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Abstract 

This dissertation presents the design, fabrication, and evaluation of a portable 
electrochemical sensing platform for the detection of benzenediol isomers: catechol, 
hydroquinone and resorcinol, in acidic aqueous media. Using screen-printed carbon 
electrodes modified with carbon-supported platinum (Pt/C), the sensor demonstrated 
sensitive, selective, and reproducible electrochemical responses across a range of 
electrochemical techniques. The system was further validated on commercial products 
containing target analytes, confirming its applicability in complex, real-world matrices. 
 To ensure long-term reliability, the sensor was periodically characterised using 
electrochemical impedance spectroscopy and voltammetry-derived metrics such as 
polarisation resistance and effective double-layer capacitance. This enabled non-destructive 
monitoring of electrode degradation and fouling.  
 The study also examined the influence of potentiostat architecture on 
electrochemical processes, comparing analogue and digital scan modes and highlighting 
their impact on peak currents and capacitive artefacts. 
 A key innovation in this work was the application of frequency-domain analysis to 
electrochemical waveforms. Classical techniques such as cyclic voltammetry, linear sweep 
voltammetry, and differential pulse voltammetry were transformed into spectral 
representations using Fourier transforms. This provided new insight into the harmonic 
structure of applied electrochemical signals and the optimisation of waveform parameters. 
In addition, alternating current voltammetry was used to study the frequency response of 
the sensor, offering a deeper understanding of kinetic and capacitive processes. 
 All investigations contributed toward the development of a compact, Internet of 
Things-enabled electrochemical sensor platform. Both the hardware and software were 
designed from the ground up to meet specific user requirements, ensuring portability, real-
time data acquisition, and wireless communication. This interdisciplinary effort merges 
concepts from analytical chemistry, materials science, electrical engineering, and embedded 
systems to advance the field of on-site electrochemical sensing. 
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Povzetek 

Disertacija predstavlja zasnovo, izdelavo in ovrednotenje prenosne elektrokemijske 
senzorske platforme za detekcijo izomerov benzenediola: katehola, hidrokinona in 
rezorcinola v kislih vodnih medijih. Z uporabo sitotiskanih ogljikovih elektrod, 
modificiranih s platino na ogljikovem nosilcu (Pt/C), je bil razvit senzor, ki je izkazoval 
občutljive, selektivne in ponovljive elektrokemijske odzive pri uporabi različnih 
elektrokemijskih tehnik. Sistem je bil dodatno preverjen na realnih vzorcih, tj. komercialnih 
izdelkih, ki vsebujejo ciljne analite, s čimer je bila potrjena njegova uporabnost v 
kompleksnih, realnih matričnih okoljih. 
 Za zagotavljanje dolgoročne zanesljivosti je bil senzor periodično karakteriziran z 
uporabo elektrokemijske impedančne spektroskopije ter z metrikami, pridobljenimi iz 
voltametrije, kot sta polarizacijska upornost in efektivna kapacitivnost dvojne plasti. Ta 
pristop je omogočil nedestruktivno spremljanje degradacije elektrode in nalaganja 
površinskih nečistoč. 
 V študiji je bil analiziran tudi vpliv vrste potenciostata na elektrokemijske procese, 
s primerjavo analognih in digitalnih načinov skeniranja ter poudarkom na razlikah v 
vrhovih tokov in kapacitivnih motnjah. 
 Ključna inovacija v tem delu je bila uporaba frekvenčne domene za analizo 
elektrokemijskih valovnih oblik. Klasične tehnike, kot so ciklična voltametrija, linearna 
voltametrija in diferencialna pulzna voltametrija, so bile s Fourierjevo transformacijo 
pretvorjene v spektralne prikaze. S tem je bil pridobljen nov vpogled v harmonsko strukturo 
uporabljenih elektrokemijskih signalov in optimizacijo parametrov valovnih oblik. Poleg 
tega je bila uporabljena izmenična napetostna voltametrija za preučevanje frekvenčnega 
odziva senzorja, kar je omogočilo globlje razumevanje kinetičnih in kapacitivnih pojavov. 
 Vsa dognanja so prispevala k razvoju kompaktne, z internetom povezane 
elektrokemijske senzorske platforme. Tako strojna kot programska oprema sta bili 
zasnovani povsem na novo, prilagojeni specifičnim zahtevam uporabnikov, tako da 
omogočata prenosljivost, zajem podatkov v realnem času in brezžično komunikacijo. 
Tovrstini interdisciplinarni pristop združuje koncepte analizne kemije, znanosti o 
materialih, elektrotehnike in vgrajenih sistemov ter pomembno prispeva k razvoju 
terenskega elektrokemijskega zaznavanja. 
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Wavelet Transform Multi-scale signal decomposition revealing both 
temporal and spectral features of electrochemical 
responses. 

Z-Transform Discrete-time analogue of the Laplace transform 
used in digital electrochemical system modelling. 

  
  
  
  
  
  
  

 





1 

Chapter 1 

1 Introduction 

The increasing prevalence of volatile toxic organic compounds (VTOC) (Brown, 1994) in 
air and water has become a significant concern for both environmental and public health 
(Harvey, 1995). Organic compounds, both natural and synthetic, are found in everyday 
products including paints, adhesives, and cleaning agents, and are linked to a wide range 
of health issues, from headaches and respiratory irritation to long-term carcinogenic effects. 
Traditional detection methods such as gas chromatography with mass spectrometry (GC-
MS) and ultra-performance liquid chromatography (UPLC), while accurate, are expensive, 
complex, and unsuitable for real-time or on-site deployment. This has created a growing 
demand for compact, cost-effective, and portable sensing platforms that can measure 
reliably and robustly in real time. Electrochemical sensors (Hayat, 2014) meet these criteria 
by converting chemical processes into electrical signals. They can be designed to be highly 
sensitive and selective for specific target analytes. Among them, screen-printed electrodes 
(SPE) offer a particularly attractive solution due to their low cost, ease of modification, 
and potential for single-use deployment. This dissertation explores a comprehensive 
framework for the electrochemical sensing of VTOCs (namely catechol, resorcinol and 
hydroquinone) using modified SPEs and custom hardware, with an emphasis on improving 
selectivity, operational stability, and real-world usability. 

1.1  Need for Environmental Sensing 

In recent years, there has been a burgeoning recognition of the health and environmental 
risks posed by VTOCs, which include both aliphatic (Nematollahi, 2018) and aromatic 
(Angerer, 1991) compounds. Increasing evidence links these compounds to a wide range of 
adverse effects, from acute symptoms like irritation and dizziness to chronic issues including 
endocrine disruption, organ toxicity, and cancer. This has prompted public health 
authorities and environmental agencies across the globe to introduce ever-increasing 
stringent regulations aimed at controlling exposure levels in both indoor and outdoor 
environments. Organisations such as the World Health Organization (WHO), the European 
Chemicals Agency (ECHA), and the United States Environmental Protection Agency 
(EPA) have issued updated guidelines and mandatory limits for VTOCs in air, water, and 
consumer products. These changes reflect not only a growing awareness of the chronic 
impact of low-level exposure, but also an increased emphasis on early detection and 
prevention. As the regulatory landscape evolves, there is a clear need for sensing 
technologies that can support compliance, risk assessment, and long-term monitoring. Real-
time detection (Mall, 2009) of VTOCs has therefore become a critical tool in environmental 
protection strategies, helping to reduce both acute and cumulative harm to human health 
and ecosystems. 



2 Chapter 1. Introduction  

 One of the more immediate and visible consequences of poor indoor air quality is 
“Sick Building Syndrome” (SBS) (Redlich, 1997), a condition in which occupants of a 
building experience a range of non-specific symptoms such as nausea, headaches, fatigue, 
eye and throat irritation, and respiratory discomfort. These symptoms often correlate with 
prolonged exposure to airborne contaminants, including volatile organic compounds 
released from paints, adhesives, synthetic flooring, and cleaning agents. While SBS is not 
attributed to any single disease or pathogen, it is increasingly linked to elevated levels of 
indoor VTOCs, especially in poorly ventilated or energy-sealed buildings (Zhang, 2003). 
The phenomenon has drawn regulatory attention in both occupational and residential 
contexts, driving demand for continuous air quality monitoring systems. As awareness of 
SBS continues to grow, electrochemical sensors capable of detecting low concentrations of 
airborne toxins in real-time are becoming essential for maintaining safe and healthy indoor 
environments (Desimoni, 2013). 

1.1.1 Environmental Protection and Monitoring 

Laboratory techniques such as gas chromatography-mass spectrometry (GC-MS) 
(Hübschmann, 2025) and ultra-performance liquid chromatography (UPLC) (Swartz, 2005) 
remain the gold standard for chemical detection due to their exceptional sensitivity, 
selectivity, and compound identification capabilities. However, their reliance on bulky 
instrumentation, high operational costs, and the need for trained personnel make them 
unsuitable for real-time or in-field environmental monitoring. These constraints have 
prompted the development of compact sensing technologies capable of providing rapid, 
decentralised detection of pollutants in both gaseous and liquid media. 
 Among the most common VTOC sensor categories are optical (Elosua, 2006), 
calorimetric, and electrochemical platforms (Szulczyński, 2017). Optical sensors offer fast 
response times and high selectivity but can often be prohibitively expensive and complex. 
At the other end of the spectrum, pellistors (calorimetric sensors based on catalytic bead 
combustion) are widely used due to their low cost and simplicity but suffer from poor 
selectivity, limited sensitivity, and vulnerability to poisoning by common contaminants 
such as sulphur-containing compounds and halogenated hydrocarbons. 
 Electrochemical sensors offer a practical balance, combining good sensitivity with 
low power consumption, low production costs, and miniaturisation potential. They are 
especially well suited for detecting redox-active species in air and water, and their signal 
output can be tuned or amplified through electrode material modification or circuit-level 
optimisation. In recent years, advances in SPEs, nanomaterial catalysts, surface 
functionalisation, the integration of bio-recognition materials and embedded electronics 
have significantly improved the selectivity and stability of electrochemical sensors, making 
them strong candidates for use in environmental protection frameworks. Whether 
monitoring indoor air quality, industrial effluents, or drinking water supplies, these sensors 
represent a scalable solution for continuous and location-specific pollutant tracking. 
 The goal of this work is to develop a sensing platform that enables reliable, real-
time detection of volatile toxic organic compounds directly at the point of exposure. 
Whether in industrial zones, contaminated water sources, or indoor environments, such a 
system must balance sensitivity, affordability, and portability to meet both regulatory and 
practical demands. The schematic below (Figure 1.1) illustrates this transition from 
conventional centralised analysis to on-site sensing using compact, electrochemical devices. 
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Figure 1.1: Conceptual overview of on-site VTOC sensing across industrial, aquatic, and 
indoor environments. The illustration highlights the shift from offline, centralised 
measurements to real-time, location-specific detection using portable sensor platforms. 

1.2 Fundamentals of Electrochemical Sensing 

Electrochemical sensing (Bakker, 2002) operates by converting chemical information into 
an electrical signal through redox reactions that occur at the interface between the analyte 
and the electrode. A standard configuration involves three electrodes: a working electrode, 
typically made of glassy carbon, platinum, or gold, where the electrochemical reaction 
occurs. These materials are favoured for their high electrochemical activity, chemical 
stability, and compatibility with a wide range of analytes. The reference electrode, 
commonly silver/silver chloride (Ag/AgCl), reversible hydrogen (RHE) or saturated 
calomel (SCE), provides a stable and well-defined reference potential, with minimal drift 
over time. The measurements were performed using a quasi-reference electrode, which 
provides a stable but not absolute reference potential and may exhibit slight drift compared 
to standard reference electrodes. The counter electrode, often a carbon rod or platinum 
wire or mesh, completes the circuit by enabling charge flow. Carbon or platinum are 
commonly chosen due to their inertness, high conductivity, and ability to sustain redox 
reactions without participating in them, thus maintaining the integrity of the system. 
When a controlled potential is applied, electroactive species in the sample undergo 
oxidation or reduction, and the resulting current is recorded. This current is directly 
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proportional to the concentration of the analyte, providing a quantitative output. The 
method is valued for its sensitivity, fast response time, and compatibility with miniaturised, 
low-power platforms. 
 However, the technique is limited to analytes that are electrochemically active 
within the accessible potential window. The potential window is primarily restricted by the 
electrochemical stability of the solvent, where water molecules undergo electrolysis to 
produce oxygen at the anodic limit and hydrogen at the cathodic limit. Compounds that 
do not readily participate in redox reactions, or do so only under extreme conditions, 
cannot be detected using conventional electrochemical methods. Additionally, the analyte 
must be in direct contact with the working electrode surface to enable charge transfer. This 
requirement limits the use of electrochemical sensors in samples that are highly viscous, 
poorly conductive, or physically separated from the electrode by membranes or barriers. 
Despite these constraints, the approach remains one of the most practical solutions for 
field-based chemical sensing, especially when paired with selective electrode modifications 
and optimised measurement protocols. To better understand how chemical detection is 
carried out in this context, it is useful to consider the basic layout of a standard three-
electrode electrochemical cell shown in Figure 1.2. The transition from a conventional 
benchtop setup to a portable system is also shown. 

 
Figure 1.2: Transition from a conventional three-electrode electrochemical cell to a portable 
sensing system using screen-printed electrodes and a handheld potentiostat connected to a 
mobile device. 

1.2.1 Examples of Established Electrochemical Sensors 

Electrochemical sensors have been widely adopted in both environmental and biomedical 
applications due to their simplicity, responsiveness, and adaptability. A well-known 
example is the glucose sensor (Heller, 2008), which has revolutionised diabetes management 
by enabling rapid, disposable blood sugar testing through enzymatic oxidation on a 
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modified electrode. Discussed below are the two prominent electrochemical sensing 
technologies for VTOCs and heavy metals. 

1.2.1.1 Ion Selective Electrodes 

Ion-selective electrodes (ISEs) (Freiser, 2012) are a subclass of electrochemical sensors 
designed to respond selectively to specific ionic species in solution. Two well-established 
examples are the fluoride (Harwood, 1969) and potassium (Fiedler, 1973) ISEs, each relying 
on tailored membrane chemistries to achieve selective ion transport. Fluoride ISEs typically 
employ a single-crystal membrane composed of lanthanum fluoride (LaF₃) doped with 
europium fluoride (EuF₂), which introduces lattice vacancies that facilitate the movement 
of fluoride ions through the crystal structure. This configuration ensures high selectivity 
and low detection limits, making it suitable for applications in water quality testing and 
dental research. In contrast, potassium ISEs use a polymeric membrane embedded with 
valinomycin, a neutral carrier molecule that selectively complexes with potassium ions. 
The valinomycin–K⁺ complex diffuses through the membrane, generating a potential that 
reflects the activity of potassium in the sample. While ISEs offer excellent selectivity, their 
operation is largely restricted to small, monovalent or divalent ionic species, as the ion 
transport mechanism depends on the presence of suitable vacancies or carrier interactions 
within the membrane. Larger or structurally complex analytes typically fall outside the 
functional scope of this class of sensors. 

1.2.1.2 Pellistors 

Pellistors, or catalytic bead sensors (Dücso, 2003), are widely used for detecting 
combustible gases in industrial and safety applications. They operate by oxidising the 
target gas on a heated catalytic surface, typically composed of a platinum coil embedded 
in a ceramic bead. This exothermic reaction increases the bead’s temperature, changing its 
electrical resistance in proportion to the gas concentration. One of the main advantages of 
pellistors is their broad sensitivity, as they can detect virtually any flammable gas or 
vapour, including methane, propane, hydrogen, and alcohols. However, this generality 
comes at the cost of poor selectivity, since they cannot distinguish between different 
combustible species. In addition, they require elevated operating temperatures to maintain 
catalytic activity, which results in higher power consumption compared to ISEs or optical 
sensors. Their performance can also degrade over time due to catalyst poisoning or thermal 
stress, making them less suitable for long-term or battery-powered monitoring systems. 

1.3 Conventional Electrochemical Methods 

A range of time- and potential-dependent electrochemical techniques (Scozzari, 2008) are 
employed to investigate the redox behaviour of analytes, evaluate electrode performance, 
and quantify target compounds. Each method applies a specific electrical waveform to the 
electrochemical cell and records the resulting current or impedance response. These 
responses are governed by electron transfer kinetics, diffusion processes, and double-layer 
charging effects at the electrode interface. In the context of this work, multiple techniques 
have been applied to the detection and characterisation of benzenediol isomers, each 
offering distinct advantages in terms of sensitivity, selectivity, and temporal resolution 
(Bard, 2022). The following subsections briefly describe the waveform and electrochemical 
behaviour associated with each method used in this study. 
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1.3.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) (Kissinger, 1983) is one of the most commonly used techniques 
in electrochemical analysis due to its ability to probe redox behaviour and reaction 
reversibility. In this method, the applied potential is swept linearly between two set limits 
and then reversed, forming a triangular waveform over time. The resulting current is 
plotted against potential to produce a voltammogram, typically showing anodic and 
cathodic peaks that correspond to oxidation and reduction processes. For benzenediols, CV 
allows the characterisation of their reversible redox couples and the separation of closely 
spaced redox events. The shape and position of the peaks provide insight into electron 
transfer kinetics, diffusion rates, and adsorption phenomena, making CV a useful tool for 
preliminary evaluation of electrode modifications and reaction mechanisms. 
Electrochemical redox processes are typically classified as reversible, quasi-reversible, or 
irreversible based on kinetic and thermodynamic criteria. For a reversible one-electron 
transfer, the peak separation (ΔEₚ) is approximately 59 mV at room temperature, and the 
anodic-to-cathodic peak current ratio (iₚₐ/iₚc) approaches unity. Quasi-reversible systems 
exhibit increased ΔEₚ and deviations in peak symmetry due to finite electron transfer 
kinetics, while irreversible systems are characterised by the absence of a corresponding 
reverse peak or significantly broadened peak separation. The typical CV waveform consists 
of a linear ramp in potential that reverses after reaching a defined vertex, producing a 
symmetric triangle when plotted against time as shown in Figure 1.3. 

 
Figure 1.3: Triangular potential waveform used in cyclic voltammetry, showing a forward 
and reverse linear sweep between two vertex potentials over a fixed scan rate. 

 In reversible systems, the peak current response in CV is governed primarily by 
diffusion-controlled kinetics. The general temperature-dependent form is given by the 
Randles-Ševčík equation, 

𝑖𝑃 = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝜐𝐷

𝑅𝑇
)

1
2

(1.3.1) 



1.3. Conventional Electrochemical Methods 7 

where 𝑛 is the number of electrons transferred, 𝐹  is the Faraday constant, 𝐴 is the electrode 
area (cm²), 𝐶 is the analyte concentration (mol cm-3), 𝜐 is the scan rate (V s−1), 𝐷 is the 
diffusion coefficient (cm² s−1), 𝑅 is the gas constant, and 𝑇  is the absolute temperature 
(K). At 298 K, with 𝐴 in cm², 𝐷 in cm² s−1, 𝐶 in mol cm−3, and 𝜐 in V s−1, this reduces to 

𝑖𝑃 = (2.69 × 105)𝑛
3
2𝐴𝐶𝐷

1
2𝜐

1
2 (1.3.2) 

which highlights the proportionality of peak current to 𝜐
1
2 under diffusion control. When 

departures from this behaviour are observed, adsorption effects or kinetic limitations are 
often implicated, allowing CV to serve as a diagnostic for distinguishing surface-controlled 
from diffusion-controlled mechanisms. 
 At slower scan rates, or when charge transfer is partially hindered, quasi-reversible 
behaviour may arise, characterised by broader peaks and an increased separation between 
anodic and cathodic maxima (∆𝐸𝑃 ). The magnitude of ∆𝐸𝑃  can be related to the standard 
heterogeneous rate constant 𝑘0 which enables estimation of reaction rates directly from the 
voltammogram. These relationships provide the theoretical basis for quantitative and 
mechanistic interpretation of CV data. 
 In environmental sensing, CV functions as both a diagnostic and exploratory 
technique. It provides preliminary information on redox potentials, guiding the selection of 
bias windows for pulse or AC-based methods. It also reveals reversibility, electron transfer 
kinetics, and surface effects that inform electrode and protocol optimisation. Detection 
limits are typically in the micromolar range, so the method is generally more qualitative 
than quantitative when compared with pulse techniques. On portable digital instruments, 
staircase approximations that emulate linear sweeps can introduce minor capacitive 
artefacts, which should be considered during signal interpretation and waveform 
optimisation. 
 The CV in Figure 1.4 shows a near-reversible redox process with an anodic peak at 
approximately 0.58 V and a cathodic peak close to 0.52 V vs quasi-reference Ag. The peak 
separation (∆𝐸𝑃  of roughly 60 mV and the comparable anodic and cathodic peak currents 
(27 µA and –23 µA, respectively) are indicative of a diffusion-controlled, near-reversible 
electron transfer process. 
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Figure 1.4: Cyclic voltammogram of 1 mM catechol in 1 M HCl on a Pt/C-modified SPE. 

 An irreversible electrochemical oxidation is shown in figure 1.5, with a single broad 
anodic peak at 0.95 V vs quasi reference Ag and no corresponding cathodic feature during 
the reverse scan. The lack of a reduction peak reflects the instability of the oxidised product 
and confirms the non-reversible electrochemical behaviour of RS under acidic conditions. 

 

 

Figure 1.5: Cyclic voltammogram of 1 mM resorcinol in 1 M HCl on a Pt/C-modified SPE. 

1.3.2 Chronoamperometry 

Chronoamperometry (CA) (Inzelt, 2014) is a technique where a fixed potential step is 
applied to the working electrode and the resulting current is recorded as a function of time. 
The current response is governed primarily by the diffusion of electroactive species to the 
electrode surface. Upon application of the potential, there is an initial spike in current due 
to capacitive charging, If the applied potential exceeds the redox threshold, a faradaic 
current is observed, which subsequently decays due to the decreasing concentration 
gradient near the electrode. For benzenediol detection, CA is useful for quantifying the 
concentration of individual isomers at known redox potentials. It provides excellent 
temporal resolution and can be used for calibration curves in controlled environments. The 
current-time behaviour typically follows the Cottrell equation under diffusion-limited 
conditions. The applied potential waveform in CA is a single-step function, where the 
potential remains constant after the initial change as shown in Figure 1.6. 
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Figure 1.6: Step potential waveform used in chronoamperometry, showing a sudden change 
in potential held constant over time, with corresponding diffusion-limited current decay. 

 The quantitative interpretation of CA relies on the Cottrell equation, which 
describes the current–time relationship for a diffusion-controlled redox process following a 
potential step: 

𝑖(𝑡) =
𝑛𝐹𝐴𝐶𝐷

1
2

𝜋
1
2𝑡

1
2

(1.3.3) 

where 𝑖(𝑡) is the instantaneous current, 𝑛 is the number of electrons transferred, 𝐹  is the 
Faraday constant, 𝐴 is the electrode area (cm²), 𝐷 is the diffusion coefficient (cm² s−1), 𝐶 
is the bulk analyte concentration (mol cm−3), and 𝑡 is time (s). The inverse square root 
dependence on time reflects the progressive expansion of the diffusion layer as the 
experiment proceeds. This relationship is valid for purely diffusion-limited systems where 
convection and migration effects are negligible, and it forms the theoretical basis for 
extracting diffusion coefficients and concentration values from chronoamperometric data. 
 Immediately after the potential step, a transient non-faradaic current appears due 
to charging of the electrical double layer at the electrode surface. This capacitive 
component decays rapidly (𝑒−𝑡), typically within milliseconds, after which the faradaic 
current dominates (𝑡−1

2 decay). Distinguishing between these two contributions is essential 
when performing quantitative analyses, as residual capacitive current can obscure the early-
time response. In practice, the capacitive portion is often suppressed through background 
subtraction or the use of differential techniques. 
 At sufficiently short timescales or in systems with high analyte reactivity, 
deviations from ideal Cottrell behaviour may arise. These include kinetic limitations at the 
electrode surface, coupled chemical reactions, or adsorption of intermediates. In such cases, 
the observed current decay deviates from the 𝑡−

1
2 dependence, providing valuable diagnostic 

information on reaction mechanisms and surface processes. 
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 CA offers several advantages in electrochemical sensing, particularly for 
concentration quantification once the redox potential of the analyte has been established 
by preliminary techniques such as CV. It provides high temporal resolution and relatively 
simple data interpretation, making it suitable for calibration studies and signal validation 
under controlled conditions. However, because CA measurements integrate all faradaic 
processes occurring at the selected potential, selectivity depends strongly on the chosen 
bias and on the electrode’s surface composition. In portable systems, minimising electrical 
noise and maintaining stable potential control are critical for ensuring reproducible 
current–time transients, especially when operating in low-conductivity media such as 
aqueous environmental samples. 
 Figure 1.7 shows a typical CA measurement. Upon applying a potential step, an 
initial spike in current is followed by a decay consistent with diffusion-limited charge 
transfer. The current reaches a steady value of around 40 µA after 60 s. The response 
follows the Cottrell behaviour expected for planar electrodes, validating the suitability of 
chronoamperometry for time-resolved concentration measurements. 
 

 

Figure 1.7: Chronoamperometric response of 10 mM hydroquinone in 1 M HCl at 0.52 V vs 

Ag. 

1.3.3 Differential Pulse Voltammetry 

Differential Pulse Voltammetry (DPV) (Lovrić, 1982) is a sensitive electroanalytical 
technique designed to improve resolution and signal-to-noise ratio by superimposing a series 
of periodic voltage pulses onto a baseline potential ramp. At each step, the current is 
measured twice: just before the pulse and at the end of the pulse. The difference between 
these two current values is plotted against the applied potential, producing a series of well-
defined peaks corresponding to redox events. This double-sampling approach minimises 
capacitive current contributions, making DPV particularly suitable for detecting closely 
spaced redox processes, such as those observed in benzenediol isomers. The technique is 
especially valuable for trace-level analysis due to its enhanced selectivity and low detection 
limits. The applied waveform in DPV consists of a staircase potential overlaid with periodic 
short pulses, as shown in Figure 1.8. 
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Figure 1.8: Potential waveform used in differential pulse voltammetry, showing a staircase 
baseline with superimposed pulses, each producing a differential current measurement used 
to generate a peak-shaped voltammogram. 

 DPV achieves enhanced sensitivity by minimising capacitive contributions to the 
total current. The technique operates by superimposing a sequence of potential pulses onto 
an incremental baseline ramp and measuring current twice during each pulse: once 
immediately before the pulse and again at the end of the pulse period. The differential 
current, obtained by subtracting these two values, effectively cancels most of the non-
faradaic charging current while preserving the faradaic signal arising from redox processes. 
This approach yields sharp, peak-shaped responses that correspond to oxidation or 
reduction events, allowing for improved analytical resolution compared with continuous-
scan methods. 
 The magnitude of the measured current difference, ∆𝑖, is directly related to the 
kinetics of electron transfer and the diffusion of electroactive species to the electrode 
surface. In ideal diffusion-controlled systems, ∆𝑖 is proportional to the analyte 
concentration, making DPV suitable for quantitative analysis. The shape and width of the 
resulting peaks depend on parameters such as pulse amplitude and duration, which can be 
optimised to enhance selectivity or to resolve closely spaced redox processes. 
 An analytical advantage of DPV is its ability to separate overlapping peaks when 
two or more electroactive species have oxidation potentials that differ by only a few tens 
of mV. The combination of baseline correction and differential measurement improves 
signal-to-noise ratio, often by an order of magnitude relative to conventional CV. For this 
reason, DPV is commonly used in trace analysis, biosensing, and environmental monitoring, 
where target analytes may be present at low concentrations within complex matrices. 
 From an instrumental perspective, the accuracy of DPV depends strongly on pulse 
timing, potential resolution, and the precision of current sampling. On digital potentiostats, 
these parameters are determined by the sampling rate and the stability of the digital-to-
analogue conversion process. In miniaturised systems, maintaining synchronisation between 
potential control and current acquisition is essential to avoid artificial broadening or 
attenuation of peaks. Despite these challenges, DPV remains one of the most reliable and 
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widely used techniques for quantitative electrochemical analysis and serves as an essential 
method in the validation of portable sensing systems designed for real-world applications. 

1.3.4 AC Voltammetry 

AC Voltammetry (ACV) (Mooring, 1977) enhances the analysis of electrochemical systems 
by introducing a small amplitude sinusoidal voltage onto a slowly varying linear sweep. 
This superimposed AC signal enables frequency-resolved measurements, making it possible 
to distinguish between faradaic and non-faradaic contributions to the total current as the 
frequency of the sinusoidal component can be tuned to probe specific electrochemical 
dynamics. In the case of benzenediols, ACV provides enhanced resolution of redox peaks 
by allowing capacitive and faradaic responses to be separated more effectively than in 
purely time-domain methods. The applied potential waveform in ACV consists of a sine 
wave overlaid on a linear ramp, as shown in Figure 1.9. 

 
Figure 1.9: Potential waveform used in AC voltammetry, showing a sinusoidal modulation 
superimposed on a linear sweep, enabling frequency-dependent separation of 
electrochemical current components. 

 ACV extends the interpretative capability of potential sweep techniques by 
decomposing the electrochemical response into its frequency-dependent components. The 
applied potential can be expressed as 

𝐸(𝑡) = 𝐸𝑠 + ∆𝐸 sin(𝜔𝑡) (1.3.4) 

where 𝐸𝑠 is the slowly varying base potential, ∆𝐸 is the small sinusoidal modulation 
amplitude, and 𝜔 is the angular frequency of the perturbation. The total current response 
comprises both faradaic and non-faradaic contributions, each exhibiting distinct phase 
relationships with the driving potential. By resolving the in-phase and out-of-phase 
components through Fourier analysis or lock-in amplification, it becomes possible to 
separate charge-transfer and capacitive processes with high precision. 
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 At low frequencies, faradaic currents dominate because the system has sufficient 
time to respond to the perturbation, while at high frequencies the current is increasingly 
governed by capacitive charging. The resulting complex current can be represented as 

𝑖(𝑡) = 𝑖𝑓 sin(𝜔𝑡 + 𝜙𝑓) + 𝑖𝑐 sin(𝜔𝑡 + 𝜙𝑐) (1.3.5) 

where 𝑖𝑓 and 𝑖𝑐 are the amplitudes of the faradaic and capacitive currents, and 𝜙𝑓 and 𝜙𝑐 

are their respective phase angles relative to the applied potential. The difference in phase 
behaviour provides a means to quantify kinetic parameters such as charge-transfer 
resistance and double-layer capacitance, forming the conceptual link between ACV and 
impedance spectroscopy. 
 ACV is particularly useful for distinguishing electrochemical processes that occur 
on similar timescales or at overlapping potentials. By varying the frequency of the AC 
component, it is possible to probe different kinetic regimes, thereby revealing subtle 
mechanistic features that are often obscured in time-domain measurements. This capability 
makes ACV a powerful diagnostic tool for systems exhibiting both capacitive and faradaic 
behaviour, such as redox-active organic compounds and modified electrode surfaces. 
 In the context of environmental and sensor-oriented electrochemistry, ACV offers 
a pathway toward enhanced selectivity and reduced baseline noise without requiring 
complex post-processing. The technique also serves as a foundation for more advanced 
frequency-based approaches, including electrochemical impedance spectroscopy, which 
extends these principles over a broader range of frequencies. On compact or portable 
instrumentation, implementing ACV requires precise waveform generation and 
synchronised signal sampling to preserve phase fidelity and ensure reproducible amplitude 
measurements. 

1.3.5 Multi-Step Chronoamperometry 

Multi-step chronoamperometry (MSCA) (Patel, 2020) extends the basic 
chronoamperometric method by applying a sequence of discrete potential steps, each held 
for a fixed duration. This allows the investigation of multiple redox processes or the same 
redox event under varying conditions within a single experiment. It is useful for 
distinguishing between isomers based on their response profiles at different potentials. The 
applied waveform in MSCA consists of a series of square potential steps held at different 
levels, as shown in Figure 1.10. 
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Figure 1.10: Potential waveform used in multi-step chronoamperometry, consisting of a 
sequence of constant potential levels applied over time to probe electrochemical responses 
across multiple conditions. 

 MSCA is an extension of single-step potential control methods and provides a 
structured way to probe redox dynamics across several discrete potential levels within a 
single experiment. Each potential step generates a transient current that follows diffusion-
controlled kinetics similar to those described by the Cottrell equation, but with cumulative 
effects arising from the sequence of steps. By analysing the current–time behaviour at each 
level, it becomes possible to assess reaction reversibility, adsorption, and surface 
regeneration under varying electrochemical conditions. 
 In a typical MSCA experiment, the applied potential is incremented in fixed steps 
between successive holding periods, allowing multiple redox events to be captured. The 
response at each potential reflects the balance between faradaic and capacitive processes, 
and the comparison of consecutive transients can reveal subtle differences in reaction 
pathways. The temporal profile of the current can be represented as 

𝑖(𝑡) = ∑
𝑛𝐹𝐴𝐶𝑛𝐷

1
2

𝜋
1
2(𝑡 − 𝑡𝑛)

1
2

𝑁

𝑛=1

(1.3.6) 

where 𝑡𝑛 denotes the onset time of the 𝑛𝑡ℎ potential step and 𝐶𝑛 represents the 
instantaneous concentration of the electroactive species available at that stage. This 
formulation demonstrates how the transient response at any given potential is influenced 
by the preceding step through residual concentration gradients near the electrode surface. 
 One of the principal advantages of MSCA is its capacity to monitor processes that 
evolve over time, such as electrode fouling, adsorption–desorption cycles, or degradation of 
catalytic layers. By using short step durations, it is possible to capture near-instantaneous 
charge-transfer events, whereas longer holds allow diffusion profiles to stabilise. The ability 
to vary both the potential and duration systematically provides a flexible framework for 
dissecting multi-electron or sequential reactions that may not be resolved in continuous-
scan voltammetry. 
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 In environmental sensing applications, MSCA is particularly useful for 
differentiating analytes that exhibit potential-dependent fouling behaviour or multi-stage 
oxidation mechanisms, such as phenols and benzenediols. By monitoring the change in 
current response over successive steps, one can infer whether the electrode surface 
undergoes passivation, regeneration, or catalytic enhancement. The technique is therefore 
valuable for assessing sensor durability and for optimising the operational potential range 
in portable devices where long-term stability is critical. On compact instrumentation, 
implementing MSCA requires accurate potential switching with minimal delay between 
steps to maintain waveform integrity and ensure consistent diffusion profiles across each 
interval. 

1.3.6 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) (Chang, 2010) is a frequency-domain 
technique used to characterise interfacial processes by measuring the system’s response to 
a small amplitude sinusoidal voltage over a wide range of frequencies. Rather than tracking 
current or voltage in the time domain, EIS evaluates the complex impedance of the 
electrochemical cell, which reflects contributions from charge transfer resistance, double-
layer capacitance, diffusion, and solution resistance. The data are typically represented in 
Nyquist or Bode plots and can be modelled using equivalent circuits to extract parameters 
related to reaction kinetics and electrode behaviour. In this work, EIS plays a critical role 
in tracking sensor stability, surface degradation, and signal drift over time during 
benzenediol detection. The applied potential waveform in EIS is a fixed DC bias with a 
small sinusoidal perturbation applied across a range of frequencies, as shown in Figure 1.11. 

 
Figure 1.11: Potential waveform used in electrochemical impedance spectroscopy, 
consisting of a constant DC bias with a superimposed low-amplitude sine wave swept across 
a broad frequency range to probe impedance characteristics. 

 EIS characterises interfacial and transport processes by measuring the linear 
response of an electrochemical system to a small sinusoidal perturbation. The complex 
impedance is defined as 

𝑍(𝜔) =
𝐸̃(𝜔)

𝐼(̃𝜔)
= 𝑍′(𝜔) + 𝑍′′(𝜔) (1.3.7) 
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where 𝐸̃ and 𝐼  ̃are the Fourier components of potential and current at angular frequency 
𝜔, and 𝑍′ and 𝑍′′ are the real and imaginary parts. Data are commonly presented as 
Nyquist plots, −𝑍′′ versus 𝑍′, and as Bode plots, magnitude |𝑍| and phase 𝜙 versus 
frequency. Interpretation relies on linearity, time invariance and causality, which can be 
assessed by consistency checks such as Kramers–Kronig relations. Violation of these 
conditions typically indicates excessive perturbation amplitude, drift, or non-stationary 
surface chemistry. 
 For ideal circuit elements, the impedance expressions are 

𝑍𝑅 = 𝑅 (1.3.8) 

 

𝑍𝐶 =
1

𝑗𝜔𝐶
(1.3.9) 

 
𝑍𝐿 = 𝑗𝜔𝐿 (1.3.10) 

which represent pure resistance (𝑅), capacitance (𝐶) and inductance (𝐿). Real electrode 
interfaces are seldom ideal capacitors, and are better described by a constant phase element 
(CPE) 

𝑍𝐶𝑃𝐸 =
1

𝑄(𝑗𝜔)𝛼
(1.3.11) 

where 0 < 𝛼 ≤ 1 and 𝑄 is the magnitude parameter. 𝛼 = 1 reduces to an ideal capacitor 
with 𝑄 = 𝐶. Values of 𝛼 < 1 capture distributed relaxation arising from surface 
heterogeneity, porosity and roughness that are typical of carbon inks and catalyst layers 
on SPEs. Reporting a single effective capacitance from a CPE is model dependent, and 
conversions should be stated explicitly when used. 
 Mass transport introduces characteristic frequency dispersion. For semi-infinite 
diffusion the Warburg impedance is 

𝑍𝑊 =
𝜎

√
𝑗𝜔

(1.3.12) 

Where 𝜎 is the Warburg coefficient, and 𝑍𝑊  produces a Nyquist line at -45°. Finite-length 
diffusion, for example through a film or in a bounded electrolyte layer, is represented by 
finite Warburg forms with reflective or transmissive boundaries, which bend the low-
frequency tail toward the real axis. Reaction–diffusion coupling can be represented by a 
Gerischer element, which is useful when chemical steps follow electron transfer. 
 A compact but informative description of many liquid electrochemical systems is 
provided by the Randles circuit. In its simplest form this comprises a solution resistance 
𝑅𝑆 in series with a parallel network of charge-transfer resistance 𝑅𝑐𝑡 and double-layer 
capacitance 𝐶𝑑𝑙 or a CPE. With semi-infinite diffusion the parallel branch includes 𝑍𝑊 . 
The total impedance is 

𝑍(𝜔) = 𝑅𝑆 + [
1

𝑅𝑐𝑡

+ 𝑗𝜔𝐶𝑑𝑙 +
1

𝑍𝑊

]
−1

(1.3.13) 
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with the appropriate replacement of 𝐶𝑑𝑙 by a CPE when non-ideality is pronounced. The 
polarisation resistance 𝑅𝑃  measured at very low frequencies is often used as a stability 
metric. For a single faradaic process, 𝑅𝑃 ≈ 𝑅𝑐𝑡. Through the Butler–Volmer framework, 

𝑅𝑐𝑡 =
𝑅𝑇

𝑛𝐹𝑖0
(1.3.14) 

which links impedance parameters to the exchange current 𝑖0, and therefore to intrinsic 
kinetics and catalytic activity at the modified electrode. 
 Experimental configuration strongly influences data quality. The AC amplitude 
should be small enough to maintain linearity, typically 5 to 10 mV rms (root mean square 
value) at the working bias, while still providing adequate signal-to-noise ratio. The DC 
bias determines which region of the faradaic landscape is probed, for example open circuit 
to characterise the double layer, or near a redox potential to capture charge transfer. 
Frequency range selection should cover several decades where practical, so that solution 
resistance, interfacial processes and diffusion can be separated. Uncompensated resistance 
and poor shielding introduce high-frequency artefacts, including inductive loops, which 
appear as positive 𝑍′′ at the highest frequencies. Cable inductance, reference electrode 
impedance, and lead geometry can all contribute to these features. On SPE platforms, 
spreading resistance in the thin electrolyte layer and the finite size of the working electrode 
modify 𝑅𝑆 and the effective current distribution, which should be considered when 
comparing different layouts. 
 Data analysis typically uses non-linear least squares fitting to parameterised circuit 
models. Appropriate weighting is important, for example using the modulus or the real and 
imaginary parts with variance estimates, to avoid bias toward high-magnitude points. 
Parameter correlation can lead to non-unique fits, particularly when 𝑅𝑐𝑡, 𝐶𝑑𝑙 or CPE 
parameters and diffusion terms capture similar portions of the spectrum. Reporting 
confidence intervals, residuals, and goodness-of-fit metrics, such as reduced chi-squared, 
helps to demonstrate identifiability. Alternative approaches include distribution of 
relaxation times analysis, which avoids a priori circuit selection by reconstructing a 
spectrum of time constants that can be interpreted post hoc. 
 In the present context, EIS serves two roles. First, it provides an in situ diagnostic 
for sensor drift by tracking 𝑅𝑃  and interfacial capacitance during repeated measurements. 
Increases in 𝑅𝑃  can indicate loss of catalytic activity, surface fouling or degradation of 
conductive pathways in the catalyst layer. Changes in CPE 𝛼 or in the apparent 
capacitance can reflect altered surface roughness, adsorption, or polymer growth, which are 
particularly relevant for RS where electropolymerisation occurs. Second, EIS complements 
voltammetric data by separating resistive and capacitive contributions that are inseparable 
in the time domain, thereby supporting rational selection of bias conditions and waveform 
parameters for quantitative sensing. 
 On portable instrumentation, maintaining phase accuracy and low-noise current 
measurement is critical. Short, low-impedance connections, stable reference electrodes, and 
careful grounding improve the fidelity of high-frequency data. Automated checks for 
linearity and stationarity, such as repeating a few frequencies at the start and end of a 
sweep, can reveal drift during the experiment. When equivalent circuits are used for 
monitoring rather than full mechanistic assignment, adopting a minimal model that 
captures the dominant features, and using a consistent fitting protocol, yields robust 
comparative metrics across electrodes, catalysts and operating histories. 
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1.4 Frequency-Domain Analysis in Electrochemistry 

While conventional electrochemical methods primarily operate in the time domain, 
frequency-domain analysis (Macdonald, 1998) provides a complementary perspective that 
can reveal deeper insights into system behaviour. By converting time-dependent signals 
into their frequency components, it becomes possible to separate overlapping processes such 
as faradaic reactions, capacitive charging, and mass transport. Frequency-domain tools, 
particularly Fourier (Grafakos, 2008) and Laplace (Spiegel, 1965) transforms, are therefore 
valuable in resolving dynamic electrochemical signals and designing optimised waveforms 
for enhanced sensing. 

1.4.1 Fourier Series and Fourier Transform 

The Fourier series is used to express periodic time-domain signals as a sum of simpler, 
sinusoidal components. It provides a powerful tool for analysing the frequency content of 
waveforms commonly used in electrochemistry. There are two standard forms: the 
trigonometric form and the complex exponential form. 
The trigonometric form represents a real-valued periodic function 𝑓(𝑡) with period 𝑇  as: 

𝑓(𝑡) = 𝑎𝑜 + ∑𝑎𝑛 cos 𝜔𝑛𝑡
∞

𝑛=1

+ ∑𝑏𝑛 sin 𝜔𝑛𝑡
∞

𝑛=1

(1.4.1) 

 𝑎𝑜 is the DC component (average value) of the signal; 𝑎𝑛 and 𝑏𝑛 are the coefficients 
representing the amplitude of the cosine and sine components, respectively, at the nth 
harmonic angular frequency (𝜔𝑛 = 2𝜋𝑛𝑓0). These coefficients can be calculated using the 
following integrals over one period 𝑇 : 

 

𝑎0 =
1

𝑇
∫ 𝑓(𝑡)𝑑𝑡 

𝑇

0

(1.4.2) 

 

𝑎𝑛 =
2

𝑇
∫ 𝑓(𝑡) 𝑐𝑜𝑠𝜔𝑛𝑡 𝑑𝑡

𝑇

0

(1.4.3) 

 

𝑏𝑛 =
2

𝑇
∫ 𝑓(𝑡) 𝑠𝑖𝑛𝜔𝑛𝑡 𝑑𝑡

𝑇

0

(1.4.4) 

 Although intuitive, this form becomes cumbersome when dealing with phase shifts 
or impedance in electrochemical systems. The complex exponential form is preferred in 
such cases: 

Using Euler’s formula, 

𝑒𝑗𝜔𝑛𝑡 = 𝑐𝑜𝑠𝜔𝑛𝑡 + 𝑗 𝑠𝑖𝑛𝜔𝑛𝑡 (1.4.5) 

The Fourier series can be expressed in the exponential form as, 
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𝑓(𝑡) = ∑ 𝑐𝑛𝑒−𝑗𝜔𝑛𝑡
∞

𝑛=−∞

 (1.4.6) 

Where, 

𝑐𝑛 =
1

𝑇
∫ 𝑓(𝑡)𝑒−𝑗𝜔𝑛𝑡𝑑𝑡

𝑇

0

(1.4.7) 

 This version offers compactness and inherently encodes both amplitude and phase. 
It aligns directly with the Fourier Transform, which is used for non-periodic signals: 

𝐹(𝜔) = ∫ 𝑓(𝑡)

∞

−∞

𝑒−𝑗𝜔𝑡𝑑𝑡 (1.4.8) 

 

where: 

ω is the angular frequency (in rad s-1), and 𝜔 =  2𝜋𝑓 (where f is the linear 

frequency in hertz). 

j is the unit imaginary (
√

−1). 

 𝐹(𝜔) is a complex-valued function representing the frequency spectrum of the 
signal, with its magnitude |𝐹(𝜔)| indicating the amplitude of each frequency component 
and its phase ∠𝐹(𝜔) indicating the phase shift of each frequency component. 
 The original time-domain signal 𝑓(𝑡) can be recovered from its Fourier transform 
using the inverse Fourier transform: 

 

𝑓(𝑡) =
1

2𝜋
∫ 𝐹(𝜔)

∞

−∞

𝑒𝑗𝜔𝑡𝑑𝜔 (1.4.9) 

 This frequency-domain representation allows voltammetric signals to be 
decomposed into harmonics, helping to isolate redox behaviour, suppress background noise, 
and refine waveform design in electrochemical sensing. 

1.4.2 Laplace Transform as an Extension of Fourier Transform 

The Laplace transform is a generalisation of the Fourier transform that enables analysis of 
both steady-state and transient behaviours in dynamic systems. While the Fourier 
transform is well-suited to periodic or steady signals, the Laplace transform extends this 
capability to systems with exponential decay, growth, or initial conditions. This makes it 
especially valuable in electrochemical modelling, where transient behaviour such as double-
layer charging, adsorption kinetics, or drift must be accounted for. 
 In electrochemical impedance analysis, Laplace-domain methods are used to 
represent equivalent circuit elements such as resistors, capacitors, and diffusion components 
using algebraic expressions. This simplifies the mathematical treatment of complex cell 
responses and enables frequency-dependent behaviour to be captured within a generalised 
framework. 
 The Laplace transform of a time-domain function 𝑓(𝑡), for t ≥ 0, is defined as: 
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𝐿{𝑓(𝑡)} = 𝐹(𝑠) = ∫ 𝑓(𝑡)

∞

0

𝑒−𝑠𝑡𝑑𝑡 (1.4.10) 

Where: 

𝑠 is a complex variable, defined as s = 𝜎 + 𝑗𝜔. 

𝐹(𝑠) is the Laplace transform of 𝑓(𝑡). 

 The inverse Laplace transform, which reconstructs the original time-domain 
function from its Laplace representation, is given by: 

𝐿−1{𝐹(𝑠)} = 𝑓(𝑡) =
1

2𝜋𝑗
𝑙𝑖𝑚
𝑇→∞

∫ 𝐹(𝑠)

𝜎+𝑗𝑇

𝜎−𝑗𝑇

𝑒𝑠𝑡𝑑𝑠 (1.4.11) 

Where: 

 The integral is evaluated along a vertical line in the complex plane (the Bromwich 
contour). 
 𝜎 is chosen such that the contour lies within the region of convergence of 𝐹(𝑠). 
 Together with the Fourier transform, the Laplace transform provides a 
comprehensive mathematical foundation for analysing frequency-dependent behaviour in 
electrochemical systems, particularly when time-domain techniques fall short. 

1.4.3 Discrete Fourier Transform and Fast Fourier Transform 

In practical electrochemical systems, experimental data are always acquired in discrete 
form. Even when the underlying process is continuous, the potential, current, or impedance 
signals are sampled at uniform time intervals, making the discrete Fourier transform (DFT) 
(Sundararajan, 2001) the natural mathematical tool for frequency-domain interpretation. 
The DFT converts a finite sequence of sampled values 𝑥[𝑛] into a set of frequency-domain 
coefficients 𝑋[𝑘], representing the amplitude and phase of the discrete harmonics contained 
within the signal: 

𝑋[𝑘] = ∑ 𝑥[𝑛]𝑒−
𝑗2𝜋𝑘𝑛

𝑁

𝑁−1

𝑛=0

(1.4.12) 

where 𝑁  is the number of samples in the sequence. The inverse transform reconstructs the 
time-domain signal from its frequency components. This formulation bridges continuous 
Fourier analysis and digital signal processing, enabling practical spectral evaluation of 
experimental electrochemical data. The development of the fast Fourier transform (FFT) 
(Cochran, 1967) algorithm made this computation efficient enough to be applied routinely, 
reducing computational complexity from 𝑂(𝑁2) to 𝑂(𝑁𝑙𝑜𝑔𝑁). The FFT is now integrated 
into most modern potentiostat systems and supports real-time spectral processing of 
voltammetric or impedance signals during acquisition. 
 Applying discrete transforms to electrochemical signals introduces sampling-related 
constraints. The sampling frequency must be at least twice the highest significant frequency 
present in the signal to satisfy the Nyquist criterion and prevent aliasing. Finite-length 
acquisition windows introduce spectral leakage, which can be mitigated using window 
functions such as Hanning or Blackman profiles. These considerations, standard in digital 
signal processing, have become increasingly relevant in electrochemistry as signals are 
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generated, sampled, and interpreted digitally. The FFT therefore represents not only a 
computational tool but also a conceptual transition point, defining the shift from analogue 
to digital electrochemical measurement. 

1.4.4 Short-Time Fourier Transform and the Heisenberg Uncertainty 

Principle 

 
While the Fourier transform provides complete frequency decomposition, it assumes that 
the signal is stationary and its spectral content does not vary over time. Electrochemical 
processes often violate this assumption, as current responses evolve dynamically during 
potential sweeps or modulated experiments. The short-time Fourier transform (STFT) 
(Griffin, 1984)) addresses this limitation by analysing small segments of the signal within 
a finite window, allowing the localised spectral content to be observed as a function of 
time: 

𝑋(𝑡, 𝜔) = ∫ 𝑥(𝜏)𝑤(𝜏 − 𝑡)𝑒−𝑗𝜔𝜏𝑑𝜏

∞

−∞

(1.4.13) 

where 𝑤(𝑡) is a window function that defines the time–frequency resolution. The STFT 
produces a two-dimensional representation of amplitude versus time and frequency, 
commonly visualised as a spectrogram. The window length determines the trade-off 
between temporal and frequency resolution: narrow windows provide good time localisation 
but poor frequency resolution, while wider windows achieve the opposite. 
 This trade-off between time and frequency resolution reflects the Heisenberg 
uncertainty principle, which states that the product of the variances of a signal’s time and 
frequency representations has a finite lower bound. In its simplest form, 

∆𝑡∆𝜔 ≥ 0.5 (1.4.14) 

where ∆𝑡 and ∆𝜔 denote the standard deviations of time and angular frequency, 
respectively. In practice, this means that improving time localisation inevitably reduces 
frequency precision and vice versa. The Gaussian window used in the Gabor transform 
achieves equality in this relation, providing the optimal compromise permitted by the 
uncertainty limit. In electrochemical analysis, this constraint defines how precisely 
transient processes can be resolved spectrally and illustrates the practical balance between 
temporal and frequency-domain characterisation. 

1.4.5 Gabor Transform and Optimal Time-Frequency Localisation 

 
A special case of the STFT is the Gabor transform (GT) (Yao, 1993), which applies a 
Gaussian window function 𝑔(𝑡) to achieve optimal time–frequency localisation. It is 
expressed as 

𝐺(𝑡, 𝜔) = ∫ 𝑥(𝜏)𝑔(𝜏 − 𝑡)𝑒−𝑗𝜔𝜏𝑑𝜏

∞

−∞

(1.4.15) 
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where 𝑔(𝑡) is a Gaussian of adjustable width. This formulation satisfies the lower bound of 
the time–frequency uncertainty principle and provides a smooth, continuous mapping of 
spectral evolution over time. In electrochemical applications, the GT can highlight gradual 
potential-dependent transitions such as capacitive charging or intermediate species 
formation that are often obscured in conventional voltammetry. 

1.4.6 Wavelet Transform and Multi-scale (Multi-timescale) 

Electrochemical Analysis 

 
Although the STFT and GT extend the Fourier framework into the time–frequency 
domain, both rely on fixed window widths and therefore cannot simultaneously achieve 
high resolution across all frequencies. To overcome this limitation, multi-scale methods 
such as the Wavelet Transform (Mallat, 1999) are used. The Continuous Wavelet 
Transform (CWT) decomposes a signal into a family of basis functions obtained by scaling 
and shifting a prototype waveform, or mother wavelet 𝛹(𝑡) 

𝑊(𝑎, 𝑏) =
1

√|𝑎|
∫ 𝑥(𝑡)𝛹 ∗ (

𝑡 − 𝑏

𝑎
)𝑑𝑡

∞

−∞

(1.4.16) 

where 𝑎 is the scale parameter controlling frequency localisation, 𝑏 is the translation 
parameter defining temporal position, and the asterisk (∗) denotes complex conjugation. 
Small values of 𝑎 correspond to high-frequency components with fine temporal detail, while 
large 𝑎 values capture slower, low-frequency variations. This adaptability makes wavelets 
particularly useful for resolving rapid transient events alongside slower diffusion-controlled 
processes within the same electrochemical signal. 
 In digital analysis, the continuous formulation can be discretised to produce the 
Discrete Wavelet Transform (DWT), which uses dyadic sampling of scale and translation 
parameters: 

𝑊𝑗,𝑘 = ∑ 𝑥[𝑛]
𝑁−1

𝑛=0

𝛹𝑗,𝑘
∗ [𝑛] = ∑ 𝑥[𝑛]𝛹(2−𝑗𝑛 − 𝑘)

𝑁−1

𝑛=0

(1.4.17) 

where 𝑗 and 𝑘 represent scale and position indices, respectively. The DWT decomposes a 
signal into approximation and detail coefficients, enabling efficient multi-level analysis. 
The computational efficiency of this process was greatly improved by the Fast Wavelet 
Transform (FWT), which recursively applies low-pass and high-pass filtering followed by 
down-sampling to achieve 𝑂(𝑁) complexity. This efficiency, comparable to that of the 
FFT, has made wavelet-based methods increasingly accessible for real-time electrochemical 
data analysis, particularly in portable or embedded systems. 

1.4.7 Z Transform and Digital Electrochemistry 

The use of discrete transforms also opens the path toward digital electrochemistry, where 
systems are modelled directly in the discrete-time domain. In this context, the Z-transform 
(Vretblad, 2003) provides a fundamental mathematical framework for analysing sampled 
signals and discrete systems. It is defined as 
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𝑋(𝑧) = ∑ 𝑥[𝑛]𝑧−𝑛
∞

𝑛=0

(1.4.18) 

where 𝑧 is a complex variable representing both magnitude and phase information of the 
discrete frequency response. The Z-domain formulation generalises the Fourier transform 
and enables the study of system stability, feedback behaviour, and digital filtering, which 
are integral to potentiostat control and signal processing. By combining the Z-transform 
with discrete-time circuit models, it becomes possible to treat the electrode–electrolyte 
interface and its driving electronics as a unified digital system, allowing both chemical and 
electrical dynamics to be described within the same analytical framework. 

1.4.8 Emerging Directions: Multirate and Digital Electrochemistry 

Time–frequency and multirate analysis frameworks, encompassing the STFT, Gabor, and 
wavelet transforms, provide a mathematical foundation for examining electrochemical 
signals across multiple temporal and spectral domains. These methods extend the classical 
Fourier approach by offering variable resolution in time and frequency, enabling the 
characterisation of transient and diffusion-limited processes within the same analytical 
framework. Their development represents the theoretical pathway through which 
electrochemistry continues to expand into the frequency domain, refining how dynamic 
behaviour is described and understood. 
 In parallel, the increasing reliance on digital instrumentation has opened a second 
and equally significant direction. Modern potentiostats and control systems operate in 
discrete time, where sampled signals and feedback loops are better represented through the 
Z-transform rather than continuous-domain mathematics. This perspective forms the basis 
of digital electrochemistry, in which experimental control, signal generation, and data 
interpretation are governed by computational algorithms rather than purely analogue 
circuitry. Together, these two directions outline complementary but distinct trajectories 
for the field: one advancing its theoretical description of electrochemical phenomena, and 
the other redefining the practical means through which those phenomena are observed. 

1.5 Fundamentals of Potentiostat Design 

Modern electrochemical sensors rely on compact and efficient potentiostat (Colburn, 2021) 
systems to interface with electrodes and collect meaningful data from redox-active species. 
This section provides a brief overview of signal handling, core architecture, and recent 
advances that enable portable, IoT-enabled sensing platforms (Alaba, 2017) for real-world 
environmental applications. 

1.5.1 Analogue and Digital Signals 

Electrochemical sensors operate at the interface between analogue chemistry and digital 
electronics. The potentiostat outputs carefully controlled voltage waveforms, such as steps, 
ramps, or sinusoidal signals (Oppenheim, 1997), and measures the resulting currents at the 
working electrode. These analogue signals are typically low in amplitude and susceptible 
to noise, which makes signal conditioning through amplification and filtering essential. 
 Once conditioned, the analogue current signals are digitised using analogue-to-
digital converters (ADC) for further processing, visualisation, or transmission. In the 
reverse direction, digital-to-analogue converters (DAC) are used to generate voltage 
waveforms under software control. The choice of filter design, gain settings, and sampling 
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frequency all have a significant impact on data fidelity (Tietze, 2015). A simplified diagram 
of this signal flow is shown in Figure 1.12. 

 
Figure 1.12: Block diagram of analogue signal acquisition and digitisation in an 
electrochemical sensor circuit. 

 In potentiostatic control, the quality of the measured electrochemical signal is 
determined by how accurately the analogue waveform is generated, transmitted, and 
digitised. The analogue domain is inherently continuous, whereas the digital representation 
used for data acquisition is discrete in both time and amplitude. The transition between 
these domains introduces quantisation and sampling effects that must be carefully managed 
to preserve signal fidelity. 
 Signal conditioning forms the first stage of this interface. The current output from 
the working electrode is typically low in amplitude and susceptible to environmental 
interference. Transimpedance amplifiers are used to convert this current into a measurable 
voltage, which is then filtered to suppress noise and avoid aliasing before being digitised. 
The design of these analogue filters, particularly their cut-off frequency and order, must 
balance noise suppression with temporal resolution, ensuring that the essential features of 
transient or modulated signals are retained. 
 Digitisation is performed by an ADC, which samples the conditioned signal at a 
defined frequency and maps each voltage value to a discrete numerical level determined by 
the converter’s resolution. The sampling frequency must satisfy the Nyquist criterion, 
typically at least twice the highest signal frequency, to prevent spectral overlap and 
distortion. In practice, oversampling is often employed to improve effective resolution 
through averaging, which is particularly beneficial for low-level electrochemical currents in 
the nanoampere range. The bit depth of the ADC directly limits the smallest 
distinguishable current increment, meaning that high-resolution converters (16 to 24 bit) 
are preferred in quantitative analysis. 
 DACs perform the complementary task of generating potential waveforms under 
software control. Their update rate, linearity, and output stability determine how 
accurately potential steps, ramps, or sinusoidal modulations are applied to the 
electrochemical cell. Any deviation between the intended and delivered potential can 
manifest as peak broadening, baseline drift, or phase error, especially in dynamic techniques 
such as DPV or ACV. The fidelity of the DAC output is often expressed in terms of total 
harmonic distortion (THD), which quantifies the amplitude of unwanted harmonics relative 
to the fundamental signal. Lower THD corresponds to a purer waveform, which is critical 
for frequency-dependent experiments. The theoretical signal-to-noise ratio (SNR) of an 
ideal N-bit DAC follows the relation SNR = 6.02N+1.76 dB, illustrating how bit depth 
directly influences the dynamic range and noise performance of the applied potential. 
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 To minimise artefacts, feedback loops within the potentiostat continuously compare 
the commanded potential with the measured cell potential and correct any offset in real 
time. Electromagnetic interference, ground loops, and common-mode voltage coupling can 
significantly affect signal integrity, particularly in miniaturised systems where traces and 
connectors are closely spaced. Shielded cables, proper circuit grounding, and the use of 
differential measurement configurations help mitigate these effects. In field-deployable 
potentiostats, additional considerations include temperature stability, component 
tolerance, and the influence of power-supply noise, which may vary with battery discharge 
or wireless communication cycles. These factors collectively determine the effective signal-
to-noise ratio and, consequently, the accuracy and reliability of the electrochemical 
measurement. 
 The interplay between analogue precision and digital control defines the overall 
performance of modern electrochemical instrumentation. Achieving high temporal and 
amplitude resolution while maintaining low power consumption remains a core challenge 
in the design of portable and IoT-enabled systems. The ability to reproduce and interpret 
complex waveforms depends not only on the quality of the electrochemical interface but 
also on the robustness of the electronic signal path that supports it. 

1.5.2 Overview of Potentiostat Architecture 

A potentiostat controls the voltage between the working and reference electrodes while 
measuring the current between the working and counter electrodes. Traditional benchtop 
systems offer high performance but are bulky and power-intensive. In contrast, 
miniaturised versions preserve the same functionality while reducing circuit complexity by 
incorporating key components such as op-amps (Roberge, 1975), DACs, ADCs, and 
microcontrollers (Hintz) onto a single printed circuit board. 
 The main functional blocks include a voltage control loop to stabilise the potential 
at the working electrode, a transimpedance amplifier (TIA) to convert current into voltage, 
and a microcontroller to handle signal generation and data acquisition. Figure 1.13 
illustrates a general potentiostat architecture that highlights these signal paths and control 
elements. 
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Figure 1.13: General schematic of potentiostat architecture for electrochemical sensing, 
illustrating signal paths and control elements. 

 A potentiostat functions as a closed-loop control system designed to maintain a 
specified potential difference between the working and reference electrodes while measuring 
the resulting current at the working electrode. The stability and accuracy of this control 
depend on the design of the feedback loop and the dynamic performance of the operational 
amplifiers used in each stage. The classical configuration consists of three main blocks: the 
control amplifier, the I/E converter or transimpedance amplifier, and the data acquisition 
interface. Each contributes independently to the overall linearity, bandwidth, and noise 
characteristics of the system. 
 The control amplifier regulates the potential applied between the working and 
reference electrodes by continuously adjusting the output voltage at the counter electrode. 
The loop gain of this amplifier determines how effectively the potentiostat compensates for 
variations in electrode impedance or solution resistance. Insufficient loop gain or bandwidth 
can lead to oscillations or sluggish response, while excessive gain without adequate phase 
margin can cause instability. Careful frequency compensation and proper selection of 
feedback resistors and capacitors are therefore essential to ensure stable control across the 
operational frequency range. 
 The TIA converts the current flowing at the working electrode into a proportional 
voltage signal. The feedback resistor, typically in the range of kΩ to GΩ depending on the 
expected current level, defines the current-to-voltage conversion factor. The selection of 
this resistor must consider both thermal noise and bandwidth requirements, as higher 
resistance improves sensitivity but reduces the achievable frequency response. Low input 
bias current and low input capacitance operational amplifiers are preferred to minimise 
measurement error and phase distortion, particularly for techniques such as EIS or ACV 
where precise phase information is critical. 
 Modern potentiostats incorporate programmable gain amplifiers or switched 
feedback networks to automatically adjust sensitivity across several current ranges. This 
dynamic scaling extends the measurable current span from nanoamperes to milliamperes 
without compromising resolution. Current range switching is typically handled through 
relays or low-leakage analogue switches, and switching transients must be minimised 
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through appropriate timing control to prevent artefacts in recorded data. In addition, offset 
voltages introduced by amplifier drift are often compensated through digital calibration 
routines executed prior to each measurement. 
 Power supply design also plays a critical role in potentiostat performance. Dual 
supply rails allow the amplifier outputs to swing symmetrically around ground, supporting 
both anodic and cathodic potential control. In portable or USB-powered systems, charge 
pumps or DC–DC converters generate the required dual rails, but these circuits can 
introduce switching noise that must be filtered to prevent interference with low-level 
signals. Decoupling capacitors placed close to amplifier power pins and star-ground 
topologies help maintain stable operation across varying load conditions. 
 Commercial potentiostats often employ precision analogue components and 
extensive shielding to achieve low noise and wide frequency response, but these advantages 
come at increased cost and reduced portability. In contrast, compact systems such as Sensit 
demonstrate how comparable analytical performance can be achieved through efficient 
circuit design and software-driven compensation. These designs rely on microcontrollers or 
system-on-chip architectures that integrate DACs, ADCs, and communication interfaces 
within a small footprint, enabling direct control of waveform generation and data 
acquisition. While their noise performance and stability may be more limited than that of 
benchtop instruments, they offer sufficient accuracy for most applied sensing scenarios, 
particularly when supported by appropriate digital filtering and calibration routines. 
 The architecture of a potentiostat thus represents a balance between precision, 
bandwidth, and power efficiency. The ability to maintain potential control with minimal 
phase error while accurately measuring currents spanning several orders of magnitude is a 
key determinant of analytical performance. Continuous improvements in mixed-signal 
electronics and embedded computing are gradually reducing the performance gap between 
portable and laboratory-scale instruments, making it increasingly feasible to deploy high-
quality electrochemical measurement systems in non-laboratory environments. 

1.5.3 IoT-Enabled Implementation for Field Use 

Recent developments in embedded electronics have enabled the integration of potentiostats 
with wireless communication modules, creating compact systems suitable for field 
deployment. These platforms typically include a microcontroller, low-power potentiostat 
circuitry, and a wireless interface such as Wi-Fi or Bluetooth. The entire system can be 
powered through USB or battery and enclosed for operation in harsh environments. 
 In environmental sensing, this configuration allows real-time data collection, 
wireless transmission to cloud servers or local terminals, and flexible reprogramming. 
Combined with screen-printed electrodes, these systems support portable and disposable 
sensing formats that are ideal for in situ monitoring of pollutants. Their small size, low 
cost, and programmability make them practical for large-scale deployment in smart sensing 
networks (Lewis, 2004). A schematic representation of such a field-ready system is shown 
in Figure 1.14. 
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Figure 1.14: Schematic representation of an IoT-enabled electrochemical sensor platform 

with modular components and wireless communication. 

 The integration of potentiostat circuitry with Internet-enabled microcontrollers 
transforms electrochemical systems from laboratory instruments into distributed analytical 
platforms capable of autonomous operation and remote monitoring. In such architectures, 
the potentiostat hardware functions as the analogue front end, while the embedded 
processor performs waveform generation, data acquisition, and communication. The 
interface between these domains must maintain electrical isolation and temporal 
synchronisation to prevent measurement drift or data corruption during wireless 
transmission. 
 Wireless modules such as Wireless Fidelity (Wi-Fi), Bluetooth Low Energy (BLE), 
and Low-Power Wide Area Network (LoRaWAN) are commonly employed to transmit 
measurement data to local gateways or cloud servers. Each communication protocol 
presents specific trade-offs between bandwidth, range, latency, and power consumption. 
Wi-Fi supports higher data throughput and direct cloud connectivity but consumes more 
power, making it suitable for mains-powered installations or intermittent transmission. 
BLE offers lower energy demand and is preferred for battery-operated sensors that transmit 
compact data packets at defined intervals. LoRaWAN extends the operational range to 
several kilometres and is therefore attractive for large-scale environmental monitoring 
networks, though its low data rate constrains real-time waveform streaming. 
 Power management is a central challenge in IoT-enabled systems. Battery-operated 
potentiostats must balance energy efficiency with measurement fidelity. Techniques such 
as duty-cycling, adaptive sampling, and dynamic power scaling of analogue components 
are routinely employed to minimise consumption during idle periods. The microcontroller 
can enter low-power sleep states between measurement cycles, waking periodically to 
perform electrochemical scans and transmit summarised data. The choice of power source, 
whether lithium-ion, alkaline, or energy-harvesting modules, determines operational 
lifetime and environmental suitability. 
 Firmware design governs the reliability and versatility of these platforms. Real-
time operating systems (RTOS) or lightweight scheduling loops ensure deterministic 
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execution of waveform generation, data acquisition, and transmission tasks. 
Synchronisation between DAC updates and ADC sampling must be handled with 
microsecond precision to preserve waveform integrity, particularly in frequency-modulated 
or pulsed techniques. Data integrity is further maintained through checksum verification 
and buffering strategies that prevent packet loss when network coverage fluctuates. 
Firmware also implements calibration routines and error detection. In some cases, it 
includes adaptive control logic that adjusts measurement parameters based on sensor 
response. 
 At the system level, IoT integration enables distributed sensing, where multiple 
potentiostat units operate in parallel and relay data to a central processing node. Cloud-
based analysis pipelines can perform signal averaging, drift correction, and anomaly 
detection, extending the analytical power of individual low-cost sensors. However, the 
transition to networked measurement also introduces concerns regarding cybersecurity and 
data authenticity. Encryption of transmitted data and secure authentication protocols are 
increasingly being adopted to ensure that collected information remains trustworthy and 
tamper-proof, particularly in regulatory or industrial monitoring contexts. 
 The combination of embedded potentiostat hardware, wireless communication, and 
software-defined control has redefined the operational scope of electrochemical sensing. By 
enabling real-time data access, remote configuration, and long-term autonomous operation, 
IoT-enabled platforms support applications that were previously limited to centralised 
laboratories. For environmental monitoring, this convergence allows pollutant detection 
networks to be deployed across geographically dispersed sites, providing continuous, high-
resolution datasets that can inform regulatory compliance, risk assessment, and early-
warning systems. 

1.6 Volatile Toxic Organic Compounds 

VTOCs are a broad class of environmental pollutants that pose significant risks to both 
human health and ecological systems. Among them, benzenediols are of particular concern 
due to their dual role as both naturally occurring antioxidants and synthetic additives in 
pharmaceutical and cosmetic formulations. Understanding their electrochemical behaviour 
is essential for developing sensors that enable precise, on-site detection (Chen, 2017). This 
section provides a focused discussion on the health impact and chemistry of benzenediols, 
with an emphasis on their relevance to electrochemical sensing. 
 VTOCs represent a broad category of organic pollutants that readily evaporate at 
ambient conditions and persist across air, water, and soil systems. Their environmental 
distribution depends on vapour pressure, solubility, and reactivity toward oxidising agents 
present in air and natural waters. In urban environments, their primary sources include 
fuel combustion, industrial discharge, and solvent-based manufacturing processes, while 
secondary sources arise from the degradation of organic materials and consumer products. 
Many of these compounds are semi-volatile, partitioning between the gaseous and aqueous 
phases, and are therefore encountered simultaneously in indoor air and surface water. 
 Among VTOCs, compounds such as benzenediols are of particular interest due to 
their dual occurrence in natural and synthetic systems. Catechol, for example, is a naturally 
occurring antioxidant that forms through the oxidation of plant-derived catechins, and its 
redox activity plays a role in biological protection against oxidative stress (Lin, Sensitive 
and rapid determination of catechol in tea samples using mesoporous Al-doped silica 
modified electrode., 2009). Hydroquinone and resorcinol, in contrast, are primarily 
synthetic and appear in a wide range of pharmaceutical and cosmetic formulations, 
including topical creams, antiseptics, and hair treatments. These compounds enter the 
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environment through direct discharge, wastewater effluent, or leaching from discarded 
consumer products. 
 Although their concentrations in environmental samples are often low, their 
continual release leads to long-term persistence and accumulation (Flickinger, 1976). 
Similar to other lipophilic compounds such as DDT and polychlorinated biphenyls, 
benzenediols can adsorb onto organic matter and sediments, gradually entering the food 
chain. While heavy metals and organometallic compounds exhibit stronger 
bioaccumulation tendencies, the repeated introduction of aromatic organics into aquatic 
ecosystems raises comparable concerns. Their partial oxidation in natural waters produces 
reactive intermediates that can bind to biological macromolecules or act as secondary 
pollutants influencing aquatic oxygen demand and toxicity (Subramanyam, 2013). 
 From a toxicological perspective, these compounds are classified as irritants and 
potential sensitising agents, with hydroquinone additionally associated with 
depigmentation and possible carcinogenicity at high exposure levels. Chronic exposure is 
primarily an occupational concern in industries involving dyes, photography, and polymer 
manufacture, but the widespread use of personal care products containing benzenediols 
extends the risk to the general population. Environmental surveillance has therefore shifted 
toward low-concentration, long-term detection to assess cumulative exposure and support 
regulatory control. 
 Electrochemical sensing provides an effective means of detecting these compounds 
in both industrial and environmental samples because of their intrinsic redox activity. 
Their oxidation to quinonoid forms produces distinct electrochemical signatures that enable 
selective detection even in complex matrices. Monitoring benzenediols serves a dual 
purpose: it provides insight into anthropogenic contamination pathways and supports the 
development of analytical strategies for related aromatic pollutants. Their role as both 
functional ingredients and environmental contaminants makes them ideal model analytes 
for demonstrating the capabilities of portable electrochemical sensors. 
 Benzenediol isomers are widely encountered in environmental systems due to their 
origin in industrial processes, biomass degradation, and atmospheric oxidation of aromatic 
compounds. These species are commonly detected in wastewater, surface waters, and 
atmospheric particulate matter, with reported concentrations typically ranging in the low 
micromolar levels range in contaminated environments. Due to their toxicity, persistence, 
and potential for bioaccumulation, they are considered pollutants, necessitating reliable 
and sensitive analytical detection methods for environmental monitoring (Karuppiah, 
2023). 

1.6.1 Health Impact and Regulatory Context 

Prolonged exposure to benzenediols has been linked to a variety of health effects, which 
differ depending on the isomer and route of exposure. While Catechol (CC) is a naturally 
occurring antioxidant found in plant matter, it can act as a respiratory and skin irritant 
when inhaled or absorbed in concentrated forms. Hydroquinone (HQ) and Resorcinol (RS), 
on the other hand, are synthetic compounds commonly used in skincare, hair dyes, and 
pharmaceutical products. These are associated with a higher toxicological burden, including 
skin sensitisation, endocrine disruption, and in the case of HQ, possible carcinogenicity. 
 Due to these risks, several national and international agencies have established 
occupational exposure limits to protect workers and consumers. A summary of key 
recommended limits is provided below: 
Catechol: National Institute for Occupational Safety and Health (NIOSH) recommended 
Exposure Limit (REL) is 5 ppm (20 mg/m³), with similar guidance from The American 
Conference of Governmental Industrial Hygienists (ACGIH). While not listed under a 
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specific Occupational Safety and Health Administration (OSHA) Permissible Exposure 
Limit (PEL), it is treated as a controlled irritant in occupational settings (Hudson, 2019). 
Hydroquinone: Both OSHA and NIOSH recommend a limit of 2 mg/m³ Time-Weighted 
Average (TWA). ACGIH also maintains a threshold of 2 mg/m³, based on evidence of skin 
depigmentation, systemic toxicity, and potential carcinogenicity with long-term exposure 
(Control, 1990). 
Resorcinol: NIOSH and ACGIH recommend a limit of 10 ppm (45 mg/m³), with a short-
term exposure limit (STEL) of 15 ppm. RS is noted for its potential to cause 
methemoglobinemia and disrupt thyroid function (Hahn, 2006). 
 These regulatory thresholds reinforce the need for low-level, continuous monitoring 
in both workplace and domestic environments. As awareness of chronic low-dose exposure 
risks grows, sensor platforms capable of real-time detection are becoming critical 
components of environmental safety strategies. 

1.6.2 Chemical Overview of Benzenediols 

Benzenediols consist of a benzene ring with two hydroxyl groups as three isomeric forms: 
CC (1,2-dihydroxybenzene), RS (1,3-dihydroxybenzene), and HQ (1,4-dihydroxybenzene). 
These isomers display varying electrochemical behaviours due to the relative positioning of 
their hydroxyl groups, which affects their resonance stability and redox mechanisms. 
 The electrochemical redox activity of benzenediols is due to the reversible oxidation 
of the hydroxyl groups to quinonoid forms. This makes them ideal candidates for detection 
via voltammetry and amperometry, where onset potentials and the potentials at which 
peak currents are recorded serve as qualitative and quantitative indicators. However, not 
all benzenediols behave the same electrochemically, and isomer-specific redox processes aid 
in distinguishing them. 

1.6.2.1 Catechol and Hydroquinone 

CC and HQ both undergo reversible two-electron, two-proton oxidation to form o-
benzoquinone and p-benzoquinone, respectively (Ghanem, 2007). Their redox behaviour is 
well characterised and typically exhibits distinct anodic and cathodic peaks in cyclic 
voltammetry. This reversibility allows for stable cycling and reproducible signal output, 
making both compounds ideal targets for sensor calibration and kinetic analysis. 
 Both isomers display standard diffusion-controlled current responses under varying 
scan rates, and their redox potentials are sufficiently separated to allow simultaneous 
detection under optimised conditions. The reversible redox mechanisms of CC and HQ are 
illustrated in Figure 1.15. 
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Figure 1.15: Reversible redox behaviour of hydroquinone and catechol showing the 

formation of p-benzoquinone and o-benzoquinone, respectively. 

1.6.2.2 Resorcinol 

Unlike CC and HQ, RS undergoes irreversible electrochemical oxidation, which is often 
followed by electropolymerisation on the electrode surface (Ngamchuea, 2020). Its 1,3-
dihydroxy configuration lacks the resonance stabilisation needed for the oxidised 
intermediate to remain soluble, resulting in the formation of intermediary species that 
quickly couple and deposit as a polymeric film. This film significantly alters the electrode 
surface, decreasing sensitivity and increasing variability in long-term measurements. 
 The fouling behaviour of RS presents a major challenge in electrochemical sensing, 
requiring strategies such as surface regeneration, use of anti-fouling modifiers, or short-
duration measurement cycles. Despite these limitations, RS remains an important target 
for environmental monitoring due to its frequent presence in pharmaceutical and industrial 
effluents. The irreversible oxidation and polymerisation pathway of RS is illustrated in 
Figure 1.16 (Mikolajczyk, 2018). 
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Figure 1.16: Irreversible oxidation and electropolymerisation of resorcinol, resulting in the 

deposition of polymeric material on the electrode surface. 

1.7  Catalytic Enhancement using Carbon-Supported 

Catalysts 

Electrochemical detection of organic analytes such as benzenediols relies heavily on the 
efficiency of the electron transfer process at the electrode surface. This efficiency is governed 
by both the electrode material and the catalytic properties of any surface modifiers. One 
widely used approach is the incorporation of noble metal nanoparticles, such as platinum, 
supported on high-surface-area carbon substrates (Auer, 1998). These materials enhance 
sensitivity, reduce overpotentials, and improve selectivity for target redox-active 
compounds. This section outlines the mechanisms behind such catalytic behaviour and 
highlights alternative catalyst options relevant to sensor development. 
 Catalytic modification of electrode surfaces remains one of the most effective 
strategies for improving both sensitivity and selectivity in electrochemical sensors. For 
carbon-based electrodes, catalytic enhancement typically aims to reduce overpotentials, 
increase electron-transfer rates, and suppress fouling reactions that otherwise hinder 
reproducibility. Among the most widely used modifiers are noble metal nanoparticles 
supported on high-surface-area carbon substrates, which combine the electrical 
conductivity of carbon with the catalytic activity of metals such as platinum, gold, or 
palladium. 
 In Pt/C systems, platinum nanoparticles act as active sites for the adsorption and 
oxidation of organic molecules. Their catalytic effect arises from the ability of Pt to 
facilitate electron exchange between adsorbed intermediates and the electrode, lowering 
activation barriers for redox reactions. The high density of surface atoms on nanoscale Pt 
clusters enhances this behaviour, while the carbon support provides electronic coupling and 
mechanical stability. For benzenediols, the use of Pt/C has been shown to lower oxidation 
potentials and improve current response stability by accelerating the conversion between 
hydroxy and quinonoid forms as discussed later in Sections 4.1 and 4.3.  The resulting peak 
sharpening and increased reversibility contribute directly to improved analytical precision. 
 The performance of the catalyst is strongly influenced by the morphology and 
dispersion of the metallic nanoparticles. Uniformly distributed, finely divided Pt on 
conductive carbon produces high active surface areas and consistent electron-transfer 
characteristics, whereas particle agglomeration reduces available catalytic sites and 
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increases charge-transfer resistance. Achieving this balance is primarily a function of the 
synthesis route, drying rate, and binder composition used during electrode modification. 
The choice of carbon support, whether Vulcan XC-72R, carbon black, or graphene, also 
determines the electronic structure and the extent of π–π interaction with aromatic 
analytes, which in turn affects adsorption dynamics (Tang, 2018) (Wang W. Z., 2014). 
 While Pt/C remains the benchmark material, its high cost and susceptibility to 
poisoning by adsorbed intermediates have driven extensive research into alternative 
catalysts. Palladium (Pd/C) exhibits similar catalytic activity for the oxidation of small 
organic molecules, particularly in alkaline media, and offers improved tolerance to surface 
poisoning in some systems. Nickel- and cobalt-based oxides and hydroxides provide further 
cost-effective options and have been successfully employed for organic oxidation. These 
materials rely on redox transitions between multiple oxidation states to mediate electron 
transfer, and although their catalytic activity is generally lower than that of noble metals, 
they remain attractive for disposable or short-duration sensors. 
 Recent developments have focused on hybrid materials that integrate the high 
conductivity of carbon nanostructures with the tunable catalytic properties of transition 
metal oxides. Graphene and carbon nanotubes serve as effective scaffolds for dispersing 
metallic or mixed-metal oxide nanoparticles, creating a synergistic interface that enhances 
both electron mobility and surface reactivity. The resulting composites exhibit improved 
charge-transfer kinetics, reduced fouling, and greater mechanical stability under repeated 
cycling. For environmental sensing applications, such materials present a practical 
compromise between performance, cost, and environmental sustainability. 
 An emerging area of interest is the use of high-entropy alloys and oxides, which 
combine multiple elements in near-equimolar ratios to produce complex surface chemistries. 
These materials offer adjustable electronic structures and defect distributions that can be 
tailored for specific electrochemical reactions. Their compositional flexibility and resistance 
to poisoning make them promising candidates for next-generation sensing platforms where 
long-term operational stability is required. 
 In the context of this work, catalytic enhancement is viewed not only as a means 
of improving detection performance but also as a critical factor in defining sensor longevity 
and reproducibility. The use of Pt/C-modified electrodes demonstrates how targeted 
surface engineering can optimise the interplay between electron transfer, adsorption, and 
material stability. Future progress in this area will likely depend on the ability to combine 
catalytic efficiency with environmental compatibility, ensuring that the advantages of high-
performance materials are achieved without compromising scalability or sustainability. 
 Other recent advances in electrochemical sensors for VTOCs have focused on 
enhancing performance through electrode modification strategies, including the use of 
nanostructured materials such as reduced graphene oxide (rGO) (Ye, 2022), carbon 
nanotubes, nanoribbons, and MXenes, as well as molecularly imprinted polymers (MIPs) 
(Wang, 2023) and biorecognition elements such as aptamers and antibodies (Xie, 2025). 
These approaches improve sensitivity, selectivity, and resistance to fouling while having 
specific drawbacks, thereby expanding the applicability of electrochemical sensing 
platforms in complex matrices. 

1.7.1 Electron Transfer in Carbon-Based Materials 

Carbon-based materials, such as graphite, glassy carbon, carbon black, and screen-printed 
carbon electrodes, provide a conductive and chemically stable matrix for electrochemical 
reactions (Gattia, 2009). Their surface properties, including defect sites, edge-plane 
exposure, and sp²/sp³ hybridisation ratios, influence their inherent electrocatalytic 
behaviour. However, pure carbon materials can sometimes suffer from sluggish kinetics for 
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certain redox processes, particularly involving organic compounds with multiple hydroxyl 
groups or unstable intermediates. 
 To address this limitation, carbon surfaces are often functionalised or modified with 
catalytic nanoparticles. These modifications increase the density of active sites and promote 
faster charge transfer, especially for analytes like CC and HQ, which undergo two-electron 
oxidation reactions that benefit from efficient surface mediation. 

1.7.2 Platinum in Organic Redox Chemistry 

Platinum nanoparticles supported on carbon (Pt/C) (Yu, 2007) are among the most widely 
used catalysts in both sensing and energy applications. In organic electrooxidation, Pt 
exhibits excellent activity for small organic, making it indispensable in the anode design of 
fuel cells. This catalytic efficiency arises from its ability to adsorb and activate hydroxyl-
containing compounds while resisting poisoning from intermediates. 
In the context of benzenediol detection, Pt/C electrodes lower the oxidation potential of 
CC and HQ and increase peak current responses by providing a high density of active sites 
and facilitating rapid electron transfer. The catalyst also contributes to better signal 
reproducibility, especially in repeated or long-term measurements. A representative 
structure of a Pt/C catalyst (platinum nanoparticles on Vulcan XC-72R) is shown in Figure 
1.17. 

 
Figure 1.17: Schematic representation of platinum nanoparticles dispersed on a carbon 

support (Pt/C), highlighting active sites for organic electrooxidation. 

1.7.3 Alternative Catalytic Materials 

While Pt remains a benchmark catalyst, its high cost and vulnerability to surface poisoning 
have prompted the search for alternative catalytic materials with comparable performance. 
Among the platinum-group metals (PGMs) (Hughes, 2021), palladium (Pd) and ruthenium 
(Ru) have shown promising activity in the oxidation of organic molecules. 
 Beyond PGMs, several transition metal-based materials (Kung, 1989) are gaining 
attention as more affordable alternatives. Manganese dioxide (MnO₂) is widely studied for 
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its high surface area, redox activity, and low toxicity. It has been shown to enhance 
electrochemical responses for a variety of phenolic and oxygenated organic compounds. 
Similarly, nickel oxyhydroxide (NiOOH) has demonstrated good catalytic behaviour in 
alkaline conditions (Trafela, 2019), particularly for alcohol and diol oxidation. Ni-based 
catalysts also benefit from ease of electrodeposition, making them compatible with 
disposable sensor formats. 
 More recently, High Entropy Alloys (HEA) (Božiček, 2024) and their oxidised 
counterparts, High Entropy Oxides (HEO), have emerged as modular platforms for tuning 
electrocatalytic properties. These materials combine five or more elements in near-
equimolar ratios, generating unique surface compositions and defect structures that can 
stabilise redox-active intermediates. Early studies suggest that HEOs may offer improved 
performance, tunability, and fouling resistance when used in electrochemical sensors 
targeting complex organics such as benzenediols. 
 Together, these alternative materials expand the design space for catalytic electrode 
surfaces and offer cost-effective pathways toward scalable, high-performance sensors. 
  

1.8  Synthesis 

The topics presented in this chapter outline the conceptual and technical framework 
underpinning the development of portable electrochemical sensors for environmental 
monitoring. The discussion began with the broader need for real-time detection of volatile 
organic pollutants and progressed through the theoretical basis of electrochemical sensing, 
the comparative assessment of conventional techniques, and the mathematical tools used 
to interpret their responses. The description of potentiostat architecture and signal 
handling principles established the link between electrochemistry and embedded 
electronics, while the analysis of benzenediols and catalytic surface modifications provided 
the chemical and material context relevant to this work. Together, these sections define 
the interdisciplinary foundation upon which the subsequent experimental methods and 
design objectives are constructed. Taken as a whole, this dissertation approaches 
electrochemical sensing not as a transparent analytical window onto chemical processes, 
but as a layered measurement system whose excitation, instrumentation, and evolving 
interface fundamentally constrain what can be inferred. At the foundational level, material 
choice and surface chemistry define the intrinsic electrochemical behaviour of the sensing 
interface. Built upon this, signal generation and analysis determine how redox processes 
are excited, observed, and distinguished from background contributions. Instrumentation, 
in the form of potentiostat architecture and signal handling, mediates how faithfully these 
electrochemical signals are produced and measured. Finally, system integration and 
deployment constraints govern whether laboratory performance can be translated into 
practical, field-ready sensing platforms. This conclusion is drawn from a comparative 
synthesis of multiple experimental studies conducted in this dissertation and in the 
associated literature, examining how waveform design, instrumentation architecture, and 
interface evolution jointly shape electrochemical sensor performance. The chapters that 
follow examine each of these layers in turn, with particular emphasis on how their 
interactions ultimately define sensitivity, selectivity, stability, and real-world usability.
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Chapter 2 

2 Aims and Hypotheses 

The primary aim of the present research is to design, fabricate, and evaluate a portable 
electrochemical sensing system for the selective detection of benzenediol isomers: CC, HQ, 
RS in aqueous environments. The system is based on carbon-based SPEs modified with 
catalytic nanomaterials and coupled to a custom-built, IoT-enabled potentiostat platform. 
The goal is to create a cost-effective, real-time analytical tool that can be deployed outside 
laboratory settings, without compromising precision, stability, or interpretability. 

To achieve this, the research is guided by the following technical goals: 

• To develop and characterise surface-modified SPEs incorporating carbon-supported 
platinum and gold nanoparticles, and evaluate their catalytic activity toward 
benzenediol oxidation. 

• To implement multiple electrochemical techniques, including CV, CA, DPV, ACV, and 
EIS, for the qualitative and quantitative analysis of redox-active benzenediols. 

• To design and validate a modular potentiostat capable of executing waveform-driven 
techniques with fine-tuned signal resolution and frequency control. 

• To investigate the role of frequency-domain decomposition in resolving overlapping 
redox signals, isolating capacitive currents, and evaluating sensor drift over time. 

• To deploy the integrated sensing platform under field-simulated conditions, assessing 
sensor performance, reproducibility and longevity. 

These goals are supported by a set of testable hypotheses that: 

• Catalytic modification of SPE surfaces using Pt/C and Au/C nanoparticles will lower 
oxidation overpotentials and increase current responses for CC, RS and HQ. 

Pt and Au as catalytic nanoparticles are known to facilitate electron transfer by lowering 
the activation energy required for redox reactions. When dispersed on a high-surface-area 
carbon support and applied to the SPE working electrode, these catalysts provide abundant 
active sites for the electrochemical oxidation of benzenediol isomers. As a result, peak 
potentials shift to lower values and current responses increase due to improved reaction 
kinetics. 

• High-frequency voltammetric techniques (e.g., DPV, ACV) will enable better 
separation of isomer-specific redox peaks compared to conventional CV, thereby 
improving peak resolution and selectivity through suppression of capacitive (non-
faradaic) current contributions. 

Pulse and AC-based voltammetric methods suppress background capacitive currents more 
effectively than continuous scan techniques like CV. By differentially sampling the current 
or applying modulated perturbations, these methods increase the resolution of overlapping 
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redox events, a major advantage when analysing structurally similar compounds such as 
CC, HQ, and RS. The improved peak definition enables more accurate isomer 
discrimination in mixed or complex matrices, enhancing the selectivity of the sensing 
platform under real-world conditions. 

• Frequency-resolved signal processing will allow isolation of faradaic components from 
background charging currents, improving detection limits and response clarity. 

Fourier-based analysis of voltammetric signals enables decomposition into harmonic 
components, where faradaic and non-faradaic processes often exhibit distinct spectral 
characteristics. By evaluating the frequency content of the measured current, it becomes 
possible to filter or quantify specific signal contributions more precisely than in the time 
domain alone. This separation reduces noise, enhances sensitivity, and enables lower limits 
of detection, especially important in environmental applications where analyte 
concentrations may be trace-level. 

• EIS, used intermittently or concurrently, will provide meaningful diagnostic 
information on sensor surface degradation and loss of electrochemical activity. 

EIS captures interfacial properties such as charge-transfer resistance and double-layer 
capacitance, which evolve as the electrode surface ages or fouls. By periodically applying 
EIS during sensor operation, it is possible to track these parameters non-destructively and 
in real time, providing a diagnostic tool for sensor health. This information can inform and 
interpret signal drift, and distinguish between analyte-related effects and hardware 
degradation, ultimately improving measurement reliability and operational robustness. 

• A miniaturised, programmable potentiostat with integrated wireless communication 
can execute complex analytical protocols with sufficient robustness, reliability and 
accuracy for field use. 

Traditional potentiostats are bulky and laboratory-bound, but recent advances in 
embedded electronics allow for the integration of DACs, ADCs, and wireless modules on 
compact PCBs. A well-designed portable system can replicate key electrochemical 
techniques such as CV, CA and EIS while maintaining stable voltage control and precise 
current acquisition. Coupled with Bluetooth or Wi-Fi communication, such devices enable 
real-time data transmission and remote operation, making them highly suited for on-site 
chemical sensing in industrial, environmental, or clinical settings. 
 Collectively, this framework supports the creation of a robust, data-rich sensing 
platform that combines low-cost fabrication with high analytical performance, aimed at 
addressing the real-world need for portable environmental VTOC monitoring. 
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3 Experimental Methods and Materials 

The experimental workflow employed in this study integrates modified electrode 
fabrication, signal-driven electrochemical measurements, hardware development, and real-
world sample testing, aimed at evaluating the response behaviour of benzenediol isomers 
(CC, HQ, RS) under analytically relevant conditions. 
 A range of electrochemical techniques, including CV, CA, DPV, ACV and EIS, 
were used to probe the redox behaviour of the analytes. These were applied across a suite 
of SPEs, both in their unmodified form and after surface enhancement with catalytic 
nanomaterials such as Pt/C and Au/C. 
 The electrodes were interfaced with a multiple potentiostat platforms, featuring 
both digital (staircase) and analogue (linear ramp) capabilities. The system allowed the 
testing of waveform effects, electrode degradation, and current–voltage relationships under 
varying scan rates and time-dependent inputs. Where appropriate, simulations of circuit 
responses were performed using MATLAB to validate experimental trends using 
electrochemical models such as the Randles circuit. 
 All electrochemical measurements were conducted in a temperature-controlled 
laboratory environment. Test analytes were prepared in standard aqueous matrices with 
pH and ionic strength adjusted to maintain favourable conditions for both detection and 
stability of the analytes. Acidic environments were found to minimise spontaneous 
oxidation of the benzenediols, and therefore all analyses were carried out in 1 M HCl. 
Where relevant, simulated matrices involving real samples were also used to evaluate sensor 
behaviour outside of well-controlled lab conditions, testing the sensor’s applicability to 
situations where measured analytical concentrations could no longer be relied upon. 

3.1 Electrode Modification Techniques 

Screen-printed electrodes (SPEs) are modular, low-cost sensing platforms widely used in 
electrochemical detection due to their ease of use, disposability, and flexibility for surface 
modification. In this study, Metrohm DropSens DS150 SPEs were employed as the base 
sensor substrate. These consist of a 4 mm diameter carbon working electrode (WE), a 
platinum counter electrode (CE), and a silver quasi-reference electrode (qRE), all screen-
printed onto a sintered alumina ceramic base. Each electrode is connected via silver 
conductive tracks that terminate in contact pads for potentiostat interfacing. 
 The DS150 layout supports reproducible three-electrode measurements on a 
compact, planar format, with well-defined geometries that facilitate quantitative 
comparisons. The working electrode surface is exposed for drop casting or modification, 
while the remainder of the substrate is coated with an insulating polymer layer that 
protects conduction paths and prevents cross-talk or shorting during measurement. 
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 Although typically designed for single-use deployment, these SPEs can be reused 
under controlled conditions, and their chemically inert substrate allows for use in both 
aqueous and organic media. Their compatibility with drop cast catalyst inks and other 
nanomaterial coatings makes them an ideal platform for developing portable 
electrochemical sensors. 
 Prior to modification, the WE surface was cleaned with deionised water followed 
by absolute ethanol, and gently dried on a hot plate maintained at 55 °C to remove any 
surface contaminants. The catalyst ink was prepared by dispersing commercially sourced 
20 wt.% platinum on carbon (Pt/C, 2–3 nm Pt on Vulcan XC-72R, 20–50 nm) or 20 wt.% 
gold on carbon (Au/C, 4–6 nm Au on Vulcan XC-72, 40–60 nm) in 0.995 mL of absolute 
ethanol, chosen to minimise solvent polarity-based surface effects observed with deionised 
water and isopropanol. To this, 5 µL of a 5% Nafion solution in ethanol was added to serve 
as a binder and stabilising agent. The resulting suspension was stirred using a 500 W 
ultrasonic probe at 25% amplitude for 2 minutes to ensure uniform dispersion of the 
catalyst particles. 
 A 10 µL aliquot of the freshly prepared ink was pipetted directly onto the carbon 
WE surface while the electrode remained on the hot plate to promote rapid and uniform 
drying. Care was taken to avoid contact between the ink and the CE or RE tracks to 
prevent cross-contamination. Each 10 µL deposition contained 10 µg of catalyst material, 
of which 2 µg was platinum, resulting in an estimated Pt or Au surface loading of 
approximately 160 ng mm⁻² over the 4 mm diameter working electrode. 
 After modification, the sensor elements were stored in a dry, sealed container to 
prevent environmental exposure and to minimise tarnishing of the silver RE. The drop 
casting process used for electrode modification is illustrated in Figure 4.1. 
 

 
Figure 3.1: Illustration of the catalyst ink drop casting process onto the carbon working 
electrode of a DS150 SPE, showing selective application and avoidance of the counter and 
reference electrodes. 



3.2. Electrochemical Testing Protocols 41 

3.2 Electrochemical Testing Protocols 

All electrochemical measurements were conducted under standard temperature and 
pressure (STP) conditions in a climate-controlled laboratory. A range of techniques was 
used to evaluate the redox behaviour of CC, HQ, RS, including CV, CA, DPV, ACV, and 
EIS. Measurements were carried out using a combination of commercial potentiostats: the 
PalmSens series (PalmSens4, EmStat3 Blue, Sensit BT and Sensit Smart), and Metrohm 
VIONIC. 
 CV was performed on both PalmSens series and Metrohm VIONIC instruments. 
For the PalmSens4, the scan range was 0 V to 1 V vs Ag qRE at a scan rate of 10 mV s⁻¹ 
with differing number of cycles and ~1 mV step resolution. On the VIONIC, scans were 
performed over the same potential window at scan rates of 10, 25, 50, and 100 mV s⁻¹ with 
three cycles each, using digital steps of ~1 mV. Analogue scans were also performed on the 
VIONIC to see if the hardware affected the electrochemical measurements qualitatively 
and quantitatively. 
 ACV was conducted using the PalmSens series with the following parameters: base 
scan rate of 10 mV s⁻¹, AC amplitude of 10 mV (rms), frequency range from 3 Hz to 2000 
Hz, and step increment of 10 mV between 0 V and 1 V vs Ag qRE. 
 CA and DPV were performed using the PalmSens series. For CA, holding potentials 
were set at +0.52 V (HQ), +0.62 V (CC), and +0.94 V (RS), each with a run time of 60 
s and a sampling interval of 10 ms. For DPV, the scan window ranged from 0 V to 1 V, 
with a step size of 10 mV, a pulse magnitude of 30 mV, and a pulse duration of 50 ms. 
 EIS was also carried out using the PalmSens series. A 10 mV (rms) AC perturbation 
was applied at a DC bias of 0 V over a frequency range of 0.5 Hz to 100 kHz using 54 
points logarithmically spaced (10 per decade). The resulting impedance spectra were 
analysed using non-linear least squares fitting to an equivalent circuit. For representative 
datasets, reduced chi-squared values as low as 0.0020 were achieved, indicating excellent 
agreement between the experimental and simulated responses. 

3.3 Instrumentation and Custom Hardware Development 

Two versions of a custom potentiostat system were developed to enable portable 
electrochemical measurements outside traditional laboratory settings. The first prototype 
was assembled on a standard breadboard using discrete components, offering flexibility for 
initial testing and configuration of signal pathways. While fully functional, this version was 
physically bulky and lacked environmental protection, making it unsuitable for field 
deployment. 
 The finalised second prototype was designed on a compact custom PCB measuring 
60 mm × 30 mm, integrating a digital potentiostat circuit with a Photon Wi-Fi 
Development Board. This version offered significantly reduced footprint, improved signal 
stability, and a USB-powered input consuming approximately 2.5 W. The system 
supported chronoamperometric measurements and was capable of generating stable DC 
potentials in the 0–1.5 V range. Signal acquisition and wireless transmission were handled 
via TCP/IP protocols, enabling remote monitoring and control by interfacing with a PC. 
The system could be programmed on the fly, wirelessly as long as a stable wireless 
connection was established. 
 Both prototypes interfaced directly with three-electrode screen-printed sensors 
through a simple screw terminal connector. The PCB version was enclosed in a water-
resistant case, offering practical protection for environmental testing. Performance 
benchmarking against a benchtop potentiostat confirmed the system’s reliability, with 
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comparable signal fidelity and response times, validating its use for in situ electrochemical 
sensing applications. 

3.4 Signal Processing and Simulation Approaches 

Signal processing in this work was implemented at both the hardware and analytical levels 
to support high-fidelity electrochemical data acquisition and interpretation. The custom-
built potentiostat incorporated onboard filtering circuitry to reduce high-frequency 
interference and baseline drift. 
 A major focus of the analysis was the application of Fourier-based spectral 
decomposition to interpret voltammetric responses. Electrochemical techniques such as 
LSV, CV, DPV and SWV were each analysed in the frequency domain to evaluate the 
harmonic composition of their voltages as a function of time. This approach enabled 
separation of faradaic signal components from background or capacitive contributions, 
particularly for techniques involving pulsed or modulated waveforms. 
 The spectral analysis was performed using Fourier analysis applied to the time-
resolved potential profiles. This allowed identification of frequency responses associated 
with redox processes and assessment of how waveform shape influenced the distribution of 
electrochemical energy. These insights informed the selection and optimisation of 
measurement techniques for different analytes, contributing to improved signal 
discrimination and sensitivity. 

3.5 Sample Preparation and Real-World Testing Procedures 

All analyte solutions were prepared using analytical-grade catechol, hydroquinone, and 
resorcinol, purchased from Sigma Aldrich with a stated purity above 99%. Initial stock 
(saturated) solutions were prepared by dissolving the respective benzenediols in 1 M 
hydrochloric acid (prepared by dilution of 37 % HCl) under ultrasonic stirring. The 
resulting concentrations were 3.9 M for CC, 0.54 M for HQ, and 5 M for RS. Working 
solutions of lower concentrations were obtained by serial dilution of these stocks with 1 M 
HCl. 
 For all electrochemical measurements, a fixed volume of 75 μl of the prepared 
analyte solution was applied directly to the SPE surface. This volume was sufficient to 
ensure full coverage of the working, reference, and counter electrodes without overflow or 
evaporation during the test period. All measurements were performed using fresh solution 
droplets to maintain consistent concentration, surface wetting, and electrode contact 
conditions. 
 Although no raw environmental samples were analysed in this study, several 
commercial chemical formulations containing the target analytes were tested to assess 
sensor performance in complex, real-world matrices. These included pharmaceutical and 
cosmetic products known to contain CC, HQ, or RS, which were diluted in 1 M HCl and 
processed using the same protocol as analytical-grade standards. This approach allowed 
evaluation of the sensor’s capability to detect target compounds in the presence of 
stabilizers, solvents, and other additives, effectively simulating challenges encountered in 
real-world applications such as wastewater monitoring or product authentication. 
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3.6 Material Characterisation 

To confirm the morphology, dispersion, and elemental composition of the catalyst layers 
applied to the SPE working electrodes, a combination of scanning electron microscopy 
(SEM) (JEOL 7600F), transmission electron microscopy (TEM) (JEOL 2100), and energy-
dispersive X-ray spectroscopy (EDXS) was employed. These techniques provided 
complementary insights into the structural and compositional details of the modified 
electrodes. 
 SEM was used to examine the surface topography of Pt/C-modified electrodes at 
various magnifications and conditions. The analysis verified the deposition of the catalyst 
ink, with disparate regions corresponding to carbon support particles decorated with 
nanoscale metallic features. Surface features such as voids and agglomeration sites were 
also visible, providing indirect evidence of superficial homogeneity following the drop 
casting process. 
 TEM enabled high-resolution imaging of the individual platinum and gold 
nanoparticles dispersed on the carbon support. The observed particle sizes were consistent 
with the supplier specifications (2–3 nm for Pt, 4–6 nm for Au), and the lattice fringes of 
crystalline Pt and Au were resolved in several fields of view. This confirmed that the 
synthesis preserved nanoparticle size integrity and avoided significant agglomeration, 
leading to confidence during electrode modification. 
 EDXS, conducted in parallel with SEM, was used to confirm the elemental 
composition and spatial distribution of key constituents. The spectra showed clear peaks 
corresponding to Pt, Au, and C, with no significant impurities detected. Elemental 
mapping further confirmed the uniformity of noble metal dispersion across the working 
electrode area, supporting the assumption of consistent catalytic coverage for 
electrochemical measurements. 
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Chapter 4 

4 Results and Discussion 

This chapter presents the experimental findings and analytical interpretations from the 
electrochemical investigation of benzenediol isomers using SPEs. The results are organised 
by thematic focus, beginning with baseline detection in controlled matrices and progressing 
toward complex sample evaluation, sensor diagnostics, and waveform-specific behaviour. 
Each section draws from specific experimental datasets to demonstrate the performance, 
selectivity, and robustness of the developed sensing platform. Where applicable, insights 
from equivalent circuit modelling, frequency-domain analysis, and hardware variation 
studies are used to contextualise the sensor’s electrochemical behaviour and operational 
limits. 
 The results are presented as a sequence of linked layers within the sensing workflow. 
The discussion progresses from materials and electrochemical behaviour (Section 4.1), 
through electrode-level stability and drift (Section 4.3), to signal structure and spectral 
characterisation (Section 4.4), and then to hardware implementation of waveform 
generation and measurement (Section 4.5). A brief real-sample demonstration (Section 4.2) 
is included as an extension of the materials/electrochemistry results. The chapter concludes 
with an integrated deployment-oriented case study (Section 4.6), tying these elements 
together in a practical sensing context. 

4.1 Detection of Benzenediols Using Modified SPEs 

This section addresses the materials and electrochemical layer of the sensing workflow. It 
establishes how catalytic modification of screen-printed electrodes shapes the redox 
behaviour and analytical response of the target benzenediols. 
 This work presents a comprehensive electrochemical detection strategy for the three 
benzenediol isomers: CC, HQ, and RS, using SPEs modified with Pt/C and Au/C catalysts. 
The objective was to develop a robust, low-cost sensing platform capable of selectively and 
sensitively detecting each isomer, both individually and in complex mixtures. 
 Single-isomer detection was carried out using CV, which produced distinct 
oxidation and (for CC and HQ) reduction peaks corresponding to their reversible redox 
transitions to the respective benzoquinones. RS, in contrast, showed irreversible oxidation 
due to surface polymerisation, which helped distinguish its electrochemical signature from 
the other two isomers. 
 Simultaneous detection was achieved using DPV. This technique discriminated 
against capacitive noise and enabled the resolution of all three analytes within mixed 
solutions. Well-separated oxidation potentials allowed each isomer to be identified even 
when present together, especially at lower concentrations. 
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 Quantification was performed by CA at analyte-specific oxidation potentials: +0.62 
V for CC, +0.52 V for HQ, and +0.94 V for RS (all vs Ag). Calibration curves spanned a 
broad concentration range, from saturation levels down to 1 μM for CC and HQ, and 100 
nM for RS. Although the full response range was non-linear, a usable pseudo-linear region 
from 100 μM to 1 mM was established. 
 Compared to similar sensors reported in the literature, the Pt/C-modified SPEs 
demonstrated competitive sensitivity, selectivity, and reproducibility while maintaining 
simplicity and low cost. Detection limits reached 0.33 μM for CC and HQ, and 33 nM for 
RS. Au/C-modified electrodes were able to detect the analytes qualitatively, though they 
exhibited instability at higher potentials, which particularly affected RS detection. 
 This work confirms the potential of catalyst-modified SPEs for real-time detection 
of volatile toxic organic compounds in both controlled and mixed sample conditions. Figure 
4.1 shows the graphical abstract of the benzenediol detection workflow, illustrating the 
sensing process from analyte input through electrochemical signal acquisition. 

 

Figure 4.1: Graphical abstract of the benzenediol sensing workflow. Adapted from 

Krishnamurthy et al., Electrochimica Acta (2024), shared under CC BY-NC-ND 4.0 

licensing. 

 Full methodology and data are published in: 
Krishnamurthy et al., Electrochimica Acta, 493 (2024) 144389 
https://doi.org/10.1016/j.electacta.2024.144389. The print version is shared in the 
following pages under the CC BY-NC-ND 4.0 license agreement. 
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4.2 Analysis of Real-World Samples 

This section provides a limited real-sample extension of the materials and electrochemical 
results presented in Section 4.1, demonstrating their applicability in chemically complex 
matrices. 
 To evaluate the applicability of the sensor beyond controlled laboratory conditions, 
selected real-world samples were tested for the presence of benzenediol isomers. While 
detection in standardised solutions with known concentrations is relatively straightforward, 
real consumer products present more complex chemical matrices that may interfere with 
signal clarity, analyte availability, or electrode performance. Three commercially available 
products containing benzenediol isomers were selected. Lookbrite cream, manufactured by 
Glenmark Pharmaceuticals Ltd., contains 2 % hydroquinone along with tretinoin (0.025 %) 
and mometasone furoate (0.1 %). Solu-Resorcinol hair lotion, produced by Pasteur 
Laboratories Pvt. Ltd., contains 4 % resorcinol and includes additional components such 
as mercuric chloride and cantharidin. For catechol, Mountain Herbal Tea (1001 Cvet, 
Nanoški Tip Čaja) was used as a natural sample, where CC is expected to form as a result 
of catechin degradation through pyrolysis. Although the exact concentration of CC or 
catechin is not listed on the product, literature confirms the presence of catechol in tea 
extracts (Lin, Sensitive and rapid determination of catechol in tea samples using 
mesoporous Al-doped silica modified electrode., 2009), which can be used to support its 
identification. Each sample was dispersed or dissolved in deionised water and acidified with 
1 M HCl to ensure a stable electrochemical environment and to align redox peak potentials 
with those established in reference standards. The prepared samples were then analysed 
using differential pulse voltammetry. In all three cases, current responses consistent with 
the respective isomers were observed and matched reference signals with respect to the 
current peak positions, demonstrating the sensor’s ability to function effectively within 
chemically diverse matrices.  
  The results are presented in Figure 4.2, confirming successful detection and 
distinguishing of CC, RS and HQ in commercially available formulations. 

 
Figure 4.2: Voltammograms showing detection of benzenediol isomers in real samples: a. 

CC in tea, b. RS in anti-dandruff solution, c. HQ in acne cream. 

 Strong peak currents were observed for RS and HQ in Figures 4.1b and 4.1c, 
consistent with the high analyte concentrations present in prescription-only pharmaceutical 
products. In both cases, the peak currents exceeded those measured for 1 mM reference 
solutions of the respective isomers. In contrast, the herbal tea sample exhibited 
distinguishable peaks corresponding to two different concentrations of either catechol (CC) 
or catechin, which share identical redox characteristics. The sample was prepared by boiling 
a teabag in 1 M HCl for one hour at 100 °C to minimize water content and concentrate 
the catechol and the (catechin) precursor. However, the measured peak currents for the 
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CC-containing tea samples were noticeably lower than those recorded for a 1 mM CC 
reference in acid, indicating the presence of CC or catechin in the tea, albeit at a relatively 
low concentration. It is also critical to note that 100 °C is not sufficient to meaningfully 
pyrolyse catechin into catechol, more so within an aqueous solution. Voltammograms 
obtained from these samples therefore displayed clear, distinct responses for all three 
analytes in the expected potential ranges, confirming the sensor’s ability to detect target 
compounds even in chemically complex formulations.  

4.3 Sensor Characterisation via EIS 

This section focuses on the electrode-level layer of the sensing workflow, where interfacial 
condition and drift determine the stability of the electrochemical response during repeated 
operation. 
 EIS was used in this study not merely as a post-characterisation tool, but as an 
embedded diagnostic method for monitoring sensor drift and degradation in situ. The 
approach involved periodic EIS measurements on both unmodified and Pt/C-modified 
DS150 SPEs, conducted before and after repeated CV cycling in various benzenediol-
containing environments (CC, RS and HQ), as well as in a blank 1 M HCl solution. 
 EIS spectra were fitted using a modified Randles’ circuit that included solution 
resistance (RS), polarisation resistance (RP), and a constant phase element (CPE) to model 
non-ideal capacitive behaviour. From these fits, the effective capacitance (Ceff) was derived. 
These parameters served as diagnostic indicators to track changes in electrochemical 
performance during extended operation. The simplified model excluded diffusion-related 
components to prioritise mechanistic interpretability. 
 Unmodified SPEs showed a progressive decrease in RP and an increase in Ceff with 
increasing CV cycles, indicative of surface activation likely driven by electrochemical 
cleaning and improved electron transfer kinetics. In contrast, Pt/C-modified SPEs 
exhibited initial improvement (higher Ceff, lower RP), followed by signs of degradation 
beyond five CV cycles. This trend suggests catalyst deterioration due to nanoparticle 
agglomeration, dissolution, or support oxidation, particularly under acidic conditions. 
 Quantitative analysis revealed that RP in unmodified electrodes dropped by more 
than 80% after ten CV cycles, while Ceff more than tripled, indicating substantial 
performance enhancement. Pt/C-modified SPEs displayed a more complex pattern: RP 
increased and Ceff peaked at five cycles before declining, supporting the hypothesis of 
transient enhancement followed by degradation. 
 These EIS-derived metrics were cross-validated by CV data, which showed 
matching trends in net charge transfer (Qₙ), redox reversibility, and peak separation. 
Principal component analysis (PCA) of RP, Ceff, and Qₙ confirmed distinct diagnostic 
trajectories for each sensor type, with unmodified electrodes showing smooth progression 
and Pt/C-modified electrodes displaying scattered, non-monotonic behaviour. 
 The integration of EIS into the sensor workflow offers a powerful, non-destructive 
method for real-time performance monitoring. It enables early detection of degradation and 
distinguishes between resistive losses and capacitive changes. Unlike destructive techniques 
such as SEM, SERS or even electrochemical techniques, this impedance-based framework 
provides continuous diagnostics during operation and has strong potential for adaptation 
in embedded or IoT-enabled sensor systems. Figure 4.3 shows the graphical abstract from 
the associated publication, outlining the impedance-based diagnostic workflow used to 
monitor electrode stability and degradation. It illustrates how periodic EIS measurements 
and equivalent circuit modelling provide insight into sensor performance over time. 
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Figure 4.3: Graphical abstract of the EIS diagnostic workflow. Adapted from 

Krishnamurthy et al., Sensing and Bio-Sensing Research 50 (2025) 100871, shared under 

CC BY-NC-ND 4.0 licensing. 

 Full methodology and data are published in: 
Krishnamurthy et al., Sensing and Bio-Sensing Research, 50 (2025) 100871 
https://doi.org/10.1016/j.sbsr.2025.100871. The print version is shared in the following 
pages under the CC BY-NC-ND 4.0 license agreement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.1016/j.sbsr.2025.100871


4.3. Sensor Characterisation via EIS 63 

 



64 Chapter 4. Results and Discussion  

 



4.3. Sensor Characterisation via EIS 65 

 



66 Chapter 4. Results and Discussion  

 



4.3. Sensor Characterisation via EIS 67 

 



68 Chapter 4. Results and Discussion  

 



4.3. Sensor Characterisation via EIS 69 

 



70 Chapter 4. Results and Discussion  

 



4.3. Sensor Characterisation via EIS 71 

 



72 Chapter 4. Results and Discussion  

  



4.4. Frequency-Domain Characterisation via Fourier Analysis 73 

4.4 Frequency-Domain Characterisation via Fourier 

Analysis 

This section addresses the signal layer of the sensing workflow, examining how waveform 
structure and spectral content shape the electrochemical information that is extracted from 
the electrode interface. 
 This study introduces a frequency-domain approach to voltammetric signal analysis 
using Fourier decomposition, offering new insight into faradaic and non-faradaic processes 
during benzenediol detection. While traditional electrochemical techniques such as CV, 
LSV, DPV, and SWV are interpreted in the time domain, this work demonstrates how 
their signal structure can be decomposed into harmonic spectra to enhance redox resolution 
and optimise sensing parameters. 
 Using ACV across frequencies from 3 to 2000 Hz, it was observed that faradaic 
peaks from CC, HQ, and RS become increasingly masked by capacitive currents at higher 
frequencies. A peak-to-RMS current ratio was calculated to quantify this effect, showing 
an inverse logarithmic relationship between frequency and signal clarity. These findings 
highlight the trade-off between capacitive suppression and faradaic enhancement, guiding 
the selection of optimal excitation frequencies for analyte detection. 
 Fourier analysis was then applied to canonical voltammetric waveforms. CV signals 
exhibited dominant odd harmonics with rapidly decaying amplitudes, while LSV 
introduced both even and odd harmonics. DPV, modelled as a superposition of LSV and a 
modulated pulse train, displayed sinc-shaped spectral nulls based on duty cycle. SWV 
waveforms showed high harmonic distortion, with square-wave contributions producing 
rich high-frequency content, exacerbating capacitive interference. Spectral metrics such as 
centroid, bandwidth, flatness, and low-frequency power were computed for each technique, 
providing a quantitative basis for waveform tuning. 
 These findings were synthesised into a practical framework recommending optimal 
parameter settings for each voltammetric method. For instance, slower scan rates in CV 
and LSV reduce capacitive noise, while lower pulse and square wave frequencies in DPV 
and SWV improve redox peak visibility. The framework allows researchers to design 
voltammetric protocols based on spectral behaviour rather than empirical tuning. 
 This study repositions voltammetric waveforms as structured spectral inputs with 
measurable frequency characteristics. By aligning experimental parameters with harmonic 
behaviour, this frequency-domain perspective supports more informed electrochemical 
sensing strategies. 
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Figure 4.4: Graphical abstract of the frequency-domain analysis workflow. Adapted from 

Krishnamurthy et al., Measurement 259 volume B (2026) 119706, shared under CC BY-

NC-ND 4.0 licensing. 

 Full methodology and data are published in: 
Krishnamurthy et al., Measurement, 259 Volume B (2026), 119706, 
https://doi.org/10.1016/j.measurement.2025.119706. The print version is shared in the 
following pages under the CC BY-NC-ND 4.0 license agreement. 
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4.5 Hardware Influence on Electrochemical Response 

(Analogue vs Digital) 

This section evaluates the hardware layer of the sensing workflow, focusing on how 
potentiostat design, specifically analogue versus digital voltage scan modes, affects 
electrochemical measurements. Using the Metrohm VIONIC potentiostat, which supports 
both true linear analogue and staircase digital scan options, CV was performed to study 
the redox behaviour of HQ on Pt/C-modified SPEs. 
 Experiments conducted at scan rates between 10 and 100 mV s⁻¹ revealed subtle 
but consistent differences between the two scan modes. Digital scans showed higher peak 
currents compared to analogue scans, particularly at higher scan rates. These elevated 
currents were attributed to capacitive charging effects, as the staircase signal induces 
discrete potential jumps that act as rapid perturbations to the system. These transitions 
can provoke transient, non-faradaic responses that distort the faradaic signal. 
 In contrast, the analogue scan mode produced smoother voltammograms with more 
organic capacitive behaviour. This behaviour was confirmed through simulations of a 
Randles-type equivalent circuit using MATLAB, which compared system responses under 
ramp (analogue) and step (digital) excitations. The results demonstrated that analogue 
signals yield more accurate representations of redox processes by avoiding abrupt current 
spikes induced by step transitions. 
 Although modern digital potentiostats can approximate analogue behaviour with 
increased resolution, the results show that true analogue scanning still provides cleaner and 
more interpretable signals. This distinction becomes especially important when working 
with systems that involve subtle redox features or are sensitive to capacitive distortion. 
Figure 4.4 contrasts analogue and digital waveform characteristics, illustrating how 
continuous and quantised signal representations coexist within modern potentiostat 
architectures. 
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Figure 4.5: Comparison of analogue and digital waveforms, illustrating signal 

representation in potentiostat systems. Concept adapted from Krishnamurthy et al., 

Sensors 24 (2024) 4907 (https://doi.org/10.3390/s24154907). 

 Full experimental and simulation details can be found in the original publication: 
Krishnamurthy, A.; Žagar Soderžnik, K. Influence of Potentiostat Hardware on 
Electrochemical Measurements. Sensors 2024, 24(15), 4907. 
https://doi.org/10.3390/s24154907. The print version is shared in the following pages 
under the CC BY 4.0 license agreement. 
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4.6 Case Study: IoT Sensor for Formaldehyde Detection 

This section presents a system-level integration of the preceding layers, placing materials, 
electrode behaviour, signal structure, and hardware implementation in the context of 
portable, real-world sensing deployment. 
 This case study presents a field-deployable electrochemical sensor platform for the 
rapid detection of formaldehyde (HCHO) in alkaline media, developed as a collaboration 
between multiple researchers. The core sensing element was fabricated using Ni(OH)₂-Ni 
nanowires deposited onto paper-based SPEs, a process led by Špela Trafela and co-authors. 
Figure 4.6 presents the graphical abstract from the related publication, summarising the 
IoT-enabled formaldehyde sensing platform. It illustrates the integration of Ni(OH)₂–Ni 
nanowire-modified paper-based electrodes with custom-built potentiostat hardware for 
remote electrochemical detection.  

 
Figure 4.6: Graphical abstract of the IoT formaldehyde sensing platform. Adapted from 

Trafela et al., Sensors 23 (2023) 4676, shared under CC BY 4.0 licensing. 

 The present author’s contributions focused on the integration, configuration, and 
validation of the custom-built potentiostat system used to drive the sensor platform. 
Working with a Photon IoT development board programmed in C/C++, specific 
adjustments were made to the firmware to define and fine-tune the chronoamperometric 
(CA) bias potentials. Since HCHO oxidation occurs above +0.6 V vs Ag, different setpoints 
were tested within the code to determine the optimal detection window. These changes 
were essential for correlating applied voltage with current response sensitivity. 
 Verification tasks involved checking that programmed voltages were correctly 
translated into actual output, using both internal debugging and comparison with a second 
prototype unit. In one case, a mismatch between expected and observed voltages was 
resolved by cross-referencing measurements between two devices, highlighting a 
discrepancy in hardware quality. These corrections ensured consistent signal delivery across 
units. 
 Serial communication was implemented using a microUSB link to a host PC, with 
data streamed live into a text interface via PuTTY. Delimiters were configured to format 
output into structured logs that could be easily imported into Excel for analysis. 
Additionally, Wi-Fi connectivity was set up through the Photon board’s native wireless 
interface, allowing for remote access, monitoring, and potential cloud-based deployment in 
future iterations. 
 Beta testing was performed using both breadboard and PCB-based versions of the 
device. The breadboard prototype featured a hardware-adjustable potentiometer to set 
voltage levels manually, while the final PCB variant relied entirely on digital code for 
voltage control. The author was responsible for ensuring that both platforms produced 
consistent and reproducible responses to HCHO exposure. Performance was benchmarked 
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against commercial potentiostats including the Gamry Ref 600, PalmSens4, and EmStat3 
Blue to validate output quality and measurement reliability. 
 Although these contributions were primarily focused on the integration and 
operational verification of the sensor system, they were essential in translating a functional 
lab-built circuit into a robust, deployable prototype. This work reinforces the importance 
of system-level debugging, firmware adaptability, and signal integrity testing in enabling 
practical, IoT-compatible chemical sensing platforms. 
The full dataset and material characterisation are available in the original article [Sensors 
2023, 23, 4676; https://doi.org/10.3390/s23104676]. The print version is shared in the 
following pages under the CC BY 4.0 license agreement. 

https://doi.org/10.3390/s23104676
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4.7 Future Work 

Building on the findings and limitations of this study, several key directions are proposed 
to advance the platform from a laboratory proof-of-concept toward a scalable, field-ready 
electrochemical sensing solution. 
 A primary goal is the expansion to gas-phase sensing, enabling the detection of 
volatile organic compounds in air. This will require sensor interface adaptations such as 
gas-permeable membranes or controlled diffusion layers to allow stable electrochemical 
performance outside of liquid environments. 
 The platform also stands to benefit from real-time, multi-analyte detection, using 
sensor array configurations where multiple modified electrodes operate in parallel. This 
approach would enable simultaneous monitoring of chemically related compounds and 
support applications in complex environmental or industrial settings. Integration with 
signal deconvolution or machine learning algorithms would further enhance resolution and 
specificity. 
 Automated parameter optimisation represents another promising direction. 
Embedding feedback-controlled logic into the potentiostat would allow the system to 
dynamically adjust bias voltages, scan rates, or waveform profiles based on signal feedback, 
maximising sensitivity and efficiency under varying conditions. 
 From a deployment perspective, the fabrication process can be streamlined by 
shifting electrode modification to the point of manufacture. Pre-functionalised electrodes 
would reduce user error, improve reproducibility, and eliminate the need for laboratory-
based catalyst deposition prior to each use. 
 Equally important is the pursuit of sustainable and cost-effective materials. While 
platinum-group metals (PGMs) offer excellent catalytic performance, their high cost and 
environmental impact make them less viable for large-scale or disposable sensors. Future 
work should investigate alternatives such as carbon nanotubes (CNTs), graphene, and 
Vulcan XC-72R, which combine high surface area and electrical conductivity with 
significantly lower material cost and environmental burden. Incorporating such materials 
into biodegradable substrates like paper-based SPEs would further support green chemistry 
principles and reduce waste in high-throughput applications. 
 Lastly, long-term field trials will be essential to validate system performance under 
real-world conditions. This includes testing in wastewater facilities, industrial sites, and 
outdoor environments, where variables such as temperature, pH, humidity, and matrix 
complexity can affect stability and accuracy. Durability, fouling resistance, and calibration 
drift over extended use must be evaluated to ensure the platform’s reliability in 
unsupervised or remote deployments. 
 Future studies could also explore emerging frequency-domain and time–frequency 
methods such as the STFT, Gabor, and wavelet transforms, as well as digital 
electrochemistry frameworks based on the Z-transform, to provide deeper insight into 
transient behaviour and to improve the modelling of discrete-time measurement systems. 
 By addressing these areas, future iterations of the system can evolve into an 
adaptable, scalable, and environmentally conscious tool for next-generation chemical 
sensing applications. 
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5 Conclusions 

Electrochemical sensing is often presented as a direct analytical readout of chemical 
processes occurring at an electrode surface. In practice, however, the information extracted 
from an electrochemical experiment is mediated by a layered measurement system 
comprising the excitation waveform, the instrumentation used to generate and acquire 
signals, and the evolving physicochemical state of the electrode–electrolyte interface. Each 
of these elements introduces constraints that shape observed sensitivity, selectivity, and 
stability, yet they are rarely examined in combination. This dissertation therefore 
investigates electrochemical sensing as an integrated measurement system, examining how 
experimental design choices across waveform, hardware, and interface collectively govern 
sensor performance. 
 This work explored the development of an electrochemical sensing system tailored 
for the detection of volatile toxic organic compounds, with an emphasis on benzenediol 
isomers. By combining modified SPEs with embedded signal processing, IoT connectivity, 
and advanced waveform analysis, the study aimed to bridge the gap between laboratory-
grade performance and field-ready chemical sensing platforms. 
 Taken together, the results demonstrate that electrochemical sensing performance 
emerges from the coupling of materials, signal structure, instrumentation, and system-level 
deployment considerations. Viewed as a coupled system, improvements at one layer, such 
as catalytic enhancement of the electrode surface, only translate into practical gains when 
supported by appropriate waveform design and faithful hardware implementation. 
Frequency-domain analysis revealed how signal structure governs the balance between 
faradaic information and capacitive artefacts, while impedance-based diagnostics exposed 
stability and degradation as limiting factors beyond initial sensitivity. Hardware 
comparisons further showed that measurement fidelity is not solely determined by 
chemistry, but also by how electrochemical signals are generated and evaluated. When 
integrated into portable and IoT-enabled platforms, these layers collectively define whether 
laboratory-scale performance can be sustained under real-world conditions. This systems-
level perspective provides a unifying framework for designing robust, interpretable, and 
deployable electrochemical sensors. 
 Beyond the technical objectives, one of the implicit goals of this work was to bring 
together traditionally distinct disciplines: analytical chemistry, electrochemistry, materials 
science, and electrical engineering into a unified, application-driven approach to sensor 
development. While these fields occasionally intersect in sensor design, they often operate 
with different priorities, vocabularies, and methodological frameworks. This project 
demonstrated that meaningful integration of these disciplines not only enhances the 
robustness of sensor systems but also enables novel functionality and deployment strategies 
that would not be possible within the bounds of any single domain. 
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5.1 Summary of Findings 

The core objective of this work was to develop a deployable electrochemical sensor platform 
capable of detecting volatile toxic organic compounds (VTOC), with a focus on the redox-
active benzenediols: catechol (CC), hydroquinone (HQ), and resorcinol (RS). To achieve 
this, the project followed a modular and scalable strategy that combined key elements 
fields, while related in scope, often pursue independent methodologies and design priorities. 
Their integration in this project proved essential for developing a system that was both 
scientifically rigorous and practically deployable. 
 At the materials level, screen-printed electrodes (SPEs) were modified with carbon-
supported platinum and gold nanoparticles to enhance electrocatalytic response. Using 
techniques such as cyclic voltammetry (CV) and differential pulse voltammetry (DPV), 
CC and HQ exhibited well-defined, reversible redox peaks, while RS produced irreversible 
oxidation profiles, consistent with surface-bound polymerisation. Chronoamperometric 
measurements enabled quantification, with detection limits reaching 0.33 µM for CC and 
HQ, and 33 nM for RS. The fabrication method, relying on simple drop-casting and 
commercial fuel-cell grade catalysts, offered a reproducible and cost-effective route for 
producing deployable sensor elements. 
 The system’s practical utility was validated using commercial formulations 
containing benzenediols. These real-world matrices introduced additional chemical 
complexity, including surfactants, solvents, and stabilisers. Despite these factors, the 
sensors were able to detect target analytes with good selectivity, indicating a promising 
level of robustness and reliability under field-relevant conditions. 
 Electrochemical impedance spectroscopy (EIS) was used not only for endpoint 
characterisation but also as a tool for tracking sensor stability and surface degradation 
during operation. By fitting impedance spectra to simplified equivalent circuits, values for 
polarisation resistance and effective capacitance were extracted and monitored over time. 
Unmodified SPEs demonstrated performance improvements due to electrochemical 
activation, while Pt-modified electrodes showed a more complex degradation profile after 
initial enhancement. These observations were supported by trends in CV behaviour, 
validating EIS as a real-time diagnostic tool within the sensor workflow. 
 A second layer of analysis involved examining voltammetric signal content in the 
frequency domain using Fourier transforms. Spectral decomposition of cyclic voltammetry, 
linear sweep voltammetry, differential pulse voltammetry, and square wave voltammetry 
wave functions revealed how waveform shape directly influences the harmonics of the 
aforementioned electrochemical techniques. These insights enabled the quantification of 
harmonic contributions and provided a framework for waveform selection and optimisation 
of their parameters based on frequency-dependent behaviour. This signal processing 
perspective is uncommon in classical electrochemical analysis but draws heavily from 
communication engineering, further demonstrating the interdisciplinary scope of the work. 
 The impact of hardware design was also explored by comparing digital staircase 
and true analogue voltage scans. Analogue scans produced smoother current responses and 
more consistent peak shapes, while digital scans obscured minor details due to abrupt 
potential steps. These differences, though subtle, had measurable effects on signal 
interpretation and highlighted the importance of matching hardware capability with the 
resolution required for quantitative analysis. 
 Lastly, a custom IoT-enabled potentiostat was integrated into a formaldehyde 
sensor platform as a case study. Although the sensing material and electrode fabrication 
were led by collaborators, the present author contributed to the functional deployment of 
the device. Tasks included adapting firmware to control applied potentials, configuring and 
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setting up RS232 serial communication for data logging, integrating Wi-Fi functionality, 
and conducting quasi-alpha and -beta testing to validate system behaviour against 
commercial instruments. These steps ensured the sensor system transitioned from bench 
prototype to fully operational device. 
 Taken together, the results presented in this dissertation demonstrate that 
electrochemical sensing performance is often constrained not solely by materials or 
chemistry, but by the measurement system itself, including excitation design, 
instrumentation, and the evolving electrode–electrolyte interface. By treating 
electrochemical sensing as an interdependent measurement system rather than a 
transparent analytical window, this work provides a framework for interpreting sensor 
performance, limitations, and transferability under real-world conditions. In summary, this 
work demonstrates that integrating concepts from traditionally distinct fields can result in 
a sensing platform that is analytically sound, reliable, and practically deployable. Each 
component, from surface chemistry and waveform optimisation to hardware tuning and 
field integration, contributed to a complete system that performs beyond the sum of its 
parts. 

5.2 Limitations and Recommendations 

While the sensing system presented in this work demonstrated strong analytical 
performance and versatility, several limitations remain that should be addressed in future 
development cycles. 
 First, the system is currently limited to liquid-phase detection, with all 
electrochemical measurements performed in aqueous media. This restricts its application 
scope, particularly for VTOCs that are primarily encountered in air, such as formaldehyde, 
and benzene. Expanding the platform to include gas-phase detection capabilities, 
potentially through integration with gas-permeable membranes or pre-concentration layers, 
would significantly increase its practical relevance in environmental and industrial settings. 
 Second, the electrode substrates used throughout this project are alumina-based 
screen-printed electrodes (SPEs), which offer mechanical and chemical robustness, along 
with reliable electrical performance but are neither biodegradable and are recyclable to a 
limited extent. Since many of these electrodes are used in a single-use format, the 
cumulative environmental footprint is non-trivial. Future work could explore the use of 
renewable and biodegradable substrates, such as paper-based or cellulose-derived SPEs, 
which have begun to emerge as sustainable alternatives in the field. 
 Another challenge lies in the inherent response time of electrochemical systems. 
Techniques such as chronoamperometry and voltammetry require measurable interaction 
times for charge transfer and diffusion processes to stabilise, which limits their suitability 
for rapid or instantaneous sensing. While data smoothing and predictive algorithms may 
improve perceived responsiveness, hard real-time detection remains a technical challenge 
for electrochemical platforms, particularly in dynamic or safety-critical environments. 
 Additionally, the quality control of commercially sourced SPEs was found to be 
variable. Certain batches exhibited inconsistencies in baseline currents, mainly due to 
working electrode material and surface quality, which can undermine reproducibility. These 
issues are difficult to detect without full pre-screening of each sensor. For broader 
deployment, either tighter manufacturing quality standards or in-house fabrication with 
post-production characterisation may be necessary to ensure batch-to-batch reliability. 
 Finally, although the integration of EIS and frequency-domain analysis improved 
data interpretability, these methods also introduced computational overhead and required 
post-processing expertise. For future field-oriented versions of the platform, automated 
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signal analysis pipelines or embedded onboard processing would be beneficial to translate 
these diagnostic insights into accessible outputs for non-specialist users. 
 The present analysis is limited to stationary signal treatment, whereas most 
electrochemical processes are inherently non-stationary and would benefit from time–
frequency domain approaches for a more complete characterisation. 
 Overall, while the current system provides a solid foundation, these limitations 
highlight several areas for refinement in terms of sustainability, versatility, responsiveness, 
and reliability. Addressing them will be key to transforming the platform from a proof-of-
concept into a truly field-ready sensing tool. 
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