes and confirming the reliability of the
fabrication process. The slightly higher variability observed in the repeatability test compared
to the reproducibility test may be attributed to minor surface alterations or transient fouling

during repeated measurements on the same electrode.

The shelf life was evaluated by storing the electrode in an airtight container purged with
nitrogen at ambient conditions. The electrode’s response to 1 mM glucose in 0.1 M NaOH was
recorded every five days over a 15-day period (Figure 4.16¢). The electrode retained
approximately 98.7% of its initial response, with a %RSD of just 0.7%, indicating excellent

temporal stability and negligible signal degradation over the storage period.
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Figure 4.16: (a) Intra-sensor repeatability over five successive measurements, (b) inter-sensor
reproducibility across five independently fabricated electrodes, and (c) storage stability over 15 days
for the CuO/CQD/FTO electrode. All measurements were performed in 1 mM glucose prepared in 0.1
M NaOH using cyclic voltammetry at a scan rate of 20 mV.s™.

4.7.4. Cyclic Voltammetric and Chronoamperometric Detection of Glucose at the

Microplotted CuO/CQD/FTO Electrode

The glucose-sensing performance of the microplotted CuO/CQD/FTO electrode was
investigated using cyclic voltammetry and chronoamperometry. For cyclic voltammetric
measurements, glucose concentrations ranging from 0 to 10 mM were prepared in 0.1 M
NaOH and tested over a potential window of 0 to +0.80 V vs Ag/AgCl (Figure 4.17a). The
sensor demonstrated a sensitivity of 0.606 mA-mM-'-cm and a linear response from 1 to 7
mM glucose (R? = 0.993), as shown in the corresponding calibration plot (Figure 4.17b). The
calculated LOD for this method was 0.54 mM glucose.

For chronoamperometric measurements, experiments were performed in 0.1 M NaOH under
continuous mild stirring, with sequential glucose additions ranging from 0.5 to 8 mM, using an
applied potential of +0.70 V vs Ag/AgClI (Figure 4.17c). Under these conditions, the sensor
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exhibited a sensitivity of 2.02 mA-mM-'-cm and a linear range from 0.5 to 2 mM (R? = 0.990),
as shown in the corresponding calibration plot (Figure 4.17d). The calculated LOD for this

method was 0.01 mM glucose.

Glucose concentrations falling outside the defined linear ranges for cyclic voltammetry and
chronoamperometry were excluded from quantitative analysis due to reduced correlation and
predictive accuracy, as indicated by lower R? values of 0.974 and 0.918, respectively (Figures
4.17b and 4.17d). These deviations indicate a loss of linearity at higher concentrations, likely
due to the saturation of electrocatalytically active sites on the electrode surface, as previously
discussed. The observed differences in sensitivity, linear range, and LOD between the two
techniques can be attributed to their inherent operational principles, which have been similarly
discussed for the drop-cast CuO/CQD/FTO electrode in Section 4.7.1.
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Figure 4.17: (a) CV response of the microplotted CuO/CQD/FTO electrode to 0-10 mM glucose in 0.1
M NaOH at a scan rate of 20 mV.s™!, and (b) corresponding calibration curve showing anodic peak
current density versus glucose concentration. (¢) Chronoamperometric response of the same electrode
to 0.5-8 mM glucose in 0.1 M NaOH at +0.70 V vs. Ag/AgCl, and (d) corresponding calibration curve
showing steady-state current density versus glucose concentration.
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4.7.5. Performance Comparison Between Drop-cast and Microplotted CuO/CQD/FTO
Electrodes
Since the deposition method can significantly influence the performance of the fabricated
electrode, it was essential to determine whether drop-casting or microplotting is more suitable
for practical sensor development. As demonstrated in previous sections, the choice of
measurement technique (cyclic voltammetry or chronoamperometry) also affects key
performance metrics. Therefore, it was necessary to evaluate which combination of deposition
method and measurement technique would be optimal for reliable glucose sensing. To this
end, calibration curves for drop-cast and microplotted CuO/CQD/FTO electrodes were
compared under cyclic voltammetry (Figure 4.18a) and chronoamperometry (Figure 4.18b).
It should be noted that although initial CV-based optimisation identified the 3-layer
microplotted configuration as ideal, a 4-layer microplotted electrode was also fabricated (see
Figures C.3a and C.3b in Appendix C for electrochemical measurements of the electrode) to

enable a direct comparison with the 4-layer drop-cast counterpart.
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Figure 4.18: (a) Calibration curves obtained from CV measurements in 0.1 M NaOH at a scan rate of
20 mV.s™ for electrodes with 4 drop-cast layers, 4 microplotted layers, and 3 microplotted layers. (b)
Calibration curves obtained from chronoamperometric measurements made in 0.1 M NaOH at +0.70 V
vs. Ag/Ag/ClI for the same set of electrodes.
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Under cyclic voltammetry, the 4-layer drop-cast sensor produced the highest current density
within its linear range (1-5 mM, R? = 0.987) with a sensitivity of 0.811 mA-mM-'-cm and an
LOD of 0.54 mM. In comparison, the 3-layer microplotted sensor showed a slightly lower
sensitivity (0.606 mA-mM-"-cm) but an extended linear range from 1-7 mM with the same
LOD. On the other hand, the 4-layer microplotted sensor exhibited the lowest current density
yet achieved an improved LOD of 0.31 mM and an excellent linear fit (1-7 mM, R? = 0.998).
These trends indicate that although drop-casting yields higher peak currents, likely due to a
denser film with localised hotspots, the microplotting technique provides greater film uniformity
and controlled deposition. This leads to more reproducible electron transfer and diffusion
characteristics. Additionally, microplotted sensors exhibit an improved linear range compared
to drop-cast sensors because the superior film uniformity achieved through microplotting
facilitates continuous regeneration of active sites during the potential sweep. This uniformity

ensures a consistent current response over a broader range of glucose concentrations.

Under chronoamperometric conditions, the 4-layer drop-cast sensor delivered a sensitivity of
2.00 mA-mM-"-cm2, an LOD of 0.004 mM, and a linear range of 1-3 mM (R? = 0.985). The 3-
layer microplotted sensor produced the highest current density (sensitivity = 2.02 mA-mM-
-cm2), albeit with a narrower linear range (0.5-2 mM) and a slightly higher LOD (0.01 mM).
The 4-layer microplotted sensor, although exhibiting a lower sensitivity (1.71 mA-mM-"-cm2?)
and a linear range of 0.5-2.5 mM, matched the drop-cast sensor's LOD (0.004 mM) and
showed excellent linearity (R? = 0.994). These results suggest that the fixed potential favours
the microplotted sensors by ensuring consistent mass transport and minimising resistive
losses. On the other hand, the same fixed potential leads to steady-state conditions that limit
mass transport at higher glucose concentrations. So, the benefits of the more uniform
microplotted film do not translate into a significantly wider linear range as seen when using

cyclic voltammetry.

Considering all performance metrics, the 4-layer microplotted sensor is the best option for
practical applications. Despite the 3-layer microplotted sensor offering the highest sensitivity
under chronoamperometry, its narrower linear range and slightly higher LOD limit its broader
applicability. In contrast, the 4-layer microplotted sensor provides a balanced performance
(with robust sensitivity, low LOD, and superior linearity) attributable to the film uniformity
achieved by the microplotting technique. This consistent film morphology minimises variability
in electron transfer kinetics and diffusion. Therefore, the combination of chronoamperometry’s
focused, stable measurement conditions with a 4-layer microplotted electrode makes this the

preferred configuration for a reliable glucose sensor.

89



4.8. Electrochemical Performance of the CuO/CQD/SPGE Electrode

4.8.1. Cyclic Voltammetric and Chronoamperometric Detection of Glucose at the
CuO/CQD/SPGE Electrode

CVs of bare SPGE and microplotted CuO/CQD/SPGE electrodes were recorded (third CV
cycle) in 0.1 M NaOH, both with and without glucose, over a potential range of 0 to +0.80 V
vs. Ag at a scan rate of 20 mV-s”' (Figure 4.19a). In the absence of glucose, the
CuO/CQD/SPGE electrode exhibited an inherent background current density due to intrinsic
redox transitions, double-layer capacitance effects, and surface-adsorbed hydroxyl ions.
Additionally, no characteristic glucose redox peaks were observed. These trends were also
observed for the CuO/CQD/FTO electrode.

As shown in the top left inset of Figure 4.19a, the bare SPGE also displayed no oxidation
peaks in the absence of glucose. However, upon the addition of 1 mM glucose, a minor current
response (0.0532 mA-cm?) was detected. In contrast, the CuO/CQD/SPGE electrode
exhibited a significantly higher current density (1.10 mA-cm), representing a 20-fold increase,
with glucose oxidation initiating at approximately +0.35 V vs. Ag. A distinct oxidation peak also
appears near +0.6 V vs. Ag. These results confirm that the enhanced catalytic activity is

attributed to the CuO/CQD nanocomposites.

The glucose-sensing capability of the CuO/CQD/SPGE electrode was evaluated using cyclic
voltammetry and chronoamperometry. For cyclic voltammetric measurements, glucose
concentrations ranging from 0.9 to 17.1 mM were prepared in 0.1 M NaOH and tested over a
potential range of 0 to +0.80 V vs. Ag (Figure C.4a). A progressive positive shift in the anodic
peak potential was observed with increasing glucose concentration (similar to the
CuO/CQD/FTO electrode). This indicates glucose adsorption on the electrode surface. The
maximum peak current density within the determined linear range (0.9-13.5 mM, R? = 0.994,
Figure C.4b) occurred at +0.70 V vs. Ag, which was selected as the optimal fixed potential for

chronoamperometric measurements.

Accordingly, chronoamperometric experiments were conducted in 0.1 M NaOH under
continuous mild stirring, with successive additions of 0.9 mM glucose. This resulted in a
stepwise increase in concentration from 0.9 to 17.1 mM at an applied potential of +0.70 V vs.
Ag (Figure 4.19b). The sensor exhibited three distinct linear ranges: 0.9-6.3 mM (R? = 0.995,
sensitivity = 0.131 mA-mM-"-cm2), 6.3-11.7 mM (R? = 0.996, sensitivity = 0.0826 mA-mM-
T-cm?), and 11.7-17.1 mM (R? = 0.995, sensitivity = 0.0559 mA-mM"-cm2), as shown in the
calibration plot (Figure 4.19c). The calculated LOD was 0.33 mM, and the steady-state
response time was determined to be less than 6 seconds. Furthermore, the CuO/CQD/SPGE
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electrode exhibited excellent electrochemical stability, maintaining a consistent response over

20 consecutive CV scan cycles without anomalies in the CV profiles (Figure C.4c).
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Figure 4.19: (a) CV response of CuO/CQD/SPGE in 1 mM glucose (green) and without glucose (blue),
and bare SPGE in 1 mM glucose (red) and without glucose (pink), recorded at a scan rate of 20 mV.s-
"in 0.1 M NaOH. Top left inset: Magnified view highlighting the minimal response of the bare SPGE in
both the presence and absence of glucose. Bottom right inset: Image of the SPGE (Metrohm DropSens,
220AT) with a 0.2 x 0.2 cm? microplotted CuO/CQD sensor area on the gold circular working electrode.
(b) Chronoamperometric response of the CuO/CQD/SPGE to 0.9-17.1 mM glucose in 0.1 M NaOH at
+0.70 V vs. Ag, and (c) corresponding calibration curve showing steady-state current density versus

glucose concentration.
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To contextualise the performance of CuO/CQD/SPGE, its performance metrics were
benchmarked against other CuO-based NEG sensors (Table 4.1). The LOD of
CuO/CQD/SPGE (330 uM) is higher than the values reported for some ultra-sensitive sensors
(e.g., CUO/NOND/Pyr-Si at 0.12 yuM and CuO@g-CsN,/GCE at 0.15 uM). However, it is still
well within the clinically relevant range, as blood glucose levels typically fall between 4.0 and
10.0 mM. This aligns with both pre- and post-prandial targets established for the management
of Type 1 and Type 2 diabetes (Diabetes Australia, 2025).

In many of the ultra-sensitive sensors presented in Table 4.1, the extremely low LODs come
at the expense of a narrow linear range (often <7 mM). This limits their ability to capture the
full spectrum of clinically relevant glucose concentrations, especially under hyperglycemic
conditions. On the other hand, the broad, segmented linear range of CuO/CQD/SPGE (0.90—
17.10 mM) ensures that it covers hypoglycemic (<4 mM), normoglycemic (4—7 mM), and

hyperglycemic (>7 mM) states (Wang, 2008).

The sensitivity of CuO/CQD/SPGE decreased across the higher concentration ranges (131 to
82.6 to 55.9 yA-mM"-cm). This observed decrease in sensitivity may be attributed to a
combination of interrelated phenomena commonly reported in Cu-based NEG sensors. Firstly,
the active Cu(ll)/Cu(lll) redox sites on the electrode surface begin to experience partial
saturation as glucose concentration increases. This limits the availability of catalytic sites for
further reaction and thereby reduces the current response per unit concentration (Xie and
Huber, 1991; Jin and Alam, 2020). Secondly, intermediate species generated during glucose
oxidation, such as gluconolactone and hydroxide ions, competitively adsorb onto the electrode
surface. This results in surface crowding, which further restricts glucose access to the catalytic
sites and reduces the effective ECSA (Xie and Huber, 1991; Pastrian et al., 2018). Lastly, at
elevated concentrations, the reaction may begin to exhibit diffusion-limited transport
behaviour, wherein the rate of glucose delivery from the bulk solution to the electrode surface
becomes insufficient to keep up with the catalytic turnover rate (Marioli and Kuwana, 1992;
Jin and Alam, 2020). These three mechanisms collectively contribute to the observed decline

in sensitivity as glucose concentration rises above specific thresholds.
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Table 4.1: Performance comparison of CuO/CQD/SPGE with CuO-based NEG sensing platforms
reported in the literature.

. Linear e
Applied LOD Sensitivity Response
Electrode Potential (M) R(';“Nﬁ’)e MA.MM“.cm?)  Time (s) AEEEIED
CuO +0.50 V vs. Molazemhosseini
NPs/AWPET?  AgiAgcl 0% 0169 2419.8 <5 etal. (2017)
CuO/NOND/Pyr-  +0.50 V vs. Huang et al.
siP Ag/AgCI 0.12 0.005-0.7 1993 <2 (2018)
NP-Cu20/CuO +0.58 V vs. .
NWA/GCES Ag/AgO 1 0.1-6.0 1950 15 Li et al. (2019)
Spiky Cu/CuxO +0.60 V vs.
NW arrayd SCE 10 0.01-7.0 1210 <1 Fan et al. (2019)
CuO/g-CsNa (on  +0.60 V vs. Huang et al.
GCE)® Ag/AgCI 0.15 0.0005-8.5 274 - (2019)
f +0.50 V vs. . ) Mamleyev et al.
CuO-U/LC Ag/AgCl 7.56 0.001-3.3 320 (2021)
CuO-Co304 (0N +0.55 V vs. Wang et al.
GCE)? Ag/AgCI 21.95 0-2.0 1503.45 - (2022)
Co(OH)z
NSs/CuO MCAs  +0.45 V vs. 0.0005— Yuan et al.
(on Cu Agiagel 0378 531y 2269 3 (2022)
substrate)h
CuO- +0.55 V vs
i - .05-5. 2 - F I. (202
n/Nafion/GCE! Ag/AgCI 0.05-5.0 050 an et al. (2023)
i +0.55 V vs Wang et al.
CuO/Cu/ Ag/AgCI - 0.1-1.3 2954.38 <3 (2023)
Kk +0.55Vvs 0.001- ) Shao et al.
CuO@PDA/CC Agiagel 024 4.985 1843 (2023)
0.90-6.30,
cuoicaD/sPGE  TO-70VVS. a3 g3 417 131,826,559 <6 This study
Ag/AgC 11.7-17 1

a: CuO nanoparticles printed on a gold electrode with a polyethene terephthalate (PET) substrate. b: CuO
deposited oxygen-doped nitrogen incorporated nanodiamond (NOND) Si pyramids (Pyr-Si) heterostructure. c:
Sandwich-like nanoarchitecture composed of uniform CuO nanowire array layers grown on nanoporous Cu20 film
modified glassy carbon electrode (GCE). d: Cu core passivated by a conformal Cu20 layer with extruded CuO
petals. e: CuO and graphitic carbon nitride (g-C3sN4, 5 wt%) nanocomposites modified GCE. f: CuO urchins (CuO-
U) on laser-induced carbonisation (LC) of flexible meta-polyaramid sheets. g: CuO-Co304 nanocomposite with a
prickly-sphere-like morphology deposited on GCE. h: Hierarchical Co(OH)2 nanosheets (Co(OH)2 NSs) and CuO
microcoral arrays (CuO MCAs) nanocomposite on Cu substrate. i CuO nanoparticles with needle
morphology/Nafion dispersion deposited on GCE. j: CuO film synthesised on Cu substrate by anodization. k:
CuO@polydopamine (CuO@PDA) nanoparticles in situ grown on carbon cloth (CC).
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When benchmarked against sensing platforms such as CuO/Cu (2954.38 yA-mM"-cm™) or
Co(OH), NSs/CuO MCAs (2269 pA-mM-'-cm2), CuO/CQD/SPGE shows moderate sensitivity.
However, these higher-sensitivity sensing platforms often rely on more intricate, energy-
intensive, or less environmentally friendly fabrication approaches, such as vertically aligned
nanostructures or hybrid cobalt-based systems. In contrast, the CuO/CQD sensor is produced
via a green, hydrothermal route, supporting cost-effective, scalable, and sustainable
fabrication. Additionally, the response time exhibited by CuO/CQD/SPGE is competitive for
practical biosensing. Despite some sensors claiming sub-second response times (e.g., the
spiky Cu/CuxO NW array), these typically require finely tuned lab conditions that may not

translate effectively to real-world settings.

Hence, while the CuO/CQD/SPGE sensor does not achieve the lowest LOD or highest
sensitivity compared to some state-of-the-art devices, its overall performance (broad linear
range, clinically relevant detection capabilities, rapid response, and environmentally friendly,

scalable fabrication) strikes an effective balance for use as a practical NEG sensor.

4.9. Influence of Electrode Architecture on Sensor Performance

In this study, FTO substrates were used for baseline optimisation and comparative testing. On
the other hand, SPGEs were used as the proof-of-concept platform to evaluate clinical
applicability. This choice was motivated by practicality rather than design optimisation.
Nevertheless, a comparison between CuO/CQD/FTO and CuO/CQD/SPGE platforms reveals
that electrode architecture plays a critical role in determining sensor performance, particularly

influencing the linear range.

Both electrodes used the same nanocomposites but differed in substrate and geometry. As
noted, a 1 cm? square feature was deposited onto the FTO glass, while a much smaller 0.04
cm? square was deposited onto the 0.11 cm? circular working electrode of the SPGE. This
reduction in feature size resulted in a significantly broader linear range for the SPGE-based
sensor. The smaller area facilitates a transition in diffusion profiles from planar (semi-infinite
diffusion) to relatively more hemispherical diffusion. Consequently, more glucose molecules
are allowed to access the sensor surface from more directions. This delays electrode
saturation and preserves current proportionality over a wider concentration range. This
observation is analogous to that observed in microelectrodes (Forster, 1994; Gimeno and
Zanotto, 2020).

The smaller square feature on the circular gold electrode (square-on-circle geometry) also
sharpens diffusion gradients at the edges and corners, encouraging a more uniform glucose
flux (Cope, 1997). Additionally, pairing CuO/CQD with gold creates an efficient electron

transfer interface likely due to gold’s high conductivity and favourable energy alignment with
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the redox-active composite. This reduction in interfacial resistance further supports a linear

response at higher glucose concentrations (Wang et al., 2021).

4.10. Real (Serum) Sample Analysis

As discussed in Section 2.3, the limitations of conventional glucose monitoring have led to
increased interest in developing less invasive sensors that can reliably detect glucose in
alternative bodily fluids (i.e., saliva, sweat, tears, and interstitial fluid). Consequently, to
validate the CuO/CQD sensor’s ability to detect glucose in such complex biological matrices,
chronoamperometry was performed at +0.70 V vs. Ag (Figure D.1 in Appendix D). The
CuO/CQD/SPGE electrode was immersed in 0.1 M NaOH, and successive serum samples
containing glucose were added in a 10:1 glucose-to-serum ratio. This dilution reduces matrix
effects while retaining essential components of serum, allowing a reliable assessment of the

sensor’s performance under semi-realistic conditions.

The glucose detection performance of the CuO/CQD/SPGE sensor was compared to that of
a commercial glucose device (ACCU-CHEK® Instant). The results, presented in Table 4.2,
show excellent agreement between the CuO/CQD/SPGE sensor and the commercial device.
Specifically, at nominal concentrations of 4.0, 5.0, 6.0, and 7.0 mM, CuO/CQD/SPGE
measured 4.01 mM (0.4% difference), 4.93 mM (1.4% difference), 5.66 mM (5.8% difference),
and 6.91 mM (1.3% difference), respectively.

Although the 5.8% deviation is higher than the other deviations observed, it remains within an
acceptable range for glucose measurements in biological assays (Sacks et al., 2011; Schnell
et al., 2013). These low deviations, especially at clinically relevant concentrations (4—7 mM),
demonstrate the sensor’s robust performance in accurately detecting glucose in complex
serum matrices. This emphasises the practical use of CuO/CQD/SPGE for potential clinical or
point-of-care applications.

Table 4.2: Glucose determination in serum samples using CuO/CQD/SPGE compared with a
commercial glucose device (ACCU-CHEK® Instant).

Glucose concentration measurement in serum sample
Percentage Difference (%)
ACCU-CHEK® Instant (mM) CuO/CQD/SPGE (mM)
4.0 4.01 0.4
5.0 4.93 14
6.0 5.66 5.8
7.0 6.91 1.3
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1. Summary of Key Findings

This work investigated the green hydrothermal synthesis of CuO/CQD nanocomposites using
A. arborescens extract as the reducing agent and carbon source, evaluated their structural
and electrochemical properties for glucose detection, and assessed the influence of
microplotting on the performance of the NEG sensor. In doing so, two guiding research
questions were addressed: (i) how do A. arborescens-derived CuO/CQD nanocomposites
perform as an electrochemical glucose sensor, and (ii) how does microplotting these
nanocomposites affect their overall electrochemical performance? By resolving these
questions, two critical gaps in the literature were simultaneously addressed: (i) the unexplored
use of A. arborescens as a phytochemical precursor for CuO/CQD-based NEG sensors, and
(ii) the first systematic assessment of microplotting for fabricating green-synthesised glucose

sensor electrodes.

Optimising extraction maximised phenolic content and ensured a consistent A. arborescens
extract for green synthesis. With this “optimised extract” serving as a reducing agent and
carbon source, the (separately optimised) hydrothermal process produced CuO/CQD
nanocomposites whose hybrid character was confirmed by comprehensive structural
analyses. The resulting structural features directly contributed to superior electrochemical
properties relative to pristine CuO. Electrochemical investigations revealed that CuO/CQD
films on FTO substrates showed clear improvements in charge-transfer kinetics, ECSA, and
catalytic efficiency. The CuO/CQD sensor also demonstrated excellent repeatability,
reproducibility, stability, and selectivity under the influence of common interferents, chelating
agents, and physiologically relevant chloride concentrations. These results demonstrate that
A. arborescens-derived CuO/CQD nanocomposites can serve as a reliable electrochemical

NEG sensor.

Drop-casting was employed as a benchmark method before the development of microplotted
sensors. A comparative analysis of these deposition methods revealed that microplotting
yielded more uniform, reproducible, and diffusion-efficient films. Additionally, the microplotted
sensor exhibited an improved linear range compared to the drop-cast sensor due to the
superior film uniformity. Most notably, when microplotted onto SPGEs, the CuO/CQD sensors
achieved reliable glucose detection across hypoglycemic, normoglycemic, and hyperglycemic
ranges. While the sensitivity of the CuO/CQD/SPGE platform was moderate compared to

state-of-the-art CuO-based sensors, its wide linear range and proof-of-concept validation in
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serum confirm its suitability for clinically relevant applications. These findings establish that
microplotting A. arborescens-mediated CuO/CQD nanocomposites onto SPGEs can yield a
clinically relevant NEG sensor by improving the consistency and reliability of its

electrochemical response.

The results also revealed that electrode architecture, as demonstrated by the comparison
between FTO- and SPGE-based platforms, plays a decisive role in shaping diffusion
behaviour and linear range. This shows that electrode design plays a critical role in

determining the overall performance of green-synthesised NEG sensors.

5.2. Reflection and Real-World Significance

Reflecting on the outcomes of this study, it is evident that combining phytochemical
optimisation with green hydrothermal synthesis is a practical and effective route for producing
functional nanocomposites. While pristine CuO electrodes showed the expected kinetic
limitations, the incorporation of CQDs altered the interfacial behaviour by improving charge-
transfer efficiency and stability. The use of microplotting further demonstrated that deposition
precision can be just as influential as material composition in shaping electrochemical
behaviour. These findings emphasise that sustainable approaches to synthesis and

fabrication can influence NEG sensor performance without compromising functionality.

This study also demonstrated how sustainable chemistry, precision deposition, and electrode
architecture can work in tandem to produce glucose-sensing platforms that are technically
competitive and environmentally responsible. The successful use of A. arborescens in this
work highlights how other phytochemical-rich resources (many of which are still unexplored in
sensor fabrication) could be harnessed to advance glucose-sensing technologies.
Consequently, this extends the scope of materials traditionally considered for sensor
development. Ultimately, this study strengthens the integration of green synthesis, precise
automated fabrication, and electrode design as a promising step towards advancing future

glucose sensor research and application.

At the same time, the implications of this study contribute to SDG 3 (Good Health and Well-
being) by advancing affordable diagnostics for diabetes management, to SDG 9 (Industry,
Innovation and Infrastructure) by demonstrating scalable and precise fabrication methods, and
to SDG 12 (Responsible Consumption and Production) by reducing reliance on toxic reagents
and utilising renewable plant-based resources. These contributions emphasise that innovation

in glucose sensing can be guided by scientific progress and societal responsibility.
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5.3. Recommendations for Future Work

While this research study establishes the viability of green-synthesised CuO/CQD glucose

sensors, it also reveals areas where further work could advance these findings. On this basis,

several directions for future work are recommended:

1.

Investigate other antioxidant-rich plant extracts under comparable synthesis conditions to
identify alternative functional groups and catalytic behaviours that could further enhance
the performance of the CuO/CQD sensor.

Systematically optimise the ink formulation (solvent composition and nanocomposite
concentration) to improve the ink rheology and film uniformity.

Refine the microplotting parameters (e.g., layer thickness, plotting speed, etc) and extend
the comparisons to other scalable deposition techniques.

Explore electrode architectures with miniaturised features or patterned arrays to optimise
diffusion behaviour and substrate compatibility.

Extend validation to other complex biological matrices such as saliva, sweat, and tear fluid,
to demonstrate robustness in minimally invasive or non-invasive diagnostic contexts.
Conduct clinical trials with patient cohorts to confirm the reproducibility and reliability of the

CuO/CQD sensor under real-world healthcare conditions.
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APPENDICES
Appendix A: Structural and Morphological Analysis

Average CuO/CQD crystallite size determination (Scherrer formula)
The average crystallite size of the CuO/CQD nanocomposites was estimated from the XRD

pattern using the Scherrer formula (Patterson, 1939):

o, __Ka
¢ Bcos6

(A1)

where D, is the crystalline domain size (nm), K is the shape factor typically taken as ~0.9, 1
is the wavelength of the incident x-rays (i.e., 1.54184 A = 0.154184 nm), g is the width of a
spectral peak at half of its maximum amplitude, and @ is the diffraction angle (Holder and
Schaak, 2019). The calculated parameters for determining the average CuO/CQD crystallite
size using Equation A2 are presented in Table A.1. Additionally, the approximate number of
crystallites per particle was calculated based on volume ratio assumptions, as typically
considered in nanoparticle aggregation models (Edelstein and Cammarata, 1996), using the

following formula:

R
Number of crystallites = (D_p> (A2)

c

where d,, is the average nanoparticle size (estimated to be ~414 nm for the CuO/CQD

nanocomposites from the SEM micrograph).
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Table A.1: Scherrer formula parameters used for determining the average CuO/CQD nanocomposite

crystallite size.

Miller Indices (hkl) 20 (deg) *FWHM (deg) 0 (deg) B (rad) Bcos(8) D (nm)
(110) 31.5 0.397 15.8 0.00693  0.00667 21
(-111) 34.6 0.471 17.3 0.00823 0.00785 18
(111) 37.8 0.586 18.9 0.01023  0.00968 14
(020) 42.6 0.559 21.3 0.00975  0.00908 15
(200) 43.5 0.530 21.7 0.00925 0.00859 16
(-202) 47.9 0.479 24.0 0.00836  0.00764 18
(202) 57.3 0.485 28.7 0.00847  0.00743 19
(-113) 60.7 0.479 30.3 0.00836  0.00722 19
(022) 65.2 1.045 32.6 0.0182  0.01536 9
(220) 67.1 0.606 33.6 0.0106  0.00881 16
(-311) 71.5 0.484 35.8 0.0085  0.00686 20
(311) 74.2 0.664 371 0.0116  0.00923 15

Average Crystallite Size (nm) 17
Standard Deviation (nm) 3

*Full Width at Half Maximum (FWHM), corresponding to the width of a spectral peak at half of its

maximum amplitude.
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Appendix B: Electrochemical Characterisation Studies

Scan rate study for CUO/FTO electrode

Figure B.1a presents CVs recorded from 0 to +0.80 V vs. Ag/AgCl, illustrating the effect of
scan rate on glucose oxidation at the CuO/FTO electrode in 0.1 M NaOH. Both anodic and
cathodic peak current densities increased as the scan rate increased from 10 to 300 mV-s™,
consistent with the trend described in the main text. Figure B.1b further demonstrates the
near-linear relationship between peak potential and the natural logarithm of the scan rate. As
noted in the main text, Figure B.1b was used to determine the a, and n values for glucose

oxidation at the CuO/FTO electrode according to Laviron’s model.
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Figure B.1: (a) CV response of CuO/FTO electrode to 1 mM glucose at various scan rates (10, 15, 20,
25, 30, 50, 70, 100, 150, 200, 250, and 300 mV.s-1) in 0.1 M NaOH and (b) anodic peak potential
versus the natural logarithm of scan rate.
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Bode plots for CuO/FTO and CuO/CQD/FTO electrodes

Figures B.2a and B.2b present the Bode plots for the CuO/FTO and CuO/CQD/FTO
electrodes, respectively, obtained from the electrochemical software used for EIS
measurements. These plots were used as an aid to determine the capacitance (C,;) values of
the electrodes. More explicitly, the data points at the tops of the semicircles in the Nyquist plot
(Figure 4.13a) were visually identified, and their indices were used to obtain the corresponding
v; values from the Bode plots. Consequently v, values of 0.0794 Hz for CuO/FTO and 0.0316
Hz for CuO/CQD/FTO were determined. The (4 values for the electrodes were then

calculated using the following equation (Metrohm, 2019):

Cau(F) =

Zchtvt

()
100000

10000 1

1000 ;

Z(Q)

100 -

1 4 LELELRLLL. —rmt 0

T Ty 1 T T T T T L ALl 0
0.01 1 100 10000 0.005 5 5000

Frequency (Hz) Frequency (Hz)
Figure B.2: (a) Bode plots for CuO/FTO and (b) CuO/CQD/FTO electrodes showing how the

impedance modulus (red) and phase shift (blue) change with linear frequency. Note: The impedance
modulus and linear frequency are presented with logarithmic scales.
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EIS parameters for CuUO/FTO and CuO/CQD/FTO electrodes
Table B.1 shows the measured and calculated EIS parameters for the CuO/FTO and CuO/CQD/FTO electrodes.

Table B.1: Measured and calculated EIS parameters for CuO/FTO and CuO/CQD/FTO.

Parameter
Electrode CPE; CPEa Zw
Rs (kQ) Rr(kQ) vi(Hz)  Ca (UF)
YOr (S.SN) Nr YOu (S.SN) Ny YOzy (S.S'O'S)
CuO/FTO 0.04 1.70 1.49x10* 0.950 3.08x10° 0.945 7.84x10* 0.079 32.0
CuO/CQD/FTO 0.04 0.676 1.38x10* 0.837 1.94x10* 0.754 0.0105 0.032 253
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Appendix C: Electrochemical Performance Studies

Optimisation of annealing temperature and deposited nanoparticle layers

Figure C.1 presents CVs from the optimisation studies conducted on CuO/CQD/FTO
electrodes to determine the optimal annealing temperature and the ideal number of drop-cast
and microplotted layers. All CVs shown were recorded in 0.1 M NaOH containing 1 mM
glucose, over a potential range of 0 to +0.80 V vs. Ag/AgCl, at a scan rate of 20 mV-s™. The
optimal conditions were selected based on the parameter value that yielded the highest anodic
peak current density. Consequently, four drop-cast layers (green CV in Figure C.1a), an
annealing temperature of 400°C (red CV in Figure C.1b), and three microplotted layers (red

CV in Figure C.1c) were identified as the optimal conditions.
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Figure C.1: (a) CV response of CuO/CQD/FTO electrode with varying drop-cast layers (1-6 layers)
annealed at 150°C. (b) CV response of CuO/CQD/FTO electrode with four drop-cast layers annealed
at varying temperatures (150°C-600°C). (c) CV response of CuO/CQD/FTO electrode with varying
microplotted layers (1—4 layers) annealed at 400°C. All CV measurements were conducted in 0.1 M
NaOH with 1 mM glucose at a scan rate of 20 mV.s™".
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Electrochemical stability of CuO/CQD/FTO

Figure C.2 shows the CV response of the CuO/CQD/FTO electrode in 0.1 M NaOH at a scan
rate of 20 mV's™', demonstrating the electrode’s electrochemical stability over 50 consecutive
scan cycles.
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Figure C.2: CV response of the CuO/CQD/FTO electrode in 0.1 M NaOH at a scan rate of 20 mV.s™',
demonstrating its electrochemical stability over 50 consecutive scans.
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Cyclic voltammetric and chronoamperometric measurements for the 4-layer
microplotted CuO/CQD/FTO electrode

Figure C.3a illustrates the glucose-sensing performance of the 4-layer microplotted
CuO/CQD/FTO electrode evaluated by cyclic voltammetry in 0.1 M NaOH, across glucose
concentrations ranging from 0 to 10 mM, within a potential window of 0 to +0.80 V vs. Ag/AgCI.
Figure C.3b shows the corresponding chronoamperometric response of the same electrode,
conducted in 0.1 M NaOH under continuous mild stirring, with successive glucose additions
from 0.5 to 7.5 mM at an applied potential of +0.70 V vs. Ag/AgCl.
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Figure C.3: (a) CV response of the 4-layer microplotted CuO/CQD/FTO electrode to 0—10 mM glucose
in 0.1 M NaOH at a scan rate of 20 mV.s™'. (b) Chronoamperometric response of the same electrode to
0.5-7.5 mM glucose in 0.1 M NaOH at an applied potential of +0.70 V vs. Ag/AgCI.
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Cyclic voltammetric measurements for the CuO/CQD/SPGE

Figure C.4a illustrates the glucose-sensing performance of the CuO/CQD/SPGE assessed
via cyclic voltammetry in 0.1 M NaOH over a potential range of 0 to +0.80 V vs. Ag pseudo-
reference, with glucose concentrations from 0 to 17.1 mM. Figure C.4b presents the
corresponding calibration curve, demonstrating a linear response from 0.9 to 13.5 mM (R? =
0.994). Figure C.4c highlights the electrochemical stability of the electrode, exhibiting

consistent CV profiles across 20 consecutive scan cycles without notable deviations.
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Figure C.4: (a) CV response of the CuO/CQD/SPGE to increasing glucose concentrations (0—-17.1 mM)
in 0.1 M NaOH at a scan rate of 20 mV.s™'. (b) Corresponding calibration plot of anodic peak current
density versus glucose concentration, demonstrating the linear detection range. (¢) CV response of the
same electrode in 0.1 M NaOH over 20 consecutive cycles, indicating excellent electrochemical
stability.
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Appendix D: Application Study

Chronoamperometric response for real (serum) sample study

Figure D.1 shows the chronoamperometric response of the CuO/CQD/SPGE to consecutive
additions of serum samples containing glucose (10:1 glucose-to-serum ratio) in 0.1 M NaOH

at a potential of +0.70 V vs. Ag pseudo electrode.

Lt
[}
Ll

— g +E
~ 1 + Q
£ 24 ] +. e 35 85
< ] 25 65 8g 22
£ 2] §s S8 25 2%
= 7] 22 5= 2§ =o
>, ) sE =3 EZ
-'516‘ EE = Ed ~
c Ed wn @ l
812 ] | !
g !
=
3 0.4 7

0]

100 150 200 250 300 350 400
Time (s)
Figure D.1: Chronoamperometric detection of glucose in serum samples using CuO/CQD/SPGE,

recorded at +0.70 V vs. Ag pseudo-reference in 0.1 M NaOH. Successive signal increases correspond
to incremental additions of glucose-containing serum (with a 10:1 glucose-to-serum ratio).
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