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Abstract

This work presents a low cost, microcontroller based electrochemical potentiostat
that is intended for educational purposes and small experimental applications. The
device allows access to electrochemical measurement capabilities for students, hobby-
ist researchers, and small laboratories without dependence on expensive commercial in-
strumentation. This provides a simple and inexpensive setup that allows the practical
exploration of electrochemical principles in situations where regular instruments are not

available.

The potentiostat is built around an Arduino DUE with commonly available electronic
components. It provides the facility of cyclic voltammetry with parameters that can be
varied and allows conducting experiments with a wide range of electrochemical cells.
This modular architecture allows users to modify and extend the system according to

experimental needs, thus helping hands-on learning and exploring various reactions.

Tests of both hardware and software indicate that the system works reliably and
provides results sufficiently accurate for educational or experimental purposes. The de-
veloped apparatus provided stable voltage control, sensitive current measurement, and
real-time data acquisition with low electrical noise. High speed sampling and user config-
urable software enable the detection of subtle changes in voltage and current, reflecting

dynamic ionic movement and related electrochemical processes.

The work underlines the possibility that low-cost, self assembled instrumentation
can help bridge theoretical teaching and hands-on experimentation. The device makes
electrochemical measurements more accessible, thereby supporting education and pre-
liminary research, building up knowledge, experimentation, and skills in electronics and

electrochemistry.
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Chapter 1

Introduction

Electrochemistry belongs to the core of physical science that explores the interrela-
tion between electrical energy and chemical change, having applications in energy
storage, environmental monitoring and biological [1]. In order to translate theo-
retical electrochemical principle into measurable parameters, we need some tools to
understand and investigate redox process, electrode kinetics and reaction mechanism.
Building upon the foundation of electrochemistry, the device called the potentiostat
its serves as a basic analytical tool that facilitates the experimental study of elec-
trochemical reactions by precisely controlling and recording electrode potential and
current [2]. However, the elevated expense and intricacy of commercial potentiostats
presents a considerable obstacle to their widespread utilization, especially in educa-

tional and small-scale research settings with limited budget [3].

This thesis addresses the necessity for an accessible and cost-effective alternative
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by introducing the construction of a D.I.Y. (Do-It-Yourself) microcontroller-based
potentiostat. The suggested architecture provides a cost-effective and flexible solu-
tion utilizing readily accessible components, including the Arduino DUE and opera-
tional amplifiers. It enables precise cyclic voltammetry measurements that renders
it suitable for educational purposes, hobbyist experimentation, and introductory re-
search. Our initiatives at PhysLab seek to democratize electrochemical instrumenta-
tion by emphasizing open-source hardware and software. This study illustrates that
low-cost platforms can achieve significant performance through meticulous system

design, performance assessment, and comparison analysis with commercial systems.

1.1 Background

In recent years, the emergence of open-source electronics, notably the micro-controller
based instrumentation platform has facilitated the development of cost-effective, cus-
tomizable, and portable alternatives to conventional electrochemical systems. Re-
cent advances in embedded electronics, open-source hardware platforms such as the
Arduino, and accessible circuit simulation tools have collectively democratized the
field of electrochemical measurements [3]. These developments have encouraged re-
searchers and educators to design D.I.Y. potentiostats, offering an affordable entry
point for electrochemical experimentation, academic training, and rapid prototyping.
As worldwide focus intensifies on renewable energy and environmental sustainability,
the demand for electrochemical technology and proficient practitioners is steadily ris-

ing so the need of D.I.Y. potentiostat projects have become increasingly popular for

17



enhancing access to electrochemical instruments, fostering creativity, and boosting
experiential learning in STEM education. This project enhances existing initiatives
by creating an affordable, Arduino-based potentiostat that facilitates fundamental
electrochemical procedures while ensuring accessibility and adaptability for various

users.

1.2 Objective

The primary objective of this thesis is to illustrate how multi-disciplinary design
can yield powerful yet inexpensive research tools. The work presented in this thesis
draws inspiration and contribution [5] from the growing movement that is to make
science instrumentation more accessible, adaptable, and transparent, empowering
researchers and students alike to explore the fundamentals of science using self-built

and open-source systems.

To bridge science and accessibility, the principle aim is the design and develope-
ment of D.I.Y microcontroller based potentiostat. Thus it represents a significant
step toward simplifying and modernizing electrochemical instrumentation. By inte-
grating analog front-end circuitry with digital control and data acquisition systems,
such a device can perform essential electrochemical function, controlling electrode
potentials, measuring current responses, and communicating with a host computer

for visualization and analysis.

A primary purpose is to guarantee compatibility with commercially avaliable

potentiostat such as Gamry’s potentiostat which was avaliable in our laboratory.
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The device must be capable of executing cyclic voltammetry, a fundamental and
commonly utilized approach in electrochemical analysis. The design will also ac-
commodate the possibility of future expansion into additional techniques such as

chronoamperometry, square-wave voltammetry, and linear sweep voltammetry.

In summary, the thesis seeks to develop a modular and open-source potentiostat
with fully documented hardware and software, enabling users to easily modify, ex-
pand and integrate the system for new appplication thus fostering open innovation

and collaboration in scientific instrumentation.

1.3 Scope Of Study

This project is explicitly defined to concentrate on the development, testing, and
benchmarking of a single-channel potentiostat prototype. This delineated scope

guarantees a focused and attainable result within the project’s limitations.

The electrochemical emphasis is on cyclic voltammetry (CV). This technique
entails linearly varying the potential squarely over time while recording the resultant
current. CV is exceptionally appropriate for our study because of its pedagogical
importance in imparting fundamental electrochemical principles and its effectiveness

in assessing redox-active substances.

Two primary methods to hardware design configurations are examined. The
breadboard prototype highlights adaptability and ease of alteration, rendering it

suitable for educational and experimental environments. Second, the printed circuit
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board (PCB) architecture provides a more durable, noise-resistant, and permanent
solution for the gadget. It additionally facilitates the incorporation of interchangeable

shields designed for certain applications.

The system’s performance evaluation and validation are accomplished using sev-
eral methodologies. This encompasses theoretical analysis of electrochemical be-
havior, direct comparison with commercial potentiostats regarding accuracy, noise
levels, and response time, as well as the assessment of critical performance metrics
including signal-to-noise ratio, dynamic range, resolution, scan rate stability, and

reproducibility of voltammograms.

The created codebase facilitates real-time data gathering over serial transmission
for program integration and customisation. Our potentiostat is constructed to be
modular, facilitating the modification of essential experimental parameters. The
software is also compatible with external tools for data visualization and logging

thus improving usability.

Finally, limitations and restraints within our design are duly recognized. The
device possesses numerous vital functions; nonetheless, it is constrained by limi-
tations, including the utilization of an 12-bit DAC, dependence on Arduino Pulse
Width Modulation for analog signal production, and restricted scan rate resolution.
These constraints are acknowledged as opportunities for future improvement, refine-
ment and there also remain the scope of upgradation by adding other electrochemical

techniques too.
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1.4 Significance

A significant contribution of this role lies in the realm of democratization of scientific
instruments. This approach substantially reduces the cost of a relatively pricey
instrument, thereby rendering electrochemical analysis accessible to students and
researchers in institutions unable to afford commercial potentiostats. This effect is
particularly pronounced in resource-constrained settings, including public schools,

community colleges, and universities in the global south.

The project also facilitates the improvement of experiential learning in STEM.
The device facilitates instructors in performing practical experiments, thereby bridg-
ing the divide between theory and application. This promotes active learning, critical
thinking, and early involvement with scientific research methodologies and skills vital

for a robust foundation in STEM education.

Furthermore, the project provides substantial assistance to the D.I.Y. and maker
movements. This work promotes independent problem solving, engineering skill de-
velopment, and creative tinkering by embracing open-source platforms such as Ar-
duino and encouraging a do it yourself attitude. These attributes are essential for

educating the forthcoming generation of scientists and engineers.

The primary aim of the project is to contribute to open-source scientific in-
struments. All design files, encompassing circuit schematics and source code, are

designated for open sharing.

In addition to its educational applications, the low-cost potentiostat could be
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utilized for environmental monitoring, biochemical sensing, and portable diagnostics.
It lays the groundwork for future developments, including wireless communication,
enhanced-resolution DACs, and multi-channel topologies, thus fostering continuous

innovation in applied electrochemistry.
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Chapter 2

Literature Review

Electrochemical instrumentation plays a vital role in modern analytical science.
Techniques such as cyclic voltammetry, chronoamperometry, and electrochemical
impedance spectroscopy are routinely employed in chemistry, biology, materials sci-
ence, and environmental monitoring [6]. Central to these techniques is the poten-
tiostat, a device that controls the voltage between electrodes in an electrochemical
cell and measures the resulting current. This chapter explores the fundamental prin-
ciples of electrochemical methods, examines some of the limitations of commercial
potentiostats, reviews relevant open-source and microcontroller-based systems, and

finally identifies key research gaps that this thesis aim to address.
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2.1 Fundamentals of Electrochemical Methods

The basic principles of electrochemistry provide a solid foundation for the analytical
characterization of chemical systems by studying the interaction between electrical
factors (like potential, current, and charge) and chemical processes [7]. The Elec-
trochemical techniques offer significant advantages in terms of sensitivity, detection
limits and ability to study reactions thermo dynamically and kinetically by control-
ling and measuring redox processes at the electrolyte/electrode interface. The main
techniques within this area can be divided based on the particular applied electrical
signal to the system and the measured response, these procedures are useful for our

work and are discussed below.

2.1.1 Cyeclic voltammetry (CV)

Cyclic voltammetry is a direct current (DC) electrochemical technique, which records
the response in a current while a potential scan is applied to the working electrode
at a constant scan rate in the forward and reverse directions (Figure 2.1), once or
several times [8]. Given its versatility and fundamental importance, this thesis is
based on cyclic voltammetry. The term ’cyclic’ in cyclic voltammetry means the
repeated application of the potential scan and continuous current measurement. A
detailed study of its principles, implementation, and applications will be presented

in the upcoming chapters.
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2.1.2 Amperometry

Amperometry [9] is an electroanalytical technique that involves the application of a
constant reducing or oxidizing potential to a working electrode and the subsequent
measurement of the resulting steady-state current as represented in Figure 2.1 .The
main difference is that amperometry measures a constant current at a fixed potential
to determine the analyte concentration, while cyclic voltammetry measures the cur-
rent as a function of a continuously varying potential to study reaction reversibility

and kinetics.

2.1.3 Chronoamperomtery (CA)

Chronoamperomtery (CA) is a potential step method (Figure 2.1) and is also known
as constant potential bulk electrolysis, controlled potential amperometry, and po-
tential pulse electrolysis. The simplest case, CA is the measurement of current vs.
time due to a change (step, pulse) in potential [10]. Initially, the potential of the
working electrode is held at such a value where no redox reaction (X) or no faradaic
electron transfer are occuring, when the experiment starts we step the potential to a
point that is sufficiently high to induce oxidation reaction or low to start a reduction
reaction. In Fig(X), it can be observed that there is spike of current followed by
the current decay. Breiefly describing the current spike is result of electrical double
layer charging (non-Faradaic response) and the oxidation of electrolyte (Faradaic
response). As the current is associated with the electrochemical species being oxi-
dised, its concentration will gradually decrease with time which means the current

will decay.
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2.1.4 Chronopotentiometry (CP)

Chronopotentiometry (CP) is a galvanostatic method in which the current at the
working electrode is held at a constant level for a given period of time and the working
electrode potential and current are recorded as a function of time as shown in Figure
2.1. Typically, current is held constant between working and counter electrodes while
potential is measured at the working electrode relative to the reference electrode.
Researchers employ this method to study chemical reaction mechanisms and kinetics.

It is also frequently used to study batteries and electrodeposition [11].

2.1.5 Electrochemical Impedance Spectroscopy

The technique of electrochemical impedance spectroscopy (Figure 2.1) is based on
the perturbation of an electrochemical system in equilibrium or in steady state, via
the application of a sinusoidal signal (ac voltage or ac current) over a wide range
of frequencies and the monitoring of the sinusoidal response (current or voltage,
respectively) of the system toward the applied perturbation [12]. This method has
broad applications across fields such as corrosion analysis, semiconductor research,
energy conversion and storage technologies, chemical sensing, biosensing, and even

noninvasive diagnostic methods.
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2.2 Commercial Potentiostats: Features and Lim-
itations

High-end commercial potentiostats, such as those manufactured by Gamry Instru-
ments [13], CH Instruments [14], Osilla [15] and Metrohm Autolab [16] offer superior
performance with high precision, low noise, and support for a wide range of tech-
niques. These instruments typically includes high-resolution DACs (16-bit or higher),
fast sampling ADCs, powerful onboard processors and advanced software for automa-
tion and data visualization. A potntiostat made by Gamry is very popular, and one

such model is shown in Figure 2.2.

Figure 2.2: Gamry Potentiostat setup in PhysLAB.

However, these devices are often expensive as prices are mentioned in table2.1,
and are therefore out of reach for many educational institutions, especially in de-
veloping regions. Furthermore, they are proprietary in both hardware and software,

which limits their customizability for specific educational or research purposes.
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Brand Approximate Price Model Specification
Range (USD)

Ossila $1,000 — $2,000 Entry-level potentiostats
Gamry Instruments $8,000 — $15,000 Research-grade systems

CH Instruments (CHI) $5,000 — $15,000 Mid-range research potentiostats
Metrohm / Autolab $7,000 — $20,000 High-precision modular systems

Table 2.1: Commercial potentiostat brands and approximate price ranges.
2.3 Open-Source and D.I.Y. Potentiostats

In response to the elevated costs and limited adaptability of commercial potentio-
stat devices, the scientific and maker communities have created various open-source
potentiostat alteratives. These devices are generally intended for educational pur-
poses, fundamental research, or deployment in resource-limited settings, providing a

cost-effective and versatile alternative to proprietary systems.

One initiative is CheapStat [17], created by Kevin J. O’Dell and colleagues. It is
one of the early open-source potentiostats, constructed with inexpensive components.
It is capable of executing fundamental procedures, including cyclic voltammetry (CV)
and chronoamperometry. Nonetheless, its 8-bit resolution and restricted current
range render it inadequate for more sophisticated applications necessitating greater

precision and sensitivity.

Another noteworthy example is DStat [19], a more sophisticated open-source
potentiostat that integrates a 16-bit DAC to enhance resolution and accuracy. DStat
is appropriate for both educational purposes and small-scale research, rendering it

an excellent option for budget-constrained academic laboratories.
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The uWED [21] project embodies a concise and unique methodology, integrat-
ing microfluidic electrochemical measuring functionalities within a minimal spatial
configuration. It is primarily intended for diagnostic and point-of-care applications,

providing adequate performance in a portable format.

Although these open-source devices provide significant advantages for affordable
and configurable applications, they also encounter various constraints. This en-
compasses reduced scan rates attributable to microcontroller processing limitations,
diminished analog resolution, insufficient documentation that may limit precise re-
production, and constrained expandability that restricts adaption for sophisticated

or evolving research requirements.

2.4 Micro-Controller based Instrumentation

Microcontrollers like the Arduino Uno, ESP32, and STM32 have been instrumental
in facilitating the creation of affordable scientific instrumentation. These platforms
provide fundamental characteristics such as digital control, PWM-based digital-to-
analogue capabilities, and serial communication interfaces. Their extensive applica-
tion in D.L.Y. electronics and STEM education is propelled by their cost-effectiveness,

versatility, and the backing of a large user community.

In the realm of potentiostat development, microcontrollers can be configured to
execute many essential functions. They may produce voltage ramps via pulse-width
modulation (PWM) in conjunction with low-pass filtering, acquire current signals

through onboard ADCs or external instrumentation amplifiers, and relay data to a
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computer via USB or wireless communication modules.

Although these microcontroller-based devices typically do not possess the pre-
cision and reliability of premium commercial equipment, their utilization is on the
rise across many environments. This include instructional laboratories, where eco-
nomical tools are vital for experiential learning; portable field equipment, where
compactness and cost-effectiveness are paramount; and budget-conscious research

settings that necessitate swift and adaptable prototyping capabilities.

2.5 Research Gaps and Motivation

Notwithstanding the increasing prevalence of D.I.Y. and open-source potentiostat ini-
tiatives, certain constraints persist that hinder their wider use in both academic and
practical research environments. Numerous current designs, including CheapStat,
uMED, and DStat, despite their innovation, frequently exhibit two extremes—being
either excessively simplistic for rigorous academic or analytical chemistry applica-
tions or overly sophisticated for secondary school or introductory undergraduate
laboratories. For example, CheapStat employs an 8-bit DAC, providing 256 discrete
voltage levels, so constraining resolution and rendering it inadequate for sensitive

measurements where precision is paramount.

A significant disadvantage is the absence of thorough and accessible documenta-
tion, hindering replication and community-led enhancement. Moreover, modularity
and scalability are frequently neglected in these initiatives. Most current systems

are rigidly configured for a singular function, complicating the integration of new
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methodologies such as differential pulse voltammetry or square wave voltammetry
without necessitating a complete circuit redesign. While PWM-based analog signal
creation is straightforward, it generates ripple and noise, particularly at lower fre-
quencies or with inadequate filtering. This leads to diminished signal-to-noise ratios
(SNR), which can markedly alter electrochemical data, especially in low-current or

high-impedance contexts.

Consequently, there is a distinct necessity for a versatile, thoroughly documented,
and economical potentiostat that achieves a pragmatic balance among use, preci-
sion, and cost-effectiveness. The device must perform precise cyclic voltammetry,
be quickly constructed with readily available components, and be adaptable for
both breadboard prototype and PCB implementations. Furthermore, it must possess
an open-source structure facilitating straightforward modifications and community
contributions, and be specifically designed for STEM teaching, fieldwork, and low-

resource research settings.

This thesis seeks to address this deficiency by creating a microcontroller-based
potentiostat utilizing the Arduino Uno platform. The design prioritizes cost ef-
fectiveness, adaptability, and replicability, focusing on applications in educational
laboratories, D.I.Y. maker spaces, and small-scale analytical research. The system
integrates software filtration, adjustable parameter control, and compatibility with
serial data logging and graphical interfaces, thereby fulfilling both educational and

technological criteria.
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Chapter 3

Cyclic Voltammetry

The foundation of any electrochemical measurement is the regulated manipulation
and assessment of electrical potential and current in a solution with redox-active
species. The potentiostat, the primary device for electrochemical regulation, neces-
sitates a thorough comprehension of the establishment of potentials and the driving
and measurement of currents. This chapter draws substantial inspiration from the
work published in [19]. Portions of the text have been adapted to maintain continuity

and to explain the underlying principles more effectively.

This chapter offers a detailed examination of the electrochemical concepts perti-
nent to the design and functioning of a potentiostat, with particular emphasis on the
roles of the three-electrode system: the working electrode (WE), reference electrode
(RE), and counter electrode (CE). The text examines potentiometric and voltam-

metric methodologies, highlighting both theoretical and practical aspects crucial for
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precise and consistent electrochemical measurements.

3.1 Electrochemistry

Electrochemistry is an important technique in the study of reactions that involve the
movement of electrons. The majority of the important reactions, especially those
of inorganic chemistry, are redox (reduction—oxidation) which involves one of the

substances gaining electrons (reduction) while the other losing electrons (oxidation).

3.1.1 The Reduction Forces

In order to emphasize the difference between an electrochemical and chemical re-
duction, take the following generic case in which a cationic species AT is reduced
to the neutral species A. In a chemical reduction, another chemical species (called a

reducing agent) donates electrons to A™.
AT +B=—=A+ B*.

Here, B provides the electrons to reduce A™. The ability of this reaction to occur
depends on the chemical nature of B . If B is a strong reducing agent, the reaction
happens easily. If B is weak, the reaction may not occur at all. Importantly, to
change the reaction conditions, you must change the chemical reducing agent 3.1
A. On the other hand in an electrochemical reduction, the electron does not come
from a chemical species but from an electrode (a solid conductor like platinum,

gold, or carbon). The electrode is connected to an external power source such as a
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potentiostat, which supplies electrons at controlled and deterministic energies. The
reaction is:

A+—|—e_\iA.

Here, the electrode surface transfers electrons directly into AT. By adjusting the
applied voltage, we control whether electrons have enough energy to reduce A™. If
the applied voltage is high enough and has the correct polarity, the reductiondoes

indeed take place (Figure 3.1B)

A. CHEMICAL ELECTRON TRANSFER

Reactants e Products

A
0@ —=00 —©@

B. ELECTROCHEMICAL ELECTRON TRANSFER

Electrode

Figure 3.1: (A) Chemical and (B) Electrochemical reduction of A™ to A. The potentiostat controls the
electrode electron energy, which can be increased until electron transfer becomes favorable.

3.1.2 Cyclic Voltammetry and the Voltammogram

Cyclic voltammetry is a very common electrochemical technique. In this technique
a voltage is applied to an electrochemical cell and the resulting current is measured.

The ramp voltage is swept between a lower —V, and upper +V, limit in a cyclic
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fashion. The sweep is generally as shown in Figure 3.2. It can be run once or
repeatedly, depending on the desired information. The sweep is carried over a time
duration at a certain sweep rate on the working electrode in a quiescent solution, and
then the resulting current is measured. The sweep rate is generally adjustable. It
is a powerful tool for determining the redox properties of species present in solution
as well as those adsorbed on the electrode surface. Cyclic voltammetry can be
described as a complex time-dependent function of a vast array of chemical and

physical parameters.

J

Time Time VOLTAGE 4

VOLTAGE
CURRENT
CURRENT

Figure 3.2: (Left) Applied triangular voltage waveform, (Middle) Corresponding current—time response,
(Right) Resulting cyclic voltammogram illustrating the electrochemical behavior of the system.

We can plot the voltage versus current as a voltammograms, illustrated in Figure
3.3, with a more precise designation being cyclic voltammogram (CV). A typical
cyclic voltammogram of the output for a quasi-reversible diffusion-controlled species
has horizontal axis denoting the externally regulated variable, specifically the applied
potential (E), whereas the vertical axis illustrates the system’s reaction, represented
by the resultant current (7) that is generated. In certain instances, the current axis
may not be distinctly labeled; rather, a scale bar might be incorporated within the
graph itself. Each trace is associated with an arrow to indicate the direction of the

potential sweep during the data acquisition procedure.
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Figure 3.3: The process of cyclic voltammetry displayed in a cyclic voltammogram .

As depicted in Figure 3.3 , the forward scan from FE; to Fs, is anodic trace
also known as oxidation trace as it gives the oxidation peak. During the forward
potential sweep (positive), the applied voltage increases from initial potential E; to
more positive potential Ey. As the potential become more positive, the electroactive
species present in solution undergoes oxidation that generates an anodic current that
rises until it reaches the oxidation peak. Beyond this point, the anodic current starts
to decrease. When the scan direction is reversed (negative) the potential is swept
back from F, to Ei, and the oxidized species start reducing back to their original

state producing a reduction peak showing maximum cathodic current.

3.1.3 Nernst Equation

The Nernst equation helps to predict electrochemical cell potential at any known
temperature, pressure, and concentration. The equation relates the reduction po-

tential of the cell at a non-standard condition to that of standard conditions [18].
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For the electrochemically reversible electron transfer X + e~ = X~ | the Nernst

equation is written as follows:

E:E°+El (CX ) (3.1)
Cx

where F is the electrode potential (in Volts), E° is the standard reduction potential

of the X/ X~ couple (in Volts), R is the gas constant (8.315J K 'mol™"), T is the

temperature (in Kelvin), n is the number of electrons transferred , and F' is Faraday’s

constant (96,485 C mol_l), and Cx or Cx- is the concentration of the respective

species (X or X ) at the electrode.

It is important to remember that we are only concerned with the concentrations
of the species at the electrode, which can differ from the concentration of the analyte

in bulk solution.

While analyzing CV data electrochemical reversibility is related to kinetics for
electron transfer occurring within electrode interface: fast kinetics produce sharp,
peak-symmetric profiles consistent with Nernstian equilibrium; slower kinetics add
additional overpotentials and widen spread between peaks. As a result, the voltam-
mograms with peak shapes represent a direct signature of the interdependence be-
tween electrode potential, concentration gradient, diffusion phenomena, and re-

versibility related to redox conversion [19].
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3.1.4 Impact of Scan Rate on Peak Currents and Diffusion

Control

The scan rate employed in a cyclic voltammetry experiment specifies the rate with
which applied potential is changed over the electrode. An increase in scan rate
causes a reduction in dimensions for the diffusion layer near to the electrode sur-
face, thereby resulting in elevated peak currents. For an electrochemically reversible
electron transfer process with freely diffusing redox species, such a relationship is

formulated [19] by the Randles—Sevcik equation:

1/2
ip = 0.4463 12 F*? ACy Dy <R”T> , (32)

where i, represents the peak current (A), n is the number of electrons involved in the
redox process, A (cm?) denotes the electrode surface area (commonly approximated
as the geometric area), Dy (cm? s7!) is the diffusion coefficient of the analyte, Cy
(mol cm™3) is the bulk analyte concentration, R is the universal gas constant, T
is the absolute temperature, and v (V s7!) represents the scan rate. According
to this equation, the peak current exhibits a linear dependence on the square root
of the scan rate for species undergoing purely diffusion-controlled electron transfer.
This relationship not only serves as a diagnostic criterion for identifying diffusion-
controlled behavior but also provides a means to determine the diffusion coefficient

of the analyte.

However, deviations from such a linear relationship can yield valuable mechanis-

39



tic information. If a graph of 4, versus v/2 does not hold a linear relationship,
then only two scenarios prevail: (a) the process of electron transfer is not fully re-
versible but quasi-reversible, or (b) the analyte is not fully maintained in solution
but instead adsorbs to the electrode surface. Therefore, analysis of dependence of
current on scan rate can be utilized to discriminate between freely diffusing and ad-
sorbed species on a surface. Additionally to that, peak separation between anodic
and cathodic peaks is one more diagnostic available: for a quasi-reversible electrolytic
transfer peak-to-peak separation increases with scan rate but for an adsorbed species
such a dependence is not seen. Overall, Randles—Sevcik analysis is a suitable method
to determine whether an analyte is a homogeneous, diffusion-controlled entity in so-
lution or if adsorption or kinetic limitations are involved. It is a critical distinction
to make to properly interpret electrochemical reactivity and retrieve credible param-
eters for example a diffusion coefficient. The experimental results interpreted in light

of the scan-rate analysis are discussed in section 5.4.1.

3.2 Collecting Voltammetric Data

3.2.1 Electrochemical Cell

For cyclic voltammetry (CV) experiments, an electrochemical cell is the fundamental
experimental platform. An electrochemical cell used in testing D.I.Y. potentiosat for
electrochemical measurements is shown in Figure 3.4. In the following account,
details will be given to explain the role of each constituent part and present a logical

account to assemble the cell to acquire reliable and repeatable CV measurements.
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Figure 3.4: Electrochemical setup used for testing.

3.2.2 Preparation of the Electrolyte Solution

During a cyclic voltammetry (CV) experiment, electron transfer between analyte
and electrode should be accompanied by migration of ions within solution so as to
maintain electrical neutrality as well as to facilitate current flow. For convenience of
such a process as well as simplification of solution resistance, a supporting electrolyte

is dissolved in a solvent to form what is typically referred to as electrolyte solution.

3.2.3 Solvent

The solvent is also crucial to delivering accurate and reproducible measurements of
electrolysis. An optimum solvent is one that is a liquid at experimental temperature,

that dissolves the analyte and supporting electrolyte with high enough concentrations
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to adequately cover solution properties, and is resistant to reduction and oxidation
within the region of interest. It is also a requirement that a solvent be chemically

inactive towards analyte and supporting electrolyte.

3.2.4 The Supporting Electrolyte

The supporting electrolyte ensures adequate ionic conduction and prevents unwanted
analyte migration. A good supporting electrolyte should be highly soluble in the sol-
vent being chosen, chemically and electrochemically inactive within experimental
conditions, and purifiable. High electrolyte levels ensure low solution resistance with
concurrent reduction of ohmic drop. Moreover, they minimize analyte migration by
providing ionic conduction to the electrode interface being controlled by the elec-

trolyte rather than by the analyte.

In reality, mass transport of species in the electrochemical cell results from con-
vection, migration and diffusion. Convection is eliminated by not stirring or vibrating
and migration is eliminated by using excess electrolyte. In conclusion, the presence
of high concentration supporting electrolyte supresses analyte migration, lower solu-
tion resistances and ensure that the electrochemical response remains purely diffusion

controlled.

Each solvent needs a supporting electrolyte that matches its polarity, solubil-
ity properties and electrochemical stability window for e.g., in inorganic electro-
chemistry, ammonium salts are commonly favored supporting electrolytes in organic

solvent because they fulfill the principal requirements of solubility, stability and in-
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ertness.

3.3 Electrodes

A standard three-electrode arrangement is used typically for CV experiments. In
our project, a glassy carbon working electrode, a gold wire counter electrode, and
an Ag®/Ag pseudoreference electrode is used . This design isolates the function of
current flow from that of potential measurement: the working electrode is where
electron transfer with analyte occurs, a circuit is completed by the counter electrode
carrying the balancing current, and a stable potential reference is supplied by a
reference electrode from which voltages applied are measured. This arrangement

schematically represented in Figure 3.5.

WE

e

E (V)

v

RE

CE

Figure 3.5: Schematic of the three-electrode electrochemical cell, where the potentiostat controls the
potential between the working and reference electrodes while measuring the current flowing between the
working and counter electrodes.
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Adequate cleaning, treatment, and upkeep of electrodes are also relevant to ob-

taining reproducible results.

3.3.1 Working Electrode

The working electrode is where the relevant electrochemical phenomenon of inter-
est happens. In our setup, we used a simple carbon electrode shown in Figure 3.6.
It is controlled with high precision by a potentiostat and placed at potential with
respect to the reference electrode. Selective investigation of redox activity is there-
fore possible. A basic necessity for a working electrode is that it should be made
of a material that is electrochemically inactive within the investigative window of
potential. The electrode material can be changed according to experimental require-
ments. For reproducible and reliable measurements, the surface has to be highly
clean and with a definite area. Mechanical polishing is most commonly employed
for preparing electrodes, especially with glassy carbon and platinum electrodes. An-
other variable that can significantly influence the perceived electrochemical signal is
the choice of the electrode material. Variable electron-transfer kinetics, adsorptive
ability, or material-specific interaction with the analyte can cause disparate voltam-
metric behavior. For these reasons, it is a frequently employed strategy to deploy a
different electrode material to diagnose anomalous responses as well as to probe the

mechanistic details of the redox events.
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3.3.2 Reference Electrode

A reference electrode has a constant and unique equilibrium potential. It is a stan-
dard against which the potential of some other electrode is determined within an
electrochemical cell. There are a variety of standard (and commercially available)
electrode assemblies whose electrode potential is independent of the particular elec-
trolyte being used within the cell. Some of the most commonly utilized reference
electrodes utilized within aqueous media include the saturated calomel electrode
(SCE), the standard hydrogen electrode (SHE), and the AgCl/Ag electrode. It is
advisable to avoid junction potentials by having solvent and electrolyte within the
reference compartment to be identical to that being utilized within the experien-
tial setting. The reference electrode used for testing our D.I.Y. potentiostat is an

AgCl/Ag electrode, shown in Figure 3.6 given below.

3.3.3 Counter Electrode

Once a sufficient potential is placed on the working electrode (WE) with enough abil-
ity to induce reduction or oxidation of the analyte, a current results. The counter
electrode (CE) is critical to forming an overall electric circuit by providing an ex-
change of electrons between the WE and CE. To prevent the kinetics of the elec-
trochemical reactions taking place within the CE from becoming a limiting factor
for any reactions occurring within the WE, the counter electrode is constructed to
have a significantly higher surface area than that of the working electrode. Typi-
cally, platinum wires or gold wires (Figure 3.6) are used for this; but carbon-based

electrodes have also come into play for some applications.
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Figure 3.6: Experimental three-electrode used for electrochemical testing in our setup (top) Simple
carbon working electrode used for testing, (centered) Gold wire used as counter soldered to a connector
and (bottom) AgCl/Ag reference electrode used to maintain a constant reference potential.

During its functioning, a reduction occurring at the WE is balanced by a related
oxidation occurring at the CE. For such a counter electrode to function effectively, it
has to be highly chemically and electrochemically inactive. However, side reactions or
by-products might occur at the CE under some experimental conditions. To ensure
such effects are reduced to a usable level, the CE might be encapsulated in a fritted
compartment such that it is separated from the rest of the solution but retains the

capability of ionic conduction.

3.3.4 V-I Characterization Using Electrochemical Electrodes

When a voltage is applied between the two electrodes, the potential drop between

the working electrode (WE) and reference electrode (RE) is given by

E:¢m_¢s-
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Here ¢,, is the metal potential and ¢, is the solution potential. This difference is the
driving force for electrolysis to occur. However, this potential difference is ideal for

two electrode assembly (WE vs. RE) when tiny current pass through the electrodes.

Now, consider a voltage is applied between WE and RE, a large amount of current

starts to flow between these electrodes. Then the potential difference is described as;

where 7R is voltage drop in solution due to large current, R is the electrical resistance
and (¢s — ¢orer) is potential drop at RE which is fixed by the chemical composition
of chosen RE. As we know, the aim of voltammetry experiment is to measure 7 as the
function of (¢,, — ¢5). For small current the term ¢R is negligible and (¢5 — ¢rpr)

is constant , eq (3.3) simplifies in to

E = ¢, — ¢s + constant.

With large current the iR is not negligible and it also affects the chemical com-
position of the reference electrode, so to overcome this problem the third electrode
(Counter Electrode) is deployed in the electrode assembly. These processes are driven
by the potentiostat (Figure 3.5), which ensures that current flows only between the
working electrode WE and the counter electrode CE. The potential of the working
electrode is maintained constant with respect to a stable reference electrode RE, and

the electronic circuitry is designed to prevent any current from flowing through the
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reference electrode branch of the circuit [20].

3.3.5 Peak-Shaped Cyclic Voltammogram

CV provides simultaneous information on both oxidation and reduction behaviour of
an electrochemical specie and is widely used for the investigation of electron-transfer

kinetics, reversibility and coupled chemical reaction.

Consider an experiment is conducted in stationary solution under this condition
mass transport occurs exclusively via molecular diffusion, driven solely by concentra-
tion gradient, without interference from mechanical stiring or convection. Diffusion
arises from the random thermal motion of molecules and leads to net movement
from region of high concentration to region of low concentration. This process is
quantitatively described by Fick’s laws of diffusion. For electrochemical systems op-
erating under non-steady-state conditions, the diffusion behaviour is explained by

Fick’s second law
0A 0?A
D= 3.4
o = Pagpa (3.4)
which describes how the concentration of a specie changes with time as a result of

diffusion.

In cyclic voltammetry, the applied potential varies continuously with time, caus-
ing the concentration of electroactive species at the electrode surface to deviate from
its bulk value. This perturbation leads to the formation of a diffusion layer whose
thickness increases with time as species diffuse between the electrode surface and

the bulk solution. The redistribution of species within this transient diffusion layer
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is governed entirely by Fick’s second law. The resulting current response reflects
the time-dependent concentration gradient at the electrode interface, and the rise
and decay of current during the forward and reverse potential scans originate from
the progressive development and relaxation of these diffusion-controlled concentra-
tion profiles. Consequently, the characteristic shape of the cyclic voltammogram is

a direct manifestation of the diffusion process described by Fick’s second law.

The duck-shaped voltammogram shown in Figure 3.7 arises from the time de-
pendent evolution of concentration gradient during cyclic potential sweep, when the
potential sweep is initiated from negative values, the applied potential is insufficient
to drive electron transfer and the electro-active species remains uniformly distributed
throughout the solution, including at the electrode surface, corresponding to region
(a) of the voltammogram. Under these conditions, no significant faradaic current is
observed because no concentration gradient exists to induce diffusive flux. As the
potential is swept in the positive direction, the driving force for oxidation increases
and electron transfer of to form begins at the electrode surface, marking the onset of
current rise at point (b). During this stage, the surface concentration of decreases
while the bulk concentration remains essentially unchanged, resulting in the estab-
lishment of a concentration gradient normal to the electrode surface. The resulting
current is governed by the diffusive flux of, which is proportional to the concentra-
tion gradient at the interface, while the surface concentrations are maintained by

fast reversible electron-transfer kinetics described by the Nernst equation.
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Figure 3.7: Duck-shaped voltammogram showing the oxidation and reduction peaks.

As the potential continues to increase, the rate of oxidation becomes sufficiently
high that the surface concentration of approaches zero, and the current reaches a
maximum at point (c), defined as the anodic peak current at the anodic peak po-
tential. At this point, the current is entirely limited by mass transport, as the flux
of to the electrode is controlled by diffusion through a growing diffusion layer whose
thickness increases with time in accordance with Fick’s second law. Beyond the

anodic peak, although the applied potential continues to increase, the current de-
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creases, as shown in region (d), because continued electrolysis further depletes near
the electrode and the diffusion layer becomes progressively thicker, reducing the con-
centration gradient and hence the diffusive flux. Upon reversing the potential sweep,
the accumulated oxidized species present within the diffusion layer is reduced back
to, giving rise to an increasing cathodic current in region (e). Initially, the high
local concentration of near the electrode produces a steep concentration gradient,
resulting in a rapid increase in reduction current. As the reverse scan proceeds, the
surface concentration of decreases due to reduction, and a cathodic peak current is
observed at point (f), corresponding to the cathodic peak potential . Further pro-
gression of the scan leads to depletion of within the diffusion layer and a consequent
decay of the current toward zero. For a reversible redox system under diffusion con-
trol, the anodic and cathodic peak currents are equal in magnitude, and the overall
peak-shaped or duck-shaped voltammogram reflects the time-dependent evolution of
concentration gradients at the electrode solution interface, governed fundamentally

by Fickian diffusion during the potential sweep.

3.3.6 Practical Considerations for the Electrochemical Cell

In electrochemical measurements, numerous factors affect accuracy and reliability.
A critical factor is the stability of the reference electrode. The reference electrode
must demonstrate non-polarizable properties and be shielded from current flow. Any
disruption in its potential such as from the evaporation of the internal electrolyte or
obstruction at the liquid junction can result in artefacts in voltage regulation and

monitoring.
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An additional significant aspect is the ohmic drop (/R drop), which occurs due
to resistance within the solution or electrical connections. According to Ohm’s Law,
this resistance results in a voltage drop, indicating that the actual potential at the
working electrode may deviate from the value set by the potentiostat. This disparity
can skew voltammetric results, particularly at elevated currents. To mitigate these
effects, researchers frequently employ high- conductivity supporting electrolytes and
implement IR compensation strategies. Electrochemical systems necessitate high
impedance measurement, especially in potentiometric configurations. Voltmeters
possessing elevated internal resistance are essential to guarantee that the measure-
ment procedure extracts minimal current, hence averting alterations in the measured

potential attributable to the measuring instrument itself.

Finally the arrangement and placement of the electrodes are also essential. Cor-
rect alignment and spacing among the working, reference, and counter electrodes
mitigate measurement inaccuracies. The implementation of a Luggin capillary which
situates the reference electrode in proximity to the working electrode, significantly
reduces the impact of solution resistance on the measured potential. We must keep in
mind that materials utilized for electrodes substantially also influence system perfor-
mance. The working electrode (WE) typically consists of inert conductive elements
such as platinum, gold, or carbon, frequently enveloped in insulating sheaths to de-
lineate specific active surface areas. The counter electrode (CE) is generally larger
and composed of comparably inert materials, ensuring it can endure current flow
without considerable polarization, thereby preserving system stability throughout

operation.
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3.4 Electrode Maintenance and Preparation

The reliability of potentiostat-based electrochemical measurements depends strongly
on the condition of the electrodes used in the three-electrode configuration. Inad-
equate cleaning, improper storage, or surface degradation of the reference, counter,
or working electrode can introduce potential instability, signal drift, and poor repro-
ducibility. This section outlines standardized procedures for electrode maintenance

and restoration to ensure stable and consistent electrochemical performance.

3.4.1 Restoration of Reference Electrodes

Reference electrodes provide a stable potential and must be maintained in a hydrated
and chemically equilibrated state. For aqueous systems, the electrode junction must
always remain immersed in potassium chloride (KCI) solution to preserve ionic con-
ductivity across the porous frit. Drying of the junction leads to salt crystallization

and increased junction resistance, which manifests as unstable reference potentials.

During storage, the electrode tip is kept wetted in KCI solution, preferably using
the manufacturer-provided storage bottle containing a saturated sponge. For short
durations, immersion in an external container filled with KCI solution is acceptable.
Restoration of the reference electrode involves periodic replacement of the outer
filling solution. The depleted electrolyte is removed, the chamber is rinsed with
ultrapure water or fresh KCl solution, and the electrode is refilled to a level slightly
below the cap to maintain proper pressure conditions. In double-junction electrodes,

restoration is limited to replacement of the outer KCI solution.
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If junction blockage occurs, the frit can be restored by soaking in KCl solution or
ultrapure water, with mild heating used if necessary to dissolve salt deposits. Care
must be taken to avoid electrolyte combinations that form insoluble precipitates, as

these can permanently obstruct the junction.

3.4.2 Cleaning of Counter Electrodes

The counter electrode is required to sustain current flow without participating in
the electrochemical reaction. Maintenance is therefore focused on cleanliness and
mechanical integrity. After use, residual electrolyte is removed and the electrode
is rinsed thoroughly. For non-aqueous systems, rinsing with the same solvent is
necessary to prevent residue formation. The isolation tube is cleaned concurrently

to ensure unrestricted ionic communication through the frit.

For storage, the electrode is kept within its glass isolation tube to protect the coils
from deformation. Once cleaned, dry storage is sufficient and does not compromise

performance.

3.4.3 Polishing and Resurfacing of Working Electrode

The electrochemical response is most sensitive to the surface condition of the work-
ing electrode, as electron transfer occurs directly at this interface. Routine surface
restoration is performed by polishing the electrode on a micro-cloth pad using a
fine alumina slurry. During polishing, the electrode surface is held parallel to the

pad and moved in a controlled figure-of-eight (8-sign) motion, which ensures uniform
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abrasion across the entire surface and prevents preferential wear in a single direction.
This step removes adsorbed species and restores a reproducible and smooth electrode

surface.

Periodic polishing employs a slightly coarser alumina suspension to remove more
persistent surface films that accumulate after repeated measurements. This proce-
dure is followed by fine polishing to re-establish a uniform surface finish. After each
polishing step, the electrode must be thoroughly rinsed with distilled or ultrapure
water to remove residual alumina particles, as trapped abrasives can interfere with
charge transfer. Brief ultrasonic cleaning of only the electrode surface may be used

to enhance particle removal.

When routine and periodic polishing do not recover stable electrochemical be-
havior, aggressive cleaning may be applied using coarse alumina on a nylon polishing
pad. In cases of severe surface damage, complete repolishing with silicon carbide
paper can be performed; however, this process removes a substantial amount of
electrode material and significantly reduces electrode lifetime. Repeated complete
repolishing eventually exposes the underlying substrate, at which point the electrode

becomes unsuitable for further use.
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Chapter 4

Circuit Design and Integration

This chapter outlines the practical execution of the Arduino-based potentiostat cir-
cuit engineered for conducting electrochemical experiment utilising a three-electrode
configuration with the typical intent to perform CV. This chapter, based on the
theoretical foundation established in previous chapter, examines the practical imple-
mentation of the design, analysing the functions of individual components, the circuit
topology and the hardware layout. The design prioritises cost-efficiency, simplicity,

adaptability, and accuracy, facilitating its application in voltammetric studies.

For conversion of theoretical constructs of electrochemistry to quantifiable re-
sults, selective equipment is needed. As described earlier the basis for essentially
all current electrochemical measurements is the potentiostat. A potentiostat is an
electronic instrument designed to control the potential of a working electrode (WE)

relative to a reference electrode (RE) while simultaneously measuring the current
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that flows between the working and counter electrodes (CE). By virtue of its dual
operation, the potentiostat is tasked with investigation of electron transfer reactions,

creation of cyclic voltammograms, and exact quantification of redox-active species.

4.1 Operational Overview of the Potentiostat Sys-
tem

Figure 4.1 illustrates the basic components and operation of a potentiostat. The
system is first activated through a computer, which controls the device via dedicated
software. The input instructions (green arrow) are sent to the potentiostat and
received by the microcontroller, which functions as the central control unit of the

device.

SOFTWARE HARDWARE
/ WE
E (V) !
INPUT
RE CE
Controller/User Potentiostat Electrochemical Cell

o Vo[tammogram « Controls Voltage « Applied Voltage

« Adjustable cycle & voltage « Drive Redox Reaction « Site for Redox Reaction
(_ range —— | ® Measure Current o Current produced

« Save Data (CSV, PNG)

OUTPUT)

Figure 4.1: Schematic representation of a potentiostat and its operation, showing the flow from the
controller to the electrochemical cell. The input signal is indicated by the green arrow, while the output
response is shown by the red arrow.
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The microcontroller converts the digital control signals into analog outputs using
the digital-to-analog converter (DAC). These analog signals are then delivered to
the electrode interface circuit, which drives and regulates the three electrodes of the
electrochemical cell. After an electrochemical method is applied, the potentiostat sets
and maintains the potential difference (F) between the working electrode (WE) and
the reference electrode (RE), while simultaneously measuring the resulting current

(I) flowing between the WE and the counter electrode (CE).

Figure 4.2: Experimental setup for electrochemical techniques using a D.l.Y.potentiostat connected to
a laptop and a three-electrode electrochemical cell.

The measured current and potential values travel back to the potentiostat (red

arrow) as analog signals. These signals first pass through the electrode circuits
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and are then converted back into digital form by the analog-to-digital converter
(ADC). Once digitized, the data are processed by the microcontroller and sent to the
computer, where the user can view, record, and analyze the electrochemical response.
The experimental setup shown in Figure 4.2 was fully designed and assembled as part

of this research work.

4.2 System Architecture

The complete circuit is designed to perform two primary tasks: to provide the desired
voltage range for the system controlling the potential difference (PD) while accurately
measuring the resulting electrochemical current. To achieve this, as shown in Figure

4.3 potentiostat circuit is divided into five (5) functional blocks.

The Arduino alone cannot produce a smooth analog ramp signal; instead, it gen-
erates a PWM-based square wave. Therefore, the first block of the circuit converts
this PWM signal into a stable and continuous potential ramp suitable for electro-
chemical measurements.The second block addresses the need to vary the applied
potential across both negative and positive values. Thus, this part is designed to
provide a controlled and useful voltage range, enabling consistent and adjustable
potential steps during operation. The third block functions as the control unit. Its
role is to ensure that the correct potentials are applied to the working and refer-
ence electrodes, maintaining the stability and accuracy required for electrochemical
experiments. Finally, the current generated at the working electrode must be mea-

sured and translated into a voltage that the Arduino can interpret. To achieve this,
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a dedicated current-to-voltage conversion (block 4) and protection circuit (block5) is
included. This ensures that the Arduino receives safe, readable, and reliable voltage

signals corresponding to the electrochemical current.

BLOCK 1 BLOCK 2

| | |
| !
| bl
1 RANGE SELECTION ! INVERTING BUFFER
| ! AMPLIFIER ]
| !
| |

|
|
|
: DAC OUTPUT
|
|

FEEDBACK

MICROCONTROLLER

BLOCK 5 BLOCK 4 |
|

| | |

| | I

| | I
ADC INPUT ‘ VOLTAGE SURGE ! ‘ INVERTING TRANSIMPE-

: PROTECTION ! : DANCE AMPLIFIER OUTPUT
|
| |

Hancex W e mocoxsus son @ oo

ALALAL AL AL AT AL ARG AL A

-

ARV

G it

Figure 4.3: Schematic representation of the potentiostat featuring the DAC-driven voltage regulation,
current measurement circuitry, electrode interconnections, and signal processing at each point of the
circuit. The input signal is indicated by blue whereas the pink colour indicates the output of block.
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4.3 Instrument Developement

4.3.1 Potentiostat Circuit and Components

The functional blocks are visually organized in the circuit diagram presented in
Figure 4.4, with relevant electronic components listed in Table 4.1. The placement
of every resistor, capacitor, and amplifier is based on what best supports the electrical
role of that block in attaining stable operation, low noise, and compatibility with the
Arduino Due control signal.

BLOCK 2

Analog Switch
DG-445

- BLOCK 1 - ' BLOCK 3 .

0000
0000

RE
R1 2v R2 E | ¢
N C2 +12V = C.E
10kQ >_ 1.8kQ 12V 100nF L i ;
Wy _3_3;;.22 )
3.3V PWM c1—L -1av R3 A2v 1[ ,
1KHZ 68nF 3.6kQ I
—1 'BLOCK 4 .
2990090000 09000 R5
IARERRRRRRRRRR 1.8kQ
Arduino . BLOCK 5 !
S| oue
Ll C3
ITTTTIIIIIIITY! 100nF
it
e +12V
OverlLoad LED +12v
200kQ R6 /l/' ] ) -3.3V
-12v 750Q

-12v

Figure 4.4: Circuit diagram of custom built microcontroller based potentiostat.

The analogue circuitry is energised by a symmetric 12 V dual power supply to

facilitate the bipolar output swing necessary for the operational amplifiers and the
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Component Type

Function

Operational Amplifier
(TLO84CN, LMS52{CN)
Microcontroller

(Arduino DUE)

Resistors

Capacitors

Zener Diode

LED

Power Supply

Voltage control and current measurement

Digital control and data acquisition

Gain setting, filtering
Filtering, stability
Input protection
Visual status indicator

Provides biasing for op-amps and analog cir-

cuitry
Electrochemical Cell
DG-445 Quad CMOS Analog switch IC

Interface with electrolyte

ment

Varies resistance without mechanical move-

Table 4.1: List of major components and their functions.

electrochemical interface. The 3.3 V PWM signal is being generated by the Arduino
Due, which is employed as both a 12-bit ADC and a DAC for digital to analog and
analog to digital signal conversion within the circuit. The Arduino Due was selected
as the controller to generate stable voltage waveforms and acquire measurement data
because of its high-resolution PWM capability and built in DAC channels. To convert
the pulse-width modulation into an analog voltage specific values of RC filter were
chosen to achieve a cutoff frequency suitable for a 1 KHz PWM. These resistor values
in circuit were selected to achieve a controlled gain while maintaining low noise. An
analog switch IC is included in the feedback path to allow programmable gain adjust-
ment, enabling flexible control of the applied potential without mechanical trimmers.

The amplified control voltage is passed to a high current op-amp configured to drive

62



the working electrode (WE) while referencing the potential against a stable reference
electrode (RE). The electrochemical current is converted into a measurable voltage
using a transimpedance amplifier (TTA). To prevent op-amp saturation or excessive

cell current, an overload detection circuit is implemented using a comparator and an

LED indicator.

4.4 Circuit Analysis

Each block is examined in detail below, first with the Arduino-based voltage regula-

tion and concluding with signal acquisition.

4.4.1 Digital to Analog Converter

To produce a specific voltage, the onboard DAC (digital to analog converter) of the
Arduino DUE is configured for a 12-bit operation. The part exists with a limited
voltage range for which the whole range gets divided by the number of the bits, which
is resolution of the DAC as shown in Figure 4.5. For instance, the DAC used in our
circuit has a full scale output voltage up to 3.3 V and has 12 bits which creates a

resolution in a way:

3.3 3.3
A = — = — ) . ]_ —4 . .
V=05 = qoss 806 % 1071V (0.806 mV)

This voltage variation it is also commonly called the LSB (least significant bit). As
the component is digital, it cannot supply continuous voltages from 0V to 3.3V.

Rather it furnishes every possible voltage step on the form N x AV where the
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maximum value of N = 4096 — 1.

1 Voltage/
LSB Steps

48mV/e — —_—

4.0mV/5 —

DAC output
voltage

3.2mV/4 —

Desired analog
output voltage

24mV /3 —

1.6mV/2 -

0.8mV/1 —

Time

—

Figure 4.5: Difference between the output voltage from an 12-bit DAC and an analog signal.

4.4.2 Block 1: Conversion of PWM to Analogue Voltage

The Arduino produces a 3.1 KHz PWM signal with a duty cycle regulated by pro-
gramming. The digital waveform is passed through a passive low-pass filter (R,
and () to generate a stable DC analogue voltage. The operational principle of a
low-pass RC filter involves the attenuation of high-frequency PWM harmonics while

producing an average voltage output over time. The cutoff frequency is defined as:

1

fc - 27TR101

(4.1)

where R; = 10 k2 and C} = 68 nF, yielding f.=234 Hz which is adequate for filtering
the 1 KHz PWM signal.

A PWM signal is a square wave that toggles between 0-3.3 V, its duty cycles
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determine its average voltage and limits the flow of current in capacitor. The capac-
itor charge when the PWM signal is high and discharge when it is low. If the PWM
frequency is high relative to the 7 = R; - C;, the capacitor does not have time to
fully charge or discharge during one cycle. Instead, it smooths out the rapid changes,
and output appears as a smooth. The voltage across the capacitor settles at a point
that is approximately equal to the average value of the PWM waveform. (i.e. the
max.voltage x dutycycle). This averaging effect converts the pulsating PWM into

smooth DC voltage. The resultant DC voltage is sent to the non-inverting termi-

. 4Kpt
[ soous so0.00ksars 4kpt [ 9ous [) soous 500.00ksais 4kpt [5) gous [ soous 500.00Ksals 4KPt @ sous |
v 1

pem | g | e | g | b | e

» D 1 >

(a) PWM signal at 0% (b) PWMsignal at 50% (c) PWM signal at 100%

Figure 4.6: RC Filter Conversion of PWM to Sawtooth/Ramp.Waveforms show a Width Modu-
lated (PWM) signal at different duty cycles being integrated by an RC low-pass filter to generate a
sawtooth/ramp-like voltage for solution measurements. Th input signal is indicated by blue whereas the
pink colour indicates the output of block.

nal of the initial opamp inside the block 1, this op amp is a buffer it ensures the
provision of drive current. If this will be absent and if the next stage has a low in-
put impedance, significant current will be drawn from the capacitor. This will alter
capacitor discharge rate and the RC filter will become ineffective. The opamp has
high input impedance, which means it discharges practically zero current from the

capacitor. The input and output signal of block 1 is given in Figure 4.6
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4.4.3 Block 2: Signal Conditioning Amplifier

Block 2 is used to scale and level-shift the analog voltage obtained from the PWM
filtering stage so that the final output voltage sweeps over the required potential
window. The filtered PWM signal obtained from Block 1 is unipolar, varying between
0 V and 3.3 V. However, the target application requires a bipolar voltage sweep
centered around a defined reference level. Therefore, simple amplification alone is
insufficient, and level shifting must be introduced. This block is implemented using
an operational amplifier configured as an inverting summing amplifier. One input
of the summing amplifier receives the filtered PWM voltage, while a second input
receives a fixed DC reference of —3.3 V. The non-inverting terminal of the op-amp
is connected to ground, creating a virtual ground at the inverting input. Applying
Kirchhoft’s current law at the inverting node, the sum of currents through the input

resistors must be zero. Using Ohm’s law, the output voltage is given by:

V1V2>

Vou = — Ry (Rl—i_Rg

Figure 4.7, the width of the window can be adjusted by changing the values of V;,
Ry, Vo, Ry, and Ry. The inclusion of the —3.3 V reference introduces a controlled DC
offset at the output. This offset shifts the entire voltage sweep downward, thereby
enabling the output to span both negative and positive voltage regions. Without
this reference voltage, the output would remain strictly unipolar and unsuitable for
applications requiring bipolar operation. The sweep range of the output voltage is

determined by the resistor ratios Ry /R and Ry/Ry. By selecting appropriate resistor
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values, the amplitude of the PWM-derived signal and the magnitude of the DC offset
can be independently adjusted. This allows precise control over both the width and
position of the voltage sweep window. In this implementation, DG-445 Quad CMOS
Analog switch IC is used in place of a Ry allowing multiple sweep ranges to be
selected and providing a wider operating window for the circuit instead of a single
predefined range and ensures stable operation during measurements. A capacitor Cy
is added at the output to suppress high-frequency components and residual PWM

ripple, ensuring a smooth and continuous output voltage.

Hantek [0 soous 500.00KSals 4Kpt [5) 90us Hantek [ s00us 500.00Ksass 4kpt [3] sous

Hantek [) soous 500.00Ksass 4Kkpt [5] 90us

%y

AN

[oc nlooc i oo Pioc oo ]G G B ioc v[ooc ]G st B
(a) dutycycle 0% (b) dutycycle 50% (c) dutycycle 100%

Figure 4.7: All three signals are amplified and level-shifted so that the final conditioned waveform spans
—1.5 Vto +1.5 V.Th input signal is indicated by blue whereas the pink colour indicates the output of
block.

4.4.4 Block 3: Buffering and Feedback Regulation

The amplifier’s output is sent through a voltage follower (unity-gain operational
amplifier). This stage guarantees elevated input impedance and diminished output

impedance to operate the electrochemical cell.

Within this circuit, the voltage follower preserves the voltage at the reference

electrode while enabling the operational amplifier to modify the counter electrode
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potential to equilibrate the impedance of the electrochemical cell. The counter elec-
trode (CE) is activated by the buffer output, while the reference electrode (RE) is
connected to the feedback network of the operational amplifier (opamp). This config-
uration forces the RE to align and latch itself with the command potential, thereby

completing the potentiostatic feedback loop.

4.4.5 Block4: Transimpedance Amplifier (Current Measure-

ment)

A transimpedance amplifier (TTA) is employed to monitor the electrochemical current
at the working electrode (WE). The working principle of The TIA transforms the

small current from the WE into a voltage using the feedback resistor usin the relation:

V:)ut = _[inRG- (42)

The resistor Rg = 1.8 k{2 was selected to convert currents into a voltage range of
410 V as shown in Figure 4.8. A parallel capacitor C'; = 100 nF was incorporated to
mitigate high-frequency oscillations and to define a bandwidth suitable for voltam-
metric applications, with a cut-off frequency around 1 KHz. The resulting output is
directly fed into the Arduino’s analog input port for digitization after some safety

checks.
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Figure 4.8: Waveform of output signals from TIA.Th input signal is indicated by blue whereas the pink
colour indicates the output of block.

4.4.6 Blockb: Saftey Circuit

To avert damage to the Arduino from overvoltage at the TTA output, a 5.1 V zener
diode is positioned in parallel with an LED and a current-limiting resistor. The
operational principle is that if the output of the operational amplifier exceeds 5.1 V,
the Zener diode becomes active and clamps the voltage to a safe level. At the same
time, the LED turns on, providing a visible indication of an overload condition. A
200 K2 resistor is used to limit the current flowing through both the LED and the
Zener diode. This protection mechanism ensures that the Arduino remains safely

within its 3.3 V operating voltage limit.

4.4.7 ADC to Digital Conversion

The component used to sample the measured current, or more precisely the current
transformed to voltage, is an ADC (Analog to Digital Converter). ADCs work sim-

ilarly as a DAC, but instead of transforming a digital signal to an analog signal, the
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ADC transforms an analog signal to a digital signal.

4.5 Hardware System Integration

4.5.1 Breadboard Prototyping

Preliminary validation was conducted on a solderless breadboard that can be seen
in Figure 4.9. At this point we were using a ceramic resistor instead of digital po-
tentiometer, it was incorperated later. Fach block was fabricated and evaluated
separately using the electrochemical cell. This step facilitated the iterative adjust-

ment of component values.

Reference Working
Electrode, Electrode
Countel

Electrode

Power Supply +12

Figure 4.9: Breadboard setup of potentiostat showing the assembled components and interconnections
used for testing and verification.
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4.5.2 PCB Design Utilising EasyEDA

The final design was translated to a printed circuit board (PCB) to guarantee re-
producibility and signal integrity and is displayed in Figure 4.5.2. The layout was
created via EasyEDA, incorporating the subsequent considerations of isolating ana-
logue and digital ground planes and modular connectors for interfacing the circuit
with the electrochemical cell. The final PCB was assembled manually. It is small
and engineered for future expansion to accommodate more electrode channels or

incorporates more intricate voltammetric and electrochemical methods.

Figure 4.10: Left: Complete schematic diagram of the potentiostat system. Right: Corresponding PCB
layout showing component placement and routing.

4.6 Software Development

The software development of the potentiostat system advanced through several
phases, transitioning from basic serial connection to a comprehensive graphical in-

terface. The core of the system is the Arduino DUE microcontroller, programmed
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with the Arduino IDE in C/C++. The firmware generated the voltage waveform
necessary for cyclic voltammetry, the program executed a triangle voltage sweep,
incrementally altering the PWM duty cycle to facilitate forward and reverse scans
with regulated time and recorded the accompanying current response from the elec-

trochemical cell.

4.6.1 Arduino Programming

The Arduino code was designed to generate PWM signals, acquire analog data,

control direction reversal of the sweep, and facilitate efficient serial communication.

4.6.2 Plotting in Jupyter Notebook

The Jupyter Notebook utilized the pyserial package to connect with the Arduino and
retrieve incoming serial data. The matplotlib library was utilized to graph current
against voltage in real time. This configuration facilitated a practical environment

for instantaneous visualization and rapid validation.

Although Jupyter Notebook was effective for prototyping, its deficiency in user
interface components and data management capabilities rendered it inappropriate
for actual, user-centric experimentation. A Python GUI was created to address
these restrictions by providing real-time control, noise filtration, and data export

capabilities in an accessible way.
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4.6.3 Graphical User Interface in Python

The Python graphical user application encompassed functionalities such as serial
port identification, real-time charting, automatic cycle termination, and CSV data
logging. It facilitated intuitive interaction with the potentiostat system, allowing
for the execution of controlled tests with minimal exertion. The visual aesthetics
and layout design rendered the interface accessible and userfriendly and is shown in

Figure 4.11.

2 Qosain Scientific Potentiostat = o X

Cyclic Voltammetry Analyzer

Voltamogram

08

Voltage (V)

Figure 4.11: Python-based GUI for real-time cyclic voltammetry . The interface features COM port
selection, start/stop controls, real-time plotting of multiple CV cycles, user-directed data storing, and
options for clearing plots.

The shift from embedded Arduino code to Jupyter-based visualization and ul-
timately to a robust Python GUI markedly improved the system’s dependability,

repeatability, user-friendly and usefulness. The firmware and software infrastructure
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facilitated precise voltage regulation, accurate current measurement, and real-time
visual feedback essential functionalities for an operational and efficient potentiostat.

These resources are avaliable from our website https://physlab.org/.
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Chapter 5

Experimental Setup and Results

This chapter highlights the practical factors involved in conducting electrochemical
experiments. It begins with the preparation of supporting electrolytes as well as
the assembly of the electrochemical cell, the chapter discusses the procedure of con-
necting and calibrating the potentiostat to obtain reliable operation. At each step,
delicacy in methodology as well as safety is stressed in order to provide consistent as
well as reproducible measurement. Finally, the chapter presents the result obtained
side by side with a thorough discussion correlating the experimental set up with

observed electrochemical phenomena.
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5.1 Practical Execution of the Experiment

5.1.1 Prepertion of Solution

The first part of the experimental process was the preparation of the electrolyte
solutions. Figure 5.1 shows the process followed for the preparation of a 1 M solution

of KOH, which was used as the supporting electrolyte in the electrochemical cell.

How to Prepare 1 L KOH Solution

DISTILLED
/ATE

<

1.Material and Equipment

Beaker,Potassium,KOH pellets,Distilled
water,Volumetric flask(1L),Analytical balance
and Magnetic stirrer or stir bar.

3.Water Measurement

Take 700 mL distilled water
water in a beaker.

2.Weighing KOH Pellets

Weigh 56.1 g KOH pellets using an
analytical balance.

ACAUTION

N

Corrosive material.
Avoid contact with
eyes and skin.

6.Prepared Solution 5.Base Addition 4.Base Preperation
1 L KOH solution is prepared Fill 1 L volumetric flask with Slowly add KOH pellets to
distilled water till mark and add the water while stirring.
KOH solution.

Figure 5.1: Step by step guideline tp prepare 1 L solution of 1 M KOH.
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To extend the range of observation and to check the accuracy of the measure-
ments, a solution of potassium ferricyanide (KFCN) was also used. Preparation of
KFCN was the same as that of KOH, only the fact that here 0.1 M solution was

prepared instead of 1 M and the quantity of solute was adjusted accordingly.

5.1.2 Operational Procedure of the Potentiostat

After preparing the electrolyte solution, it was carefully poured into a 30 mL beaker,
and all electrodes were thoroughly cleaned before being immersed in the solution.
The working electrode (WE), reference electrode (RE), and counter electrode (CE)
were then connected to the potentiostat and securely positioned in the electrochem-

ical cell.

Once the setup was complete, the potentiostat was powered on and the control
software was launched. The appropriate COM port was selected from the software
settings to establish communication with the device. The voltage range for the
cyclic voltammetry experiment and the desired number of cycles were defined. After
confirming that all electrode connections were secure, the experiment was initiated
by clicking Start all the display options are also shown in Figure 5.2. The resulting
voltammogram was displayed in real time on the software interface and recorded for

further analysis.
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2 Qosain Scientific Potentiostat

Serial Connection
COM Port: |come v | Refresh 1.Select Port

BaudRate: 115200

Comnect D [2.Connect Potentiostat with P.C]
Digital Potentiometer Control

VolageRange (V) 10§ SetRunge [3.Set Desired Voltage Range]

[ 4 .Set Desired No.of Cycle]

Update

| 5. START/STOP Experiment |

Data Information

Data Points: 0
Cycle:0/3

Last: V=000V, 1=0.00mA
Status: Ready

6. save Plot in PNG. form |

8.Clear Data
7.Save Data in CSV Save Data Save Plot Clear Data

Figure 5.2: Steps to run user-friendly potentiostat interface.

5.2 Results

5.2.1 Calibration Testing

The two important characteristic function of any potentiostat are: the ability to
precisely control the applied potential difference, and the capability to accurately
measure the resulting electrochemical current [22]. To evaluate the D.I'Y poten-
tiostat with respect to these fundamental criteria, two tests were designed under
controlled conditions to characterize the operational behaviour of the device prior
to its development in actual electrochemical experiment. The first test evaluated
the ability of the device to generate a controlled and linear potential at the counter
electrode terminal. The potentiostat output was connected across a known resistors
while the DAC signal (generated through PWM filtering) was incrementally varied

across the operational voltage range. The voltage response was measured using a
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calibrated digital voltmeter.The measured electrode potential demonstrated a lin-
ear relationship with the programmed output values, confirming that the output
driver stage maintains proportional voltage control . Any deviation from the ideal
linear case was within the expected tolerance limits of the passive and active com-
ponents used in the design. To further evaluate the potentiostat under dynamic
operating conditions, a linear voltage scan of = 1V at a rate of 16 mV /s was applied
across a precision 1 kQ load (£1 %). The resulting I-V curve (Figure 5.3) exhib-
ited a strong linear correlation, demonstrating that the system maintained accurate
current tracking throughout the scan. Based on the filtered slope of the current
response, the calculated load resistance was 1230 €2, in average agreement with the

multimeter-verified value of 987 (2. These tests confirms that the device can reliably
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Figure 5.3: Results of the calibrations and initial bench tests. (Left) The output of the D.I.Y potntiostat
showing the ability of the device at producing a variety of output voltages. (Right)Voltammogram of
the D.1.Y potentiostat when connected across a 1 k) resistive load. The results are within the precision
rating of the resistor and are the nearly same as the measured value using a multimeter.

perform potential sweeps and capture current variations without distortion, validat-

ing both the dynamic response of the output control stage and the accuracy of the

current measurement subsystem. This method also provides a practical calibration

79



procedure, which may be embedded in firmware to maintain measurement accuracy

during remote or long-term deployment.

5.2.2 Cyclic Voltammogram for 1 M Potassium Hydroxide

A 1 M KOH solution was used, and the potential was scanned between —1 V and
+1 V at a scan rate of 16 mV/s. The recorded voltammograms as shown in Figure
5.4 reflect the expected behavior dominated by non-faradaic processes and water
electrolysis thresholds. The results demonstrates that the D.I.Y potentiostat is ca-
pable of accurately measuring current and potential. This initial validation provides
confidence in the system performance and sets a strong foundation for further char-

acterization.

2.0 T T T

Raw Data
Filtered Data

0.5

Current (mA)

-0.5

1.0 I I I
-1.0 -0.5 0.0 0.5 1.0

Voltage (V)

Figure 5.4: Voltammograms of Potassium Hydro-oxide ( Ag|AgCl reference electrode, carbon working
electrode and gold wire counter electrode) on D.lY potntiostat sweeping the potential between —1V
and +1V with raw data(blue) and filtered data(purple).
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The raw current-voltage data are depicted as blue markers, but the purple curve
illustrates the same data smoothed by a Savitzky—Golay (SG) filter. The raw dataset
demonstrates a high point density, it also displays baseline variations attributable
to electrical noise or environmental interference. The implementation of the SG
filter enhanced signal clarity, facilitating a more straightforward interpretation of

the overall redox response.

5.2.3 Cyclic Voltammogram for 5mM Potassium Ferricyanide

Cyclic voltammetry (CV) was utilized to examine the redox behavior of potassium
ferricyanide, a well-characterized and reversible redox system. The ferricyanide redox
response forms the characteristic “duck” shape of a fully reversible reaction in the

cyclic voltammogram Figure 5.5 .

During the positive (anodic) scan, the working electrode undergoes oxidation.
Ferrocyanide ions, [Fe(C'N)g]*™, lose one electron and are converted into ferricyanide

ions, [Fe(CN)g)*~, according to the reaction at the working electrode:

[Fe(CN)g]*™ = [Fe(CN)g> +e™. (5.1)

At the same time, a complementary reduction reaction occurs at the counter electrode

to maintain charge balance in the electrochemical cell:

[Fe(CN)g>™ + e — [Fe(CN)g]* ™. (5.2)
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During the negative (cathodic) scan, the working electrode undergoes reduction.
Ferricyanide ions, [Fe(C'N)g]>”, gain one electron and are converted back into fer-

rocyanide ions, [Fe(CN)g]'™, according to the reaction at the working electrode:

[Fe(CN)g)*™ 4+ e — [Fe(CN)g|* ™.

Simultaneously, the reverse oxidation reaction takes place at the counter electrode:

[Fe(CN)g]'™ — [Fe(CN)g)*™ + e~
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Figure 5.5: Voltammogram of Potassium Ferricyanide ( 5mM solution, Ag|AgCl reference electrode,
Carbon working electrode and gold wire counter electrode) on both the D.l.Y potentiostat sweeping the
potential between —1 V and +1V.

Overall, oxidation occurs at the working electrode during positive polarization

and reduction occurs during negative polarization. The counter electrode always
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supports the opposite reaction, thereby completing the electrical circuit and enabling

continuous electron flow through the electrochemical system.

This combination was chosen for its stability in aquatic environments, diffusion-
controlled electron transport, and distinct peak characteristics, rendering it an ex-

emplary reference for assessing the efficacy of custom electrochemical systems.

5.3 Dynamic Range and Resolution

The dynamic range and resolution of the custom-built potentiostat are predom-
inantly determined by the specifications of the 12-bit digital-to-analog converter
(DAC) employed to produce the voltage waveform. An 12-bit DAC functioning
within a £3V range provides a voltage resolution of 4,096 discrete levels, yielding
a step size of roughly 1.6 mV. This imposes quantization constraints on the poten-
tial waveform, especially in comparison to commercial potentiostats that generally

provide 16-bit resolution or greater.

Notwithstanding this constraint, the system successfully generated cyclic voltam-
mograms with adequate clarity to delineate essential electrochemical characteristics,
such as oxidation and reduction peaks. Nonetheless, the diminished resolution may
result in minor distortions in the curve at extremely low scan rates or when identi-

fying small current variations near the baseline.

The scan rate is a crucial determinant affecting the precision of the response as

shown in Figure 5.6. At elevated scan rates, the Arduino’s constrained processor
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speed and ADC sample rate may lead to timing discrepancies or delayed data gath-
ering. The GUI implementation, along with enhanced timing control and filtering,
alleviated these impacts; still, scan rates continue to constrain quick redox systems.
The system offers sufficient resolution for instructional and low-to-moderate complex-
ity electrochemical applications, while underscoring the necessity for enhancement

in DAC resolution and ADC response in future iterations.
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Figure 5.6: Voltammograms of Potassium Ferricyanide on the D.l.Y potentiostat sweeping the potential
between —1 V and +1 V at different scan rates. As the scan rate decreases, the voltammogram exhibits
smoother and more well-defined redox peaks, indicating improved charge transfer kinetics and reduced
capacitive effects. This demonstrates that lower scan rates allow the system to reach electrochemical
equilibrium more effectively, resulting in clearer and more symmetric oxidation—reduction patterns.
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5.4 Cyclic Voltammetric Analysis of K [Fe(CN)g]
at Varying Concentrations

Cyclic voltammetry was performed for different concentrations of K4[Fe(CN)g (0.1
mM, 1 mM, 2.5 mM, and 5 mM) at scan rate of 16 mV /s to investigate the influence
of the amount of electroactive species on the electrochemical response. For the lower
concentrations, the cyclic voltammograms showed an almost linear shape, which
indicates that the SPCE (Screen-Printed Carbon Electrode) surface behaves mainly
like a capacitor rather than showing strong faradaic (redox) reactions. By increasing
the concentration, the current increased throughout the whole potential window. At
higher concentrations, especially at 5 mM, clear anodic and cathodic peaks started
to appear, showing the expected faradaic redox activity of the ferri/ferrocyanide
system. This transition from capacitive to well-defined redox peaks confirms that
higher concentrations are required for both oxidation and reduction peaks to be

observed clearly within the applied potential limits.
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Figure 5.7: Cyclic voltammograms of Ky[Fe(CN)s recorded at different concentrations (0.1 mM, 1 mM,
2.5 mM, and 5 mM) at (left) 16 mV//s and (right) 50 mV/s scan rates.
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To further investigate the behavior of the same concentration, CV was also per-
formed at a higher scan rate of 50 mV/s. The results indicated that increasing
the scan rate produced higher peak currents, consistent with the characteristics of
diffusion-controlled electrochemical processes. Although the general peak positions
were similar, the peak separation increased at the higher scan rate due to typical ki-
netic limitations at faster potential sweeps. The voltammograms became also more
stretched and sharper in peak shape compared with those recorded at 16 mV/s.
Overall, a comparison between two scan rates demonstrates that both concentration
and scan rate strongly influence the cyclic voltammetric response; higher concentra-
tion improves peak visibility, while a higher scan rate increases current and affects

peak symmetry and separation.

5.4.1 Scan Rate Dependence and Randles—Sev¢ik Analysis

After investigating the cyclic voltammetry at various scan rates for a fixed concen-
tration of Ky[Fe(CN)g as shown in Figure 5.6. The anodic peak current, I,, was
plotted versus the square root of the scan rate (¢'/2), in order to verify as discussed
in earlier section 3.1.4, if the redox process is controlled by diffusion according to the

Randles-Sevéik equation:

I, = 2.69 x 10° n*?ADY? Cv'/? (5.3)

The experimental data shown clearly reflect a linear relationship between I, and

V2 with a slope of about 1.7975 x 1073, and intercept of —1.9727 x 10~%, and a
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correlation coefficient R ~ 0.9561. Linearity reflects that the K4[Fe(CN)g oxidation
and reduction processes at the SPCE surface are mainly controlled by diffusion and

not by any surface adsorption or kinetics.
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Figure 5.8: Plot of peak current (I,) versus square root of scan rate (v*/?) illustrating the Randles—Sevcik
relationship. The linear fit (slope =~ 0.04, intercept ~ 0.77-0.80, R? ~ 0.81) indicates a quasi-reversible
electrochemical process, with the positive correlation confirming diffusion-controlled behavior of the
redox species.

The relatively high correlation coefficient reflects a strong and consistent de-
pendence of the peak current on the scan rate, underscoring the reproducibility of
the electrode response. The slope of the linear fit holds particular significance; it
is directly proportional to the diffusion flux of the redox species and can be used
to estimate the diffusion coefficient given the remaining parameters. In summary,
this confirms the mass-transport-limited nature of the electrochemical process and

constitutes a solid quantitative basis for subsequent electrochemical characterization
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and modeling of K4[Fe(CN)g at the SPCE interface.

5.4.2 Peak Currents and Diffusion-Controlled Behavior

To further investigate the redox behaviour of K4[Fe(CN)g at 0.1, 1, 2.5, and 5 mM
in 25 mL of distilled water at scan rate of 16 mV /s as already shown in Figure 5.7.
Anodic peak current (/,,) and cathodic peak current (I.,), and their related peak

potentials (Fap and Fcp) are summarized in Table 5.1

Ki[Fe(CN)s] Conc 1, (mA) E, (V) Iy (mA) Eg (V) [Lepl/|Lap|

0.1 mM 0.213 1.256 -0.204 -0.842 0.935
1.0 mM 0.298 1.263 -0.261 -0.328 0.872
2.5 mM 0.91 0.817 -0.575 -0.843 0.631
5.0 mM 1.652 0.879 -2.061 -0.852 1.247

Table 5.1: Electrochemical peak data for different Ky[Fe(CN)s] concentrations.

The experimental data in above table shows that both anodic (1,,) and cathodic
(I.p) peak currents increase systematically with increasing K,[Fe(CN)g] concentra-
tion, rising from 0.213 mA at 0.1 mM to 1.652 mA at 5 mM. This trend confirms
that the peak currents are directly proportional to the concentration of electroactive
species, and the observed pattern in our data follows the expected behavior for a
diffusion-controlled redox process, as further validated by the linear relationship of

I,, with the v/2 shown in Figure 5.8.
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5.4.3 Peak Currents and Reversibility

The experimental data show that the anodic peak current (/,,) increases with con-
centration, from 0.213 mA at 0.1 mM to 1.652 mA at 5 mM, indicating a higher
number of electroactive species contributing to the oxidation process. The cathodic
peak current (I.,) also increases in magnitude but not proportionally, as reflected
in the ratio I.,/1,, in Table 5.1. At lower concentrations (0.1 and 1 mM), this
ratio is close to unity (0.935 and 0.872), suggesting near-reversible electron trans-
fer. At higher concentrations (2.5 and 5 mM), the ratio deviates from unity (0.631
and 1.247), indicating quasi-reversible behavior, likely due to kinetic limitations or

electrode surface effects.

5.4.4 Results and Nernst Equation

The formal potential, E°, represents the potential at which the concentrations of
the oxidized and reduced species are effectively equal at the electrode surface. It is

calculated from the anodic and cathodic peak potentials using the relation:

Eap + Ecp
2

E° =

In the cyclic voltammetry experiments conducted, £° remains roughly constant
at higher concentrations of K4[Fe(CN)g] as in Table . This behavior is consistent with
the Nernst equation (3.1.3), which indicates that the electrode potential depends

primarily on the ratio of oxidized to reduced species rather than on their absolute
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concentrations. At higher concentrations, although the total amount of electroactive
species increases, the relative proportion of oxidized and reduced forms at the elec-
trode surface remains essentially the same during the redox process. Consequently,
the formal potential does not change significantly with concentration, demonstrating

qualitative agreement with Nernstian behavior.

The peak separation, AE,, defined as the difference between the anodic and
cathodic peak potentials, provides insight into the reversibility of the redox reaction.

It is calculated using the relation:

AE, =E,, — E,

In this study, the measured AE, values are significantly larger than the ideal
value expected for a fully reversible one-electron system, indicating quasi-reversible
behavior. This may result from kinetic limitations, such as slower electron trans-
fer rates at the electrode surface, or from practical factors including ohmic resis-
tance within the electrochemical cell. Despite the larger peak separation, the system
demonstrates qualitative agreement with Nernstian behavior, as evidenced by the
relatively constant formal potential and the expected trends in peak currents. The
observation of quasi-reversibility is common in experimental systems and highlights
the influence of practical electrochemical parameters on cyclic voltammetry measure-

ments.

Overall, these results confirm that the CV measurements are reliable and that
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the K4[Fe(CN)g] redox system behaves in a manner broadly consistent with the
Nernst equation, validating the accuracy of the potentiostat data under the studied

conditions.

5.5 Electronic Characterization

During developement emphasis was placed on achieving high signal integrity, low
noise, and stable operation while maintaining minimal power consumption. The
device architecture supports accurate electrochemical analysis and can be deployed
in both laboratory and portable environments. The key electrical and performance
specifications of the system are summarized in Table 5.2. The electronic charac-

teristics were measured using a Hantek DPO6104B oscilloscope and Rigol digital

multimeter.
Parameter Specification
Supply Voltage +12
Output Voltage Range +6 V
Voltage Ripple (Peak to peak) <1%
Output Voltage Resolution 1.6 mV
Maximum Scan Rate (At Maximum resolution) 3.2V/s
Current Measurement Range +3 mA
Measurement Bits 12
Maximum Sampling Rate 2 kHz
Current Noise (Peak to peak) 38 pA

Table 5.2: Performance specifications of the developed potentiostat system.
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Chapter 6

Conclusion

This research resulted in the design, development, and validation of an economical,
Arduino-based D.I.Y potentiostat capable of conducting cyclic voltammetry for elec-
trochemical investigations. The system was evaluated with a 1 mM KOH electrolyte
solution and some other sample electrolytes, and the results were compared to those
obtained from a commercial potentiostat. Throughout its development, the project
progressed from simple command line execution in Jupyter Notebook to an enhanced

graphical user interface (GUI) that facilitates real-time plotting and smoothing.

Although composed of inexpensive components, the system successfully identi-
fied critical electrochemical characteristics, including oxidation-reduction peaks and
capacitive charging currents. This validated the efficacy of the hardware-software
combination. Moreover, its open-source and modular architecture amplifies its edu-

cational value, providing students with insights into both electrochemistry and the
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associated apparatus.

6.1 Constraints

Although the system achieved its primary goals, specific shortcomings were noted
during its operation. The analogue voltage waveform was produced utilising Ar-
duino’s PWM capability and externally filtered to yield a quasi-analog signal. This
approach, while cost-effective, generated ripple and quantisation noise especially no-

ticeable at reduced scan rates or when broader voltage ranges were utilised.

The voltage and current ranges in the system are limited to £6 V and £3 mA .
They can be readily altered by modifying the reference voltage, DAC scaling, tran-
simpedance resistor, and power supply levels. Nevertheless, broadening the voltage
range rendered the system increasingly susceptible to noise and instability, partic-
ularly in the breadboard iteration. These problems underscore the compromise be-

tween range and signal quality given limited hardware capabilities.

A further limitation is the Arduino’s 12-bit analog-to-digital converter and tem-
poral limits. At diminished current levels, the system’s accuracy are compromised.
Furthermore, commercial grade functionalities like as chronoamperometry, amper-

ometry, and etc are now unsupported.
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6.2 Prospective Trajectories

Future improvements to this potentiostat should concentrate on enhancing resolu-

tion, stability, and user flexibility, while maintaining a focus on cost-effectiveness.

High-resolution digital-to-analog converters (DACs) and analog-to-digital con-
verters (ADCs) can markedly enhance performance. The incorporation of external
16-bit DACs, like the MCP4725 or DAC8562, will provide more refined and precise
analog waveform production. Likewise, high-resolution ADCs such as the ADS1115
or ADS1256 would improve the accuracy of current measurements. These compo-
nents are cost-effective and significantly enhance signal quality and overall system

integrity.

Substituting PWM with authentic analog waveform synthesis using DACs would
eradicate the ripple linked to PWM signals and enhance voltage stability. This mod-
ification is essential for creating a more pristine baseline, particularly when function-

ing across broader voltage ranges.

The design can be adjusted to accommodate unique voltage and current ranges,
such as +10V or greater, along with enhanced current sensitivity. The gain-setting
resistors of the transimpedance amplifier can be adjusted to achieve this. To facilitate
wireless functionality and autonomous data logging, components such as Bluetooth
(HC-05), Wi-Fi (ESP32), or SD card modules may be integrated. These enhance-
ments would be especially advantageous for distant or field-based investigations when

direct connection to a PC is impractical.
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Support for multi-channel functionality represents a potential improvement. In-
tegrating analog switches or multiplexers would allow the potentiostat to accommo-
date numerous working electrodes. This functionality would enable comparative or

simultaneous electrochemical analyses, enhancing the system’s research utility.

6.3 Financial Analysis of Commercial Systems

The designed technology provides considerable cost benefits relative to commercial
potentiostats. A standard high-performance apparatus like the Gamry Reference
600+ is priced around PKR 3-4 million (USD 10,000-15,000). Conversely, the
whole Arduino-based potentiostat, which incorporates the operational amplifier (e.g.,
TLO084 or LM324), passive components, and a fundamental PCB, was constructed
at an expense of PKR 10,000-15,000.

Despite incorporating advanced features like 16-bit DACs, WLAN modules, and
data logging capabilities, the overall project cost is projected to remain below PKR
8000, constituting less than 0.3% of the expense of a commercial machine. This
cost-effectiveness renders the gadget optimal for classroom demonstrations, student

research initiatives, and application in resource-constrained academic settings.

6.4 Concluding Observations

This effective design of a low-cost potentiostat illustrates how practical electrochem-

ical equipment can be made accessible, modular, and instructional. The system’s
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capability to demonstrate redox and capacitive characteristics confirms its efficacy,
and its adaptability facilitates ongoing enhancements without significant redesigns.
The D.I.Y potentiostat cannot be fully replace the laboratory potentiostat but is
designed to be used in situations where a full-sized lab potentiostat is impractical
or impossible. Subsequent versions with improved resolution and range can increase
its functionalities while maintaining cost-effectiveness. This study serves as a basis
for scalable electrochemical instruments for education, research, and innovation in

cost-effective environments.
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