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Abstract

Given the risks associated with liver transplant operations and the protagonist role of parac-

etamol overdose in cases of hepatotoxicity, there’s a growing need for a fast, cheap and easy to

use method for its detection. Compared to traditional methods like HPLC, spectrophotom-

etry, colourimetry and chemiluminescence, electrochemical sensors have the potential of

reaching less fortunate hospitals that cannot afford expensive equipment and serve as a quick

point-of-care screening method for suspected cases of paracetamol toxicity. Moreover in the

field of therapeutic drug monitoring a lot of effort has been put in developing electrochemical

sensors to better control the depth of anesthesia, where paracetamol is usually a component.

Enzymatic biosensors have the disadvantage of being generally unstable and sensitive to

pH and temperature variations. Non-enzymatic electrochemical sensors overcome some of

these limitations showing very good sensitivities and limit of detection, though at the cost of

limited specificity. In this work a computational study was initially performed, based on a

semi-empirical method (PM3). The interaction of a molecule of Paracetamol with a cluster

of Bi5O7NO3 is evaluated and then through the use of Marcus theory the rate constant for

electron transfer is obtained. Such an investigation allowed to set a theoretical framework for

the study of defect design. In particular, through a solid state method different heterostruc-

tures of Bi2O3/Bi5O7NO3 were produced with the objective of exploring their role as potential

electrocatalysts. Their performance was evaluated by cyclic voltammetry on commercial

screen printed electrodes by Dropsens®, where the working electrode was functionalized

with an aqueous dispersion of the produced catalysts. Through the use of Laviron equation a

kinetic study was performed and the rate constants of electron transfer calculated. A good

agreement was found between the values of rate constant obtained though experimental

and computational means. Furthermore, the electrocatalytic activity of the heterostructures

was identified as superior to that of single phase subnitrate. This was both observed both

in the kinetic study and in the calibration curves. From a morphological study done with

the Scanning Electron Microscope (SEM), it was also remarked that the partial oxidation of

the bismuth subnitrate induces a change in shape, from particular to lamellar. Based on the

electrochemical tests performed, and the knowledge acquired in the theoretical work, the best

performing material is selected for the fabrication of a paper-based biosensor.
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1 Introduction

The aim of this introductory chapter is to provide a brief review of the state of the art of

electrochemical sensors. The biolement-free sensors produced in this work and the widely

diffused biosensors show strong overlap, not only in terms of fabrication techniques but also

in the applications where they are employed. For this reason a general overview of biosensors

will be presented. An implicit decision is made to refer a to a broad understanding of the

term biosensor itself, whilst acknowledging the definition proposed by IUPAC. Moreover,

to provide a better understanding on the motivation and the need for paracetamol sensing

a summary of the main justifications is carried out. In particular the metabolic pathways

leading to hepatotoxicity and the neurotoxic effect on acquatic fauna is discussed. At the same

time the main points regarding the use of nanomaterials as electrocatalysts are examined,

with a short mention to the field of defect engineering. Lastly, the element bismuth and its

compounds are explored, with particular attention to their use as efficent, cheap and relatively

"green" catalysts.

1.1 Biosensors

The term "biosensor" was first introduced by Cammann in 1977 [1], and even though a

multitude of definitions have been proposed, the one advanced by Higson [2] is probably the

most concise:

" [..] a chemical sensing device in which a biologically derived recognition

entity is coupled to a transducer, to allow the quantitative development of some

complex biochemical parameter."

Accordingly, two main components have been historically identified in a biosensor: a trans-

ducer and a bioelement. When a measurement is performed the analyte molecule interacts in

a specific way with the bioelement (such as an enzyme or an antibody) which is coupled to a

transducer that translates the response of the bioelement in an electrical signal. Even though

such a definition is also supported by IUPAC, nowadays for practical reasons in the literature

1



Chapter 1 Introduction

it’s common to refer to sensors free of biorecognition elements as biosensors when they serve

the same purpose of common biosensors. It’s possible to distinguish different kinds of biosen-

sors based on the nature of the transducer employed: optical, mass based, calorimetric and

electrochemical [3], [4]. Notably, electrochemical (EC) biosensors are particularly significant,

not only for the vast applications they have but also from an historical point of view. In fact,

the first biosensor to be fabricated was based on the enzyme glucose oxidase and developed

in 1962 by the scientist Leland C. Clark.

Figure 1.1 – Macro-fields of application of electrochemical biosensors

In general EC biosensors can be further distinguished in potentiometric, amperometric, con-

ductometric or impedimetric sensors, on the basis of the physical parameter being measured.

Potentiometric sensors measure the change in potential produced by the interaction with

the analyte of interest with the transducer, whereas conductometric sensors evaluate the

perturbation in conductivity produced in an electrochemical cell composed of two electrodes

separated by a solution. Instead, one refers to impedimetric sensors if they are based on the

measurement of the cell complex impedance through the application of excitation signal vari-

able in frequency (usually 0.01-105 Hz). So as a consequence of the target molecule adsorbing

on the electrode surface, or interacting specifically with a bioelement, a change in impedance

can be discerned. Finally, amperometric sensors measure the flow of current induced by the

oxidation or reduction reaction of an electroactive species: this is the kind of sensors on which

this study focuses on.

EC biosensors have proved to be promising alternatives to conventional analytical instruments

in a multitude of applications, paving the way for truly portable, in situ devices given their

potential to be miniaturized. A brief summary is presented in Figure 1.1, where the main

macro-fields of application are described. In the context of food safety analysis traditional

approaches like mass spectroscopy, gas chromatography or high performance liquid chro-

matography are usually done at the final stage of a production process, are expensive and

require trained operators to use them. Whereas EC biosensors have shown to be a powerful

alternative, allowing fast, cheap and onsite measurement of relevant analytes such as antibi-

otics, toxins and allergens [5]. Consequently their implementation could translate in potential
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indirect savings avoiding for instance that contaminated batches go though unnecessary steps

before being eventually discarded.

Recently the detection of pollutants though electrochemical means has also been fruitful,

granting a fast and simple identification of petroleum pollutants [6], persistent pesticides such

as organophosphorus compounds, or organic pollutants like polycyclic aromatic hydrocar-

bons (PAH) [7]. As with most cases the use of a biosensor drastically reduces the cost and

expertise required to make a measurement. This is true also for the detection of air pollutants,

which is traditionally done through an expensive system composed of a sampling device

coupled to a gas chromatographer/mass spectrometer.

Moreover the use of biosensors for clinical diagnosis has also seen significant interest in the

recent years [8], accompanied by a shift in clinical practice from treatment to prevention and

early diagnosis. Numerous analytes are currently under study, but particular attention has

been put towards the detection of glucose, cholesterol, DNA, ATP, antigens and antibodies

[9]. A few obstacles still need to be overcome for a widespread commercial distribution of EC

biosensors for diagnostic purposes. Particularly critical factors to control are their stability,

reproducibility and the interference of other species which are electrochemically active in the

same potential range [9]. A notable case of successful implementation in clinical practice of an

EC biosensor is in the measurement of glucose, revolutionizing the management of diabetic

disease. In fact, through the use of a portable glucose-sensing device the patient is empowered

to take better control over their health, meaning more frequent testing and improvement of

his outcomes [10]. As of now, most glucose sensors are based on the immobilization of the

enzyme glucose oxidase on the surface of the sensor. Although cheap and easy to produce,

their main limitation is the intrinsic instability of the enzyme, rendering the sterilization

process during manufacturing complex and requiring care not to exceed temperature and

humidity safety levels during stocking [11]. For these reasons in the last 10 years a lot of work

has been put in trying to develop non enzymatic sensors for diabetic patients which exploit

the electrocatalytic oxidation of glucose. Many solutions have been proposed, and most are

based on nanostructured materials, which are known to be very effective catalysts, thanks

to the high proportion of uncoordinated atoms due to their high specific surface area [12].

Despite the many advantages compared with enzymatic sensing, their inferior specificity and

higher manufacturing cost limits their use, for now.

Possibly one of the most important contributions in the push towards miniaturized electro-

chemical sensors has been the implementation of screen printing techniques. Simply put

these manufacturing methods require the use of a screen, usually of polymeric material, and

multiple layers of ink which are selectively deposited on the exposed area of the biosensor’s

support though the use of a squeegee. In a typical process, a Ag/AgCl based ink will be used

for the electrical contacts and for the reference electrode, then for the counter and work-

ing electrode a carbon-based ink will be employed. Then if needed a functionalization of

the working electrode surface will be done, be it though the use of an enzyme or a catalyst.

The most frequent techniques for the enzyme immobilization on the working electrode are

physical entrapment, non-covalent adsorption, bio-conjugation or covalent adsorption [13] .

Different techniques can be employed for the modification of the working electrode though
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the deposition of metal or metal oxide nanoparticles. The most commonly employed methods

are drop casting, ink mixing or electrodeposition [14]. At the end of the process a protective

layer, made out of wax for instance, will be printed to clearly define the area of interaction

with the analyte and to protect the electrical contacts.

Figure 1.2 – Typical example of a SPE and its constituent components

The reason for the broad diffusion of screen printed biosensors can be attributed to their fast

response, high sensitivity, ease of fabrication, linear output and ability to operate at room

temperature [15]. Importantly they can be mass produced and still show a relatively consistent

electrochemical response. One of the most exciting consequences of the diffuse fabrication

of SPE is the development of wearable EC devices for sweat [16], saliva [17] or tear sensing

[18]. These devices can be designed for instance to obtain accurate and real time indication

of the concentration of ions (Na+, Cl−, Li+), having important implications for the treatment

of schizophrenia or simply for continuous feedback regarding potential dehydration during

exertion.

The research in last 50 years has pointed out that drug concentration in bodily fluids (usually

plasma or blood) is a good indication of the pharmacological activity of drugs [19]. A correct

determination of the ideal dosage is critical for drugs that have a low tolerability and pose

a risk for toxicity. A novel solution to the problem of dosage determination is offered by the

approach known as Therapeutic Drug Monitoring (TDM). Briefly, it consist in acquiring an

accurate measurement of the drug concentration and to adjust the dosage accordingly so as

maintain it always in the therapeutic range. Current techniques are based on immunoassays,

spectrometric analysis or separation sciences [20]. The main disadvantage of separation-

based techniques is the fact that are labour intensive and time consuming. Immunoassays

similarly are complicated by the multiple steps required to run the analysis. Even though the

ELISA technique allows multiplexing, it usually requires a minimum amount of samples to

be cost efficient. EC biosensors in general do not suffer these limitationsI, and have the great

advantage of offering a real time measurement and requiring a low sample volume. This last

aspect is particularly significant because TDM is commonly performed on bodily fluids, thus

IIt should be noted that also optical biosensors are being developed, but it’s beyond the scope of the brief review
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to minimize the required volumes means to minimize the patient’s discomfort. As an example,

in the field of oncology and interesting development is represented by the work of Alvau et al.

[21] for the detection of Irinotecan, an anticancer drug, where the bioelement immobilized

on the trasducer is an enzyme. In the context of personalized therapy Stradolini et al. [22]

have developed a non enzymatic EC biosensor with the aim of better controlling the depth of

anesthesia. In this particular system through the use of a feedback loop a balanced delivery of

appropriate drugs is delivered, of which paracetamol is a component.

1.2 Paracetamol sensing

PCM (also referred to as Acetaminophen) is one of the most commonly used drugs in the

world, being used as a antipyretic, analgesic, non steroidal anti-inflammatory drug (NSAID)

[23]. The mechanism of action is still under study, but it appears to inhibit the cycloxygenase

activity in the brain and the synthesis of prostaglandins [24]. Under the correct therapeutic

dosage, no side effects are reported. However, in case of overdosage liver and kidney damage

are a frequent consequence. In fact, PCM toxicity is the leading cause of acute liver failure in

the U.S. (shown in Figure 1.3 ) [25] which leads to liver transplant for approximately 30% of

the cases. The metabolism of PCM under therapeutic dosages takes place in the liver mostly

Figure 1.3 – Main causes of acute liver failure and the comparative effect of PCM overdose in
the U.S as reported by Stravitz et al [25]

through glucuronidation and sulfuration pathways. However these tend to get saturated for

higher dosages, allowing the cytochrome P450 to metabolize significant quantities of PCM

to the electrophilic N-acetyl-p-benzoquinoneimine (NAPQI), which in turn gets reduced

by glutathione in non toxic compounds [26]. At a certain point the reserves of glutathione

become depleted and the concentration of NAPQI increases in the liver. Accordingly by
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progressively binding to hepatic macrophagic cells NAPQI causes irreversible cell death, thus

hepatic necrosis. Other non-P450 metabolic mechanisms leading to NAPQI and activated by

myeloperoxidases and cyclooxygenase [27] have been studied.

Because the electroxidation of PCM is often paralleled to the catalytically activated P450

oxidation in the liver [28], [29], electrochemical studies of PCM in acqueous solutions can prove

to be an invaluable tool to gain deeper understanding on its toxicity in vivo. Moreover given

the widespread usage of PCM, the topic of freshwater contamination is becoming especially

important. The great majority of pharmaceutical drugs spillover in the environment tend to

come either from wastewater and landfill leaching. This problem is exacerbated by the fact

that many waste treatment facilities are not always capable of adequately removing its toxic

degradation products [30]. Some of the treatment methods to remove PCM are (photo/electro)

Fenton oxidation, activated charcoal, ultrafiltration and ozone oxidation [31]. It has been

reported that its presence in water, or of its degradation products, can induce neurotoxic

effects on acquatic organisms [32], inhibiting the enzyme acetylcholinesterase. Additionally,

even if the concentration of this particular xenobiotic is relatively low, Elersek et al. [33] have

shown that the presence of other drugs with a similar mode of action can lead to synergistic

interactions, increasing the risk of toxic effects. Consequently, given its role as freshwater

pollutant, and its toxic effects on the liver in case of overdose the development of effective

detection techniques is of paramount importance. In this regard, EC biosensors have shown

significant promise on different fronts, both for PCM sensing in freshwater than in biological

fluids. Their main advantage over traditional techniques such as HPLC, spectrophotometry,

colourimetry and chemiluminescence is the ability to obtain a measurement via an in-line,

cheap and rapid method [34]. In particular, the drastically lower cost can potentially allow

hospitals that don’t have access to expensive equipment to easily diagnose a case of suspected

PCM overdose.

1.3 Nanomaterials as electrocatalysts for non enzymatic sensors

As anticipated in Section 1.1 enzymatic biosensors are generally unstable and their catalytic

activity is dependent on pH, temperature and ionic strength. In an effort to overcome these

limitations non-enzymatic EC sensors have been developed. As the name suggests they do

not employ an enzyme to induce an electrochemical change to be measured but are based on

an electrocatalytic reaction happening on the working electrode surface. One of their main

drawbacks are the limited specificity and fouling tendency where oxidation intermediates

adsorb on the electrode surface and poison it. Anyhow, to improve the sensitivity of these de-

vices the development of efficient catalysts is of fundamental importance. In the recent years

nanomaterial-based electrochemical sensors have demonstrated to be powerful analytical

tools [35], [36] and nanoparticles, nanosheets, nanowires, nanotubes have been extensively

researched. Furthermore, multiple studies have now shown that a clear size dependence of

the catalytic activity exists [37], [38] and that it may be ascribed briefly to surface and quantum

effects. Accordingly, as the characteristic dimension d gets smaller, surface effects emerge
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from the increasing proportion of uncoordinated atoms which are more unstable than bulk

ones, thus more reactive towards other interacting species. Moreover, when d is lower than the

exciton radius (≈ nm) quantum confinement leads to a splitting of the energy levels causing an

increase in the HOMO-LUMO band gap. Noble metal nanoparticles, especially of Au, Ag and

Pt in general show exceptional electrocatalytic behavior, decreasing overpotentials for relevant

electrochemical reactions and even improving their reversibility [36]. For instance You et al.

[39] reported a 170mV lower overpotential for the oxidation of H2O2 for a Pt nanoparticle

modified electrode, compared to bulk Pt. Unfortunately the use of noble metals is usually

prohibitive for many applications. For this reason, an interesting alternative is offered by

metal oxides, which have shown promising results for the oxidation of aromatic compounds

[40]. In particular, through the deliberate introduction of structure defects (e.g. substitutional

atoms or oxygen vacancies in metal oxides) the electronic structure can be altered [41]. This

in turn allows to regulate the energy of adsorption/desorption of the analyte with respect to

the catalyst’s surface. The Sabatier Principle states that the maximum catalytic activity occurs

when binding energy is neither too strong, nor weak. Consequently, through accurate defect

design significant improvements in the catalytic activity can be obtained.

1.4 Bismuth and bismuth related compounds

Bismuth, atomic number 83, can be described as a semimetal due to having electronic prop-

erties intermediate between metals and semiconductors [42]. It’s characterized by a high

carrier mobility, low effective mass, high magnetoresistance and relatively long mean free

path [43]. Obtained as a byproduct of tin, lead or copper mining bismuth tends to be relatively

inexpensive. Even though it’s a heavy metal, like Pb, bismuth and its compounds are unusually

safe and for this reason some authors have referred to it as a "green element" [44]. The main

oxidation states of Bi are Bi(III) and Bi(V), where the former is the most common and stable of

the two.

It’s frequently used in the form of an oxide, halide, nitrate or as an oxo-halide.

In the field of heterogeneous catalysis Bi2O3 has been attracting considerable interest, given

that its direct optical band gap is lower that TiO2 (around 2.7eV - 2.5eV depending on the

phase [45]). This difference with titania has been attributed to the different composition of

their valence band. Accordingly the valence band of Bi2O3 is composed of the 6s lone pairs

of Bi and the 2p of oxygen, whereas for TiO2 it’s comprised only of the 2p orbital of oxygen

[46]. For this reason, the material has been considered as a promising photocatalyst for water

splitting or pollutant degradation, possibly in combination with other phases so as to obtain

better performing heterostructures [47]. Six different polymorphisms have been reported for

Bi2O3, and they are schematically shown in Figure 1.4b: (monoclinic- α, tetragonal-β, bcc-γ,

and fcc-δ, triclinic-ω, orthorhombic-ε). At low temperature the stable phase is the monoclinic,

pseudo orthorhombic α−Bi2O3. However on heating at temperatures higher than 710◦C, the

α phase transforms into the cubic δ phase, in which only six of the eight anionic O−2 sites
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per cell are occupied, making the structure highly defective. The stability interval of such a

structure extends until the melting point at 824◦C.

(a) Chemical evolution of Bi(NO3)3 ·5H2O (b) Phases of bismuth oxide

Figure 1.4 – Bismuth oxide phases and evolution of bismuth nitrate salt. Reproduced with
permission from Bartoli et al. [48]

If a slow quench is performed from the melt the β phase can be obtained. The γ phase is

usually quite unstable and difficult to synthesize without employing a proper support (metal

or metal-oxide) [49]. Other metastable polymorphs are the triclinic ω−Bi2O3 and the or-

thorhombic ε−Bi2O3. Importantly, through controlled heating of bismuth nitrate it’s possible

to synthesize the bismuth subnitrate Bi5O7NO3, as described in Figure 1.4a.

1.5 The aim of this research

Molecules such as PCM are attracting attention due to their toxicity at high concentrations

and widespread use. For this reason a lot of effort has been put into trying to develop new and

innovative materials that minimize the overpotential required to have electroxidation.

Consequently the main objective of this work is to first study the particular quantum mechanic

interaction of PCM with a cluster of Bi5O7NO3 and then to evaluate experimentally how and if

a change in performance can be discerned from the progressive introduction of defects due

to oxidation. This approach allows for a detailed insight onto the particular interaction of

PCM on the bismuth cluster, while also setting a theoretical framework for the study of defect

design. Kinetic studies are performed from a theoretical and experimental approach. Then

they are compared with each other so as to determine if heterostructures of Bi2O3/Bi5O7NO3

show superior catalytic behavior compared to their single-phase counterparts.
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2 Theoretical Background

2.1 Electron transfer theories

Electron Transfer (ET) is an extremely common phenomenon, not only in physics but also

in chemistry and biology. As suggested by the name, the process involves the transport of

an electron by a species D, the donor, to a species A, the acceptor. One characterizes the

ET event as Outer Sphere if the mechanism doesn’t involve the forming or breaking of new

bonds, or Inner Sphere if the electron transfer between the redox centers happens through a

bridging ligand. The latter is usually seen in transition metal complexes, and very rarely in

biological systems, since redox sites tend to be shielded by bulky proteins. In general outer

sphere ET tends to be a less complex phenomenon and easier to study [50] : a first model had

been theorized by Franck and Libby and subsequently improved by Marcus, whose treatment

of the process was purely classical. For his work Marcus was awarded the Nobel Prize in

Chemistry in 1992. Hopfield [51], and Levich and Doganadze have presented more elaborate

quantum-mechanical models [52]. Before further treating the details of the aforementioned

theories a few introductions are necessary.

Figure 2.1 – Potential Energy Surface

Potential energy surface When considering ET

processes one usually employs the concept of

Potential Energy Surface (PES), particularly in the

context of the Transition State Theory (TST). In

such a theory it’s assumed a quasi-equilibrium

between the reactant and a transition state com-

plexI. Moreover, the notion of the PES plays a

distinctively important role in the field of com-

putational chemistry, allowing to link a particular

geometrical configuration of a molecule with its

energy [53]. In fact a PES is none other than a

ISometimes also called activated complex
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multi-dimensional surface obtained by plotting the potential energy of the system as a func-

tion of a nuclear configuration coordinate Q, which has in itself the multiple geometrical

degrees of freedom. Usually Q is made up of terms like bond lengths, bond angles, orientation

or position of the reactants or even the solvent configuration, depending on which parameter

is considered to be particularly relevant for the potential energy of the system.

Preliminary assumptions A PES such as defined above is only possible under the the Born

Oppenheimer approximation, for which it is assumed that the nuclei are stationary relative

to the electrons, justified by the fact that they have a mass that is three orders of magnitude

heavier. Therefore, from a dynamical perspective it stands to reason that the electrons will

move at a much higher speed, making the assumption in general acceptable. This allows to

greatly simplify the application of the Schrödinger equation, separating the nuclear repulsion

from the electronic energy. The electron can then be considered to be moving in a potential of

immobile atoms in precise positions: this is sometimes called the adiabatic approximation.

It is important to note that in the case of condensed matter such an approximation may not

hold. Moreover, when considering an ET process it is usually reasonable to make another

assumption, the so called Two State Approximation (TSA). According to this approach the

mechanism of ET can be adequately described by two states: initial Ψi and final Ψ f where the

charge is localized respectively in the donor and acceptor sites. This means that a graph like

the one shown below could be made where two PES relative to the reactant and product state

intersect. This simplification too has its limits, particularly when a high density of electronic

states are present in the initial and final state [54][55] (e.g. in the case of metal/semiconductor

electrodes).

Adiabatic and Non-adiabatic states In Figure 2.2 are shown the profiles of the PES for an

adiabatic and a non-adiabatic process. It is instructive to note that each of these diagrams is

relative to one system, where two parabolasII can be distinguished: the one called R is relative

to the state of the reactants, and P to the products. By that it’s meant for example that when a

representative point lies on the surface named R, the set of nuclear coordinates that describe

the system would be in a configuration that resembles the reactants’ state.

It has been proposed above that the curves R e P in Figure 2.2 are parabolic and this is not a

trivial assumption, so it’s important to clarify that under such an approximation rests the idea

that the vibrational modes can be modeled by an harmonic oscillator, obeying Hooke’s Law.

Nevertheless one must be careful when evaluating the molecular effect of polar solvents, since

the reorientation of such molecules is strongly anharmonic, hence appropriate models must

be used [56]. Finally, it is possible to give the following definitions:

" [...] when the system jumps from one solid "adiabatic" surface to the other

on passing through the intersection region the process of jumping is called a

IIThese not actual parabolas since the nuclear coordinates are multidimensional
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"nonadiabatic act" [...]. When the probability of a chemical reaction occurring

per passage is large (near unity) the reaction is, of course, called "adiabatic". In

either case reaction can occur only if a system starting on the lower surface R

finally goes over to P on the lower solid "adiabatic" surface [57]. "

Figure 2.2 – Adiabatic and Non-adiabatic processes

Notably, an ET mechanism can be categorized as non-adiabatic if the interaction between the

initial and final states is small, i.e. the electronic couplingIII V is close to zero. Consequently

it’s possible to consider the two states as independent, resulting in two diabatic surfaces.

Alternatively when the coupling is strong, therefore V is big, the two adiabatic states repel

each other and at the intersection between R and P a splitting occurs producing an upper and

lower potential surface: it’s supposed that the upper state is sufficiently high in energy not be

thermally activated, as a result the system tends to rest on the lower one [58].

2.1.1 Libby Theory

As reported by Libby in 1952 [59] an important hypothesis was developed: the more the inner

coordination shells of the donor and acceptor atom were similar the higher the rate of electron

transfer between the two. Such an assertion was supported by the empirical evidence of

the slowness of the Co(NH3)2+
6 −Co(NH3)3+

6 exchange reaction, where in fact an important

change in the Co-N bond length was required. The basis for this idea was "borrowed" in a way

from spectroscopy: the Franck-Condon principle. Its IUPAC definition is the following:

" The Franck - Condon principle is the approximation that an electronic transi-

tion is most likely to occur without changes in the positions of the nuclei in the

molecular entity and its environment. [...] "

In other words, the timescales for electronic transitions are profoundly smaller than those

of the nuclear motions, therefore one can consider the atoms’ position during an electron

IIIAlso known as Effective Charge Transfer Integral
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transition as fixed. Hence, by analogy it was supposed that this would also be the case for ET

processes. Therefore if an electron was to be transferred between to species, the reactants

would find themselves in the wrong environment since the nuclei of the solvent molecules

(or the coordination shells) couldn’t have time to adapt to the electron jump, necessarily

introducing an energy barrier.

2.1.2 Classical Marcus Theory

Figure 2.3 – Reactants and products
with solvent

Libby intuition of the role played by the Franck-

Condon principle during ET was correct, however it

assumed that there would be a large difference in en-

ergy immediately before and after the ET. However, in

the case of reactions occurring in the dark the law of

energy conservation would evidently be violated, as as-

tutely noted by Marcus, since the reagents would be in

vibrational excited states and would eventually release

energy. It was therefore postulated that fluctuations

in the different nuclear coordinates had to occur (e.g.

the orientation of the solvent molecules) and thanks

to these fluctuations it would be possible to reach an

isoenergetic configuration that satisfied the conserva-

tion of energy as well as the Franck-Condon principle.

Considering a profile of the PES of a system such as

the one shown in Figure 2.2 (a) it is clear that the ET, according to Marcus’ Theory, could

occur only at the intersection between the PES of the reactants and the PES of the products,

and this is intersection is evidently a (N-1) dimensional surface if one assumes an N nuclear

coordinates.

It is instructive to note that in the activated complex the solvent molecules are in a non-

equilibrium configuration, and this is a direct consequence of the assumption of weak electron

coupling underlying both Libby and Marcus models. This can be understood by considering

that for a weak interaction as the reactants approach one another, if a suitable fluctuation in

the solvent molecules happens, an activated complex can form. This activated complex will

initially have the electron configuration of the reactants (state X) and then of the products

(state X*), while maintaining the same atomic configuration. This means that the configura-

tion of the solvent between X and X* is also same, but these states clearly differ in the charges

of the reacting species, hence the average configuration of the solvent in the activated complex

is not an equilibrium one. However if one considers a strong electronic interaction between

the reactants, "the formation of one from the other would be very rapid and one need then

not speak of them separately" [60], hence the above reasoning could not be made.

On the whole, Marcus theory describes a weakly coupled homogeneous outer-sphere ET and

the physical model behind his approach to ET reactions chiefly considers the reacting species

D and A as spheres with charges respectively Z1 and Z2 embedded in a solvent whose molecu-
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larity is ignored and instead the dielectric continuum theory is being used. Furthermore it is

supposed that the dielectric medium is unsaturated outside of the spheres A and D and that

its response is purely linear. A schematic of the process is shown in Figure 2.4.

Figure 2.4 – Formation of the collision complex and subsequent electron transfer

As already anticipated in Section 2.1 it is postulated the the atomic motions can approximated

by an harmonic oscillator model, therefore a quadradic dependence on the nuclear coordi-

nates is to be expected. After a series of calculations, based on the minimization of energy and

the Franck-Condon principle [61], Marcus derived an expressionIV for the activation energy

for the collision complex

∆G‡ =
λ

4
(1+∆G◦

λ
) (2.1)

where ∆G◦ is the standard free energy of the reaction and λ is the reorganizational energy.

This last term, λ is of great importance in the context of Marcus theory, and can be defined as

the energy required to reorganize the nuclear coordinates so that the reactant state matches

the configuration of the product state before the electron transfer actually occurs. It can be

divided in two components:

λ =λi +λo (2.2)

where λi is the inner shell component involving a change in bond angles/lengths change, and

λo involving the reorganization of the surrounding solvent molecules.

In a model of spherical reactants, such as defined above, it’s possible to give the following

expression for λo :

λo =
(∆e)2

2

(
1

a
+ 1

b
− 2

R

)(
1

Dop
− 1

Ds

)
(2.3)

where a and b are the ionic radii of the reactants (including the coordination shell), R is their

separation distance, Dop and Ds are the optical and static dielectric constants.

IVIn this formulation it’s assumed that the electrostatic work to bring together the reactant to form the activation
complex is zero
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Furthermore the expression for λi can thus be given :

λi =
1

2
Σ(k j (Qr

j −Qp
j ) (2.4)

where Qr
j and Qp

j are the equilibrium normal mode coordinates for the jth normal mode

coordinate Q, and k j is the force constant associated with it.

2.1.3 Generalized Marcus Theory

Tachiya in his 1993 paper [62] proposed a generalization of the classical Marcus theory. In his

formulation he overcame the simplifying assumption of the solvent as a dielectric continuum,

and developed a model which better accounts for its molecular nature. Accordingly, the local

fluctuations of the electrostatic potential due the the oscillatory movement of the polar solvent

molecules are taken in to consideration in terms of φ(∆V ), which expresses the distribution

of electrostatic potential difference between the acceptor and the donor.

The electron transfer will take place only if the potential difference passes through a pre-

cise value e∆V ‡. An expression for it can be obtained by considering that in the initial state

the interaction energy is zeroV and that for the electron transfer to occur the final state energy

must coincide with the initial one:

e∆V ‡ = −I P +E A+∆g e
s +

e2

R
(2.5)

where IP and EA are the ionization potential of the donor and the electron affinity of the

acceptor, respectively. ∆g e
s represents the solvation energy of the produced ion pair due to

the electronic polarization of the solvent. R stands for the distance between the interacting

species, and e2/R is the Coulomb attractive energy between the ion pair. The solvation energy

can be expressed as follows[63]:

∆g e
s =

∆e2

2
(1− 1

Ds
)(

1

a
+ 1

b
) (2.6)

where Ds , a and b have the same meaning as in expression 2.3.

Once a configuration that satisfies both the Franck-Condon principle and the conservation of

energy is reached, the probability that the electron transfer process actually happens needs to

be considered. According to the Landau-Zener theory [64] the probability that the electron

will "hop" from the PES of the reactant state to the product state is given by:

P = 1−e

−2πJ2

×
∣∣∣∣∆Ė

∣∣∣∣ (2.7)

VAt least as a first approximation
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where J is the electron coupling, which takes into account the interaction energy of the initial

and final states. ∆Ė is the difference of the time derivative of the potential energy. Finally,

after approximating the expression 2.5 with a Taylor expansionVI, and calculating the potential

energy distribution, a formulation of the electron transfer rate is obtained:

k =
2π

× J 2 1√
4πkB Tλ

e
−(I P−E A−∆g e

s −e2/R)2

4kB Tλ (2.8)

2.1.4 Generalized Mulliken Hush Theory

In the context of the TSA, an expression for the electron coupling J can be provided [65].

J =
µ12∆E12√

(∆µ12)2 +4(µ12)2
(2.9)

Where µ12 is the dipole moment of the transition state,∆E12 is the energy difference of the

eigenstates involved and∆µ12 is the difference of dipole moments.

2.2 Semiempirical computational methods

Semiempirical computational methods are based on the Schrödinger equation, similarly to the

ab initio methods, but with the substantial difference that empirical parameters are introduced

to accelerate the calculations in a profound way, albeit at the cost of a reduced accuracy in the

obtained results. Driven by the necessity to reduce computational complexity at a time where

computers where dramatically less powerful than nowadays, the Simple Hückel method (Erich

Hückel, ca. 1931) and the Extended Hückel Method [66] were developed. These methods

allowed to model larger systems, and could be considered as a natural progression towards

Self Consistent Field (SCF) semiempirical methods, which are the kind used in this study. The

SCF procedure was first developed by Hartree by expressing an hypotetical polyelectronic

wavefunction representative of the system as a product of single electron wavefunctions (the

Hartree product):

Ψ0 =Ψ0(1) ·Ψ0(2) ·Ψ0(3)... (2.10)

where Ψ0 is a function of the coordinates of coordinates of the atom/molecule, Ψ0(1) is a

function of the coordinates of electron 1, Ψ0(2) of electron 2, Ψ0(3) of electron 3, and so on...

Having defined a "first guess" wavefunction, an iterative procedure is developed to refine its

accuracy:

1. Solve the Schrödinger equation for the one electron wavefunction Ψ0(1) where the

electron-electron repulsion component is expressed as a the repulsion between the

VIJustified by the assumption of a nonadiabatic electron transfer
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electron 1 and the mean electrostatic field of all the remaining electrons. The solution

allows us to update Ψ0(1) to Ψ1(1).

2. Solve for Ψ0(2) moving in a field of Ψ1(1), Ψ0(3)...Ψ0(n)

3. Repeat for all single electron wavefunctions, and obtain Ψ1

4. Repeat these last 3 steps for k cycles, until Ψk−1 ≈Ψk

The main limitation of the Hartree product is not taking into account the electrons’ spin and

that being fermions they are antisymmetric with respect to exchange. For this reason the Slater

wavefunction was developed, which differs from the Hartree product in that it’s made up of

spatial and spin orbitals and it’s a determinant and not simply a product of wavefunctions. For

the evolution to what is now known as the Hartree-Fock (HF) method, the variational principle

played an instrumental role, and states that the expectation value of the energy operator is

always greater (at most equal) to the ground state energy of the system. Consequently in the

HF method, spin orbitals are optimized by minimizing their energy calculated with respect to

the Slater determinant, giving rise to the Fock operator:

Fr s = H cor e
r s +

m∑
t=1

m∑
u=1

Ptu[(r s|tu)− 1

2
(r u|t s)] (2.11)

Where H cor e
r s is the hamiltonian relative to the core elctrons, Ptu is the density matrix and

(rs|tu), (ru|ts) are the two electron integrals. Notably H cor e
r s depends only on nuclear coor-

dinates and the basis set. The SCF procedure applied to the HF method requires having an

initial guess of the coefficients to allow the calculation of the density matrix. Then, after the

diagonalization of F its possible to calculate the corresponding Ptu . The process is repeated

until adequate convergence is reached.

The main semiempirical methods are:

• Parisier-Parr-Pople (PPP) method: limited to π electrons, the Coulomb integral is

treated as an empirical parameter, and the exchange integral and several two electron

integrals are neglected. The overlap matrix is taken as unitary. Not used anymore.

• Complete Neglect of DIfferential Overlap (CNDO): not limited to π electrons like the

(PPP) method. Similarly to the PPP the application of the zero differential overlap

approximation means that the two electron integrals reduce to one and two center

electron integrals. The core hamiltonian of different orbitals are considered proportional

to the overlap integral.

• Intermediate Neglect of Differential Overlap (INDO): doesn’t apply the zero differen-

tial overlap approximation to all atomic orbitals of the two-electron integrals, but only

to the two-center electron integrals. More accurate the CNDO, but in general less than

NDDO based methods.

16



Theoretical Background Chapter 2

• Neglect of Diatomic Differential Overlap (NDDO): The zero differential overlap ap-

proximation is not applied to orbitals of the same atom, hence a stark difference in

accuracy compared to previous methods can be noted. To this category of semiempirical

computational methods belong: MNDO, AM1, PM3 methods.

Limitations of the semiempirical methods The main limit of semiempirical methods is that

given the implementation of empirical parameters their accuracy drastically drops whenever

they are being used for molecules different than the ones used for the calculation of the pa-

rameters themselves. Moreover the errors in the calculation of energy levels can be profound,

and difficult to predict and account for, since their magnitude can vary from case to case.
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2.3 Theoretical principles of electrochemical sensors

As already introduced in Section 1 biosensors can be classified on the basis of the transducer

element used, giving rise to the following families: optical, mass based, or EC. Of particular

interest in this work are the EC (bio)sensors. "Electrochemistry is the branch of chemistry

concerned with the interrelation of electrical and chemical effects" [67], hence a change

in electrical current (or potential) is evaluated to gain information regarding the nature of

chemical reactions involved at the electrodes. Accordingly, EC sensing usually requires a

three electrodes system: a Working Electrode (WE), a Reference Electrode (RE) and a Counter

Electrode (CE) (Figure 2.5).

Figure 2.5 – Two types of three electrode systems

The WE for all intents and purpuses is the transduction element of the system and the electrode

where the (bio)chemical reaction of interest happens. However, to gain useful insight on

the chemical reactions happening at the WE, it is necessary to have a precise knowledge

of its electric potential E . Given that it’s only possible to know a difference of E, a RE is

employed, which is (ideally) unpolarizable, thus characterized by a well defined potential.

Consequently, since the RE potential is fixed any changes in the cell can be intirely ascribed to

the WE. The most common RE are: the saturated calomel electrode and the silver silver chloride

electrode, though the internationally accepted reference electrodes are the Standard Hydrogen

Electrode (SHE) and the Normal Hydrogen Electrode (NHE). An additional complication is the

fact that when the potential of the WE is measured against a nonpolarizable RE, like Ag/AgCl,

and a non-negligible current passes between the two, a voltage drop i Rs is also included in

the measurement. Where Rs is the solution resistance between the electrodes. To overcomeVII

this limitation, a counter electrode is introduced, such that most of the current is being passed

between the WE and the CE. The latter must be characterized by a redox reaction on its surface

sufficiently fast not to limit the one of interest happening at the WE, hence usually a good

VIIIt should be noted that even in this configuration, there will always be some uncompensated resistance Ru ,
unless the RE is exactly on the surface of the WE, which would inevitably cause shielding
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design strategy is to have a relatively large surface area [68]. Moreover it should not produce

species by electrolysis that interfere withe the WE.

Driving force behind electron trasfer When in a three electrode system a potential differ-

ence is applied between the WE and the RE, given what has been said before, the electric

potential on the WE alone is being changed. Moreover applying a precise electric potential

on an electrode means controlling the Fermi level of its electrons, which is a measure of their

mean electrochemical potential µs
e . Hence for a conductive electrode (supposed inert) in

contact with a solution, the following condition for electrical equilibrium can be expressed:

E M
F = E S

F (2.12)

Which is to say that the Fermi level of the two phases in contact must be equal.

Usually when an electrode is immersed in a solution the Fermi levels aren’t aligned, hence to

reach thermodynamic equilibrium and minimize the overall energy of the system electron

transfer occurs (from the phase with the higher µs
e ). With the use of a potentiostat the Fermi

level of the electrode can be regulated such that oxidation or reduction reactions will be

favoured.

2.3.1 Mass transfer and Fick’s laws of diffusion

Mass transfer can be defined as the movement of matter from one location to another, and

there are three main mechanisms by which it can be produced:

• Diffusion: movement of a material as a consequence of a concentration gradient

• Migration: movement of a charged species due to the effect of an electrical field

• Convection: movement of matter caused by stirring or hydrodynamic transport; it can

be further classified into natural and forced convection

In general electrochemical systems such as the biosensors here under study tend to be de-

signed in a way that allows to greatly simply the mathematical treatment of the mass transport

itself. Accordingly, the addition of an inert supporting electrolyte reduces to negligible levels

the migrational component. Since it’s being added in higher concentrations than the analyte,

it’s able to close the electrical circuit and at the same time increase the solution conductivity,

thereby reducing the uncompensated solution resistance between the WE and the RE [69].

Convection instead can simply be removed by avoiding stirring and reducing to a minimum

the vibrations in the cell. Given the above considerations, an approximate treatment of the

mass transport can be presented in terms of Fick’s first law of diffusion:

~J = −D∇C (~x, t ) (2.13)

19



Chapter 2 Theoretical Background

Where C (~x, t) is the analyte concentration (either in the reduced or oxidized form). This

expression describes the flux of species of interest as a function of the concentration gradient

in space. Whereas Fick’s second law of diffusion

δC

δt
= D∆C (~x, t ) (2.14)

describes how the concentration changes with respect to time.

Additionally, given that the amount of species approaching the electrode will be proportional

to the number of electron exchanged the following expression can be formulated:

~J =
i

nF A
(2.15)

Which can be obtained by taking the time derivative of Faraday’s law of electrolysis, and

normalizing with respect to the electrode’s surface A.

2.3.2 Reversibility and Nernst equation

Considering an electrode reaction not complicated by adsorption, homogeneous reactions or

formation of phases, such as:

Ox +ne− ⇐⇒ Red (2.16)

it can be described by the following scheme at least in the initial phase:

Ox(bulk sol uti on) −→Ox(el ectr ode sur f ace) M ASS T R AN SPORT

Ox(el ectr ode sur f ace) +ne−
kr ed⇐==⇒
kox

Red(el ectr ode sur f ace) ELEC T RON T R AN SF ER

Whenever the rate of electron transfer is higher than the rate of mass transport the process

can be defined as reversible, or nernstian: meaning it follows Nernst equation.

Nernst equation For an electron transfer process such as the one described by eq. 2.16 under

equilibrium conditions it’s possible to write:

Eeq = E◦+ RT

nF
ln

aOx

aRed
(2.17)

Where E◦ is the standard potential of the redox couple, aOx and aRed are the activities of the

Ox and Red species. Because the activities tend to be unknown, it’s easier to reformulate eq.

2.17 in terms of concentrations:

Eeq = E◦+ RT

nF
ln

γOx

γRed
+ RT

nF
ln

C∗
Ox

C∗
Red

= E◦′+ RT

nF
ln

C∗
Ox

C∗
Red

(2.18)
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Where γ is the activity coefficient, C∗ is the concentration of the respective species in the bulk

solution and E◦′ is the formal potential of the redox couple.

As a result of eq. 2.18 when C∗
Ox = C∗

Red it’s possible to write the following relationship:

Eeq = E◦′

2.3.3 Electrochemical kinetics and Butler-Volmer equation

For the simple electrode process described by eq. 2.16, the rate of reduction and oxidation

reactions are respectively:

vRed = kRed ·COx (0, t ) =
ic

nF A

vOx = kOx ·CRed (0, t ) =
ia

nF A

Where C (0, t ) is the concentration of active species at the electrode surface, kOx and kr ed are

the rate constants of the two reactions, and ic and ia are respectively the cathodic and anodic

currents.

Consequently the rate of the overall reaction is:

vRed − vOx = kRed ·COx (0, t )−kOx ·CRed (0, t ) =
1

nF A
(ic − ia) (2.19)

Now the rate constants can be approximated by the Arrhenius equation:

kRed = k◦ α ·n ·F

k◦ ·eRT
(E −E◦′)

kOx = k◦ (1−α) ·n ·F

k◦ ·eRT
(E −E◦′)

Where k◦ is the standard rate constantVIII, n is the number of electrons that are being ex-

changed (per molecule), α is the transfer coefficientIX(0<α<1).

An important consequence of the above expressions is the fact that even if an active species

has a low intrinsic ability to exchange electrons, it’s possible make the process more kinetically

favourable by increasing the overpotential η, where η = (E −E◦′).

Finally, after substituting the Arrhenius form of the rate constants in eq. 2.19 and reorganizing

VIIIThe standard rate constant can be interpreted as a measure of the intrinsic tendency of a species to participate
in an electron transfer process

IXThe transfer coefficient α takes into account how symmetric (or not) is the energy barrier associated to a redox
half-reaction
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the expression, the Butler-Volmer equation can be obtained:

i = ic − ia = nF Ak◦ ·
[
COx (0, t ) ·e−

α·n·F
RT (E−E◦′) −CRed (0, t ) ·e

(1−α)·n·F
RT (E−E◦′)

]
(2.20)

Figure 2.6 – Current-overpotential re-
lationship according to BV theory

Another formulation of eq. 2.20 is possible, simply

derived by dividing by i0
X, allowing to express the cur-

rent signal as a function of the overpotential η instead

of the formal potential:

i = i0

[
COx (0, t )

C∗
Ox

·e−
αnFη

RT − CRed (0, t )

C∗
Red

·e
(1−α)nFη

RT

]

Figure 2.6 expresses graphically how the current

changes with respect to η according to Butler Volmer

theory. The main consequence of this mathematical

description of the faradic current is that the condition

of equilibrium where i = 0 should be intended in a

dynamical way, where ia and ic are balanced.

Butler Volmer under equilibrium conditions To have confirmation of the validity of the

Butler-Volmer kinetic theory it must agree with the results obtained by thermodynamic con-

siderations under the condition of equilibrium.

When the electric potential of the electrode is at the equilibrium value Eeq the catodic and

anodic current will equal each other so that the net (faradaic) current will be zero.

Hence from eq. 2.20:

nF Ak◦ ·COx (0, t ) ·e−
α·n·F

RT (E−E◦′) = nF Ak◦ ·CRed (0, t ) ·e
(1−α)·n·F

RT (E−E◦′)

that gives:

COx

CRed
= e

n·F
RT (Eeq−E◦′)

Knowing that at equilibrium the concentration of the active species at the surface C equals

the one in the bulk C∗ we can write:

C∗
Ox

C∗
Red

= e
n·F
RT (Eeq−E◦′)

And then by taking the natural logarithm at both sides of the equation the familiar Nernst

equation (see 2.17) can be obtained.

XWhere i0 = F Ak0C is the exchange current
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2.3.4 Cyclic Voltammetry

Cyclic Voltammetry (CV) is a type of voltammetry technique: this means that a change in

the potential is induced to the WE, and the current response is observed. Its ease of use

and versatility makes it one of the most extensively employed techniques for the study of

electroactive species, in fields such as biochemistry, electrochemistry, organic and inorganic

chemistry [69]–[71].

Fundamentals CV consists in sweeping linearly the potential of the WE from an initial po-

tential Ei to E f , and then again from E f to Ei , thus completing a cycle (see Figure 2.7b). At

the same time the value of the produced current as a result of the departure from equilibrium

imposed by the potentiostat is measured. Care should be taken not to stir or agitate the

solution, so that a purely diffusive mass transport can be assumed.

(a) Example of a cyclic voltammogram for re-
versible electrode process

(b) Example of the excitation signal for CV for a
two cycle measurement

Figure 2.7 – Cyclic voltammogram and excitation signal

After the measurement is complete, a graph like the one shown in Figure 2.7a is produced (rep-

resented with respect to the US convention), where the applied potential is on horizontal axis

and the current on the vertical axis. It should be noted that the shape of the proposed example

graph is relative to a reversible electrode process, which as already said means that the mass

transport is the rate determining step. Assuming that initially only oxidized species (Ox) are

present: in the forward scan, as the potential is swept to more negative E, when the potential

reaches a point where the reduction of Ox is possible the concentration ofCOx decreases to

a value imposed by 2.17, relatively to the bulk solution concentration.Consequently a diffu-

sion gradient is produced, hence from 2.13 a mass flux is induced and a current begins to

flow. Moreover since E is not maintained constant but swept linearly, the aforementioned

concentration gradient is progressively increasing, until COx (0, t ) = 0. After this point the gra-

dient diminishes and the diffusion later increases in thickness: as a consequence the current

decreases. Once the scan is reversed, an analogous situation is presented, albeit with main
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reaction on the electrode being the oxidation of the reduced species (Red) produced in the

forward scan.

Reversible processes and Randles-Ševčík equation

A quantitative description of the above discussion for reversible processes is provided by 2.14,

where its one-dimensional formulation is:
δCOx (x,t )

δt = DOx
δ2COx (x,t )

δx2

δCRed (x,t )
δt = DRed

δ2CRed (x,t )
δx2

Given the following boundary conditions:

COx (x,0) = C∗
Ox

CRed (x,0) = 0

COx (x −→∞, t ) = C∗
Ox

CRed (x −→∞, f ) = 0

JOx (0, t ) = −DOx

∣∣∣δCOx (x,t )
δx

∣∣∣
x=0

= i
nF A

JOx (0, t ) = −JRed (0, t ) (If the process is reversible)

To these conditions it’s also necessary to add the time-potential relationships:0 < t < tr E = Ei − v · t

t > tr E = Ei −2 · v · tr + v · t

Where tr is the time after which the scan is reversed, Ei is the intial potential and v the

scan rate. For a planar electrode the peak current can be obtained by applying the Laplace

transform to the differential equations defined above:

ip = 0.4463 ·n ·F · A ·C∗
Ox ·

(
nF vDOx

RT

) 1
2

(2.21)

Where n is the number of electrons exchanged in the process, and the other symbols have

their usual meaning. This expression, called Randles-Ševčík equation, applies not only to

the cathodic peak but also to the anodic one as well. Furthermore it’s frequently used to

estimate the diffusion coefficient of electroactive species, or the electroactive area[72]–[75].

Notably, from eq. 2.21 for a reversible electrochemical process plotting ip vs
p

n gives a linear

dependence, where the increase in current as a consequence of a faster scan rate v can be

related to the reduced thickness of the diffused layer, hence a greater concentration gradient.
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Relevant properties of reversible processes

Peak-to-peak separation (at 25◦C ) ∆Ep = 59/n

Ratio of forward and backward peak current ip f /ipb = 1

Peak forward current and scan rate ip f /
p

v = const

Formal potential (for DOx = DRed ) E◦′ = (Ep f +Epb)/2

Table 2.1 – Useful properties of reversible processes

Degree of irreversibility, adsorption and Laviron equation

An electrode process is irreversible when the electron transfer is the rate determining step, as

opposed to mass transfer in reversible processes. Furthermore, this kind of electrochemical

behavior from a chemical standpoint is usually associated with a reaction on the electrode

surface that as a result of the electron transfer causes a transformation into a different species.

Moreover, even considering a reversible process, as the scan rate is increased it tends to be

more and more irreversible: when in this intermediate state it’s called quasi-reversible.

Laviron equation To determine the transfer coefficient and the rate constant of an elec-

trode process where the oxidized and reduced species tend to be adsorbed at the electrode

surface, the mathematical treatment of Laviron [76] can be a powerful tool. It concerns dif-

fusionless systems, thus systems where diffusion effects are not taken into consideration

in the development of the model, and its applicability ranges from reversible to completely

irreversible processes. If a Langmuir isotherm is obeyed, the current can be described by

a dimensionless function ψ and it’s possible to take a limited form of this expression if the

following experimental condition is fulfilled :

∆Ep > 200

n
mV

Hence the peak potentials Ep can be described by:

Epc = E◦′− (RT /αnF ) · ln [α/ |m|]
Epa = E◦′− [RT /(1−α)nF ] · l n [(1−α) |m|]

(2.22)

Where m = (RT /F )(ks/nv), ks the rate constant of the electrochemical reaction.

The value of the transfer coefficient α is calculated by plotting the anodic and cathodic poten-

tial as a function of the (base 10) logarithm of the scan rate: the obtained slopes of the two
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fitting curves are equated to the ones given by eq. 2.22: 2.3RT /(1−α)nF for the anodic peak,

−2.3RT /αnF for the cathodic peak.

The rate constant can be calculated with the use of:

log (k) =αl og (1−α)+ (1−α)logα− log (RT /nF v)−α(1−α)nF∆Ep /2.3RT (2.23)

26



3 Materials and Methods

3.1 Computational study

On simulating the oxidation of paracetamol on a bismuth functionalized carbon electrode a

few assumptions were necessarily made. Firstly on account of the oxidation process itself: a

direct electron transfer mechanism is considered as opposed to an intermediate-mediated

one. Secondly on calculating the electron transfer rate constant the following approximations

were made:

• The electron transfer is solely outer-sphere, therefore bridging ligands are absent

• The paracetamol molecule on approaching the Bi cluster loses it’s hydration shell

• The process is treated as a homogeneous electron transfer

After a the geometry of the bismuth cluster and the paracetamol were independently optimized

(see Section 3.1.1 and 3.1.2 ), two fictitious bonds were created between two carbon atoms

of the aromatic ring of paracetamol and two bismuth atoms on the cluster. This constraint

even though not physically meaningful helps the optimization of the system. Subsequently

five water molecules were added and positioned near the paracetamol molecule, making

sure that none was between the cluster and the paracetamol itself. The chosen number of

water molecules was considered the minimum number to give rise to and adequate amount of

hydrogen bonds without excessively complicating the system. Finally a Molecular Mechanics

optimization was done, followed by a semi-empirical one. Then the fictitious bonds were

broken and a single point calculation was done to obtain the necessary values to include in

the generalized Marcus equation.

3.1.1 Bismuth cluster

The obtained crystal structure of Bi5O7NO3 is based on the work of Ziegler et al [77]. From

the nuclear coordinates a .cif file was produced with Mercury®. The standard unit cell of
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Bi5O7NO3 is made up of 64 atoms, which is not computationally treatable on a standard

PC. Hence, to simplify the model a 15 atom asymmetric cell was exported as a .mol file.

Through Avogadro® a few modifications to the cell were made, namely the bonding of hydroxyl

groups to the Bi atoms which as a result of the simplification of the cell became undervalent.

Figure 3.1 – Cluster of Bi5O7NO3

This also had the positive result of better estimating the

heterogeneous nature of the synthesized bismuth oxyni-

trate. Notably, the presence of Bi2O3 and OH groups on

the surface is to be expected [78]. This is mainly due to the

high reactivity of under-coordinated atoms on the surface

of the nanoparticles, and the direct exposure to O2 and

H2O present in the air. After a rough definition of the clus-

ter, the .mol file was imported in Hyperchem®. Firstly, a

Molecular Mechanics simulation was run. This step is not

necessary but it allows to reach convergence faster. The

geometry optimization was stopped at 0.01. Then a semi-

empirical simulation with PM3 as method was done, and

again interrupted when convergence reached 0.01. Hence

a minimum in energy was obtained, and the nuclear dispo-

sition is shown in Figure 3.1. It’s important to emphasize

that it’s very difficult to say for sure if it’s an absolute min-

imum. Another important point to highlight is that since bismuth has an atomic number

of 83, there are a great number of electrons making up its electronic shells. However, at the

same time semi-empirical methods like PM3 are based on the Hartree-Fock approximation.

This means that electronic interactions are neglected, causing an imprecise description of the

electronic bands [79]. A better alternative is to make a DFT simulation, however much more

computationally demanding.

3.1.2 Paracetamol

The chemical structure of the molecule of Paracetamol was drawn using ChemDraw®. After-

wards inside Hyperchem® a Molecular Mechanics geometry optimization was done, followed

by a semi-empirical PM3 simulation. The configuration reached at convergence is shown in

Figure 3.2.

Figure 3.2 – Optimized molecule of Paracetamol
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3.2 Materials synthesis

Figure 3.3 – Example of a sample ob-
tained after calcination

All materials were purchased from Sigma Aldrich (US),

unless otherwise stated.

Inspired by the works of Kodama [80] and Gadhi et

al [78] heterostructures of Bi2O3 and Bi5O7NO3 were

produced via a simple solid state method using as a

precursor salt Bi(NO3)3 ·5H2O. A total of 9 samples

were synthesized at different calcination temperatures,

as shown in Table 3.1. The only difference in the syn-

thesis of the produced samples is the calcination tem-

perature of the last step, that will influence the relative

proportion of the phases making up the heterostruc-

ture. Firstly, the precursor salt ground with a pestle

and mortar was heated and kept at 200 ◦C for one hour

to obtain a complete dehydration. Then, as a second

step the temperature was raised to 300 ◦C and maintained for two hours. In the last step of

the process the temperature is kept between 400 ◦C and 600 ◦C, depending on the samples.

Finally the cooling of the samples is done in air. It should be noted that all of the calcinations

are done in a partial atmosphere of N2 to better control the tendency of the bismuth nitrate to

oxidize. Moreover the heating ramp was set to 10 ◦C/min for all steps.

Dehydration (1h) Second step (2h) Third step (1h)
B400 200 ◦C 300 ◦C 400 ◦C
B425 200 ◦C 300 ◦C 425 ◦C
B450 200 ◦C 300 ◦C 450 ◦C
B475 200 ◦C 300 ◦C 475 ◦C
B500 200 ◦C 300 ◦C 500 ◦C
B525 200 ◦C 300 ◦C 525 ◦C
B550 200 ◦C 300 ◦C 550 ◦C
B575 200 ◦C 300 ◦C 575 ◦C
B600 200 ◦C 300 ◦C 600 ◦C

Table 3.1 – Calcination temperatures of the different samples

3.3 Screen printed electrode functionalization

To functionalize the working electrode of the SPE from Dropsens® a drop casting procedure

was employed. Such a deposition method has the advantage of being simple and not requiring

complex and expensive instruments to perform. However it should be noted that in the

literature a few limitations have been highlighted [81], such as the coffee ring effect. Thus a
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truly uniform deposition is not easily attainable, and for applications in electrocatalysis this

could mean non-reproducible results. In order to improve the quality of the coverage the

quantity of liquid on the drop was calibrated so that the contact angle was approximately not

over 90◦, and the drop maintained heated to increase the inward Marangoni flow (though of

limited intensity compared to organic solvents). Moreover, to facilitate the comparison with

the work of Madagalam et al. [82] the same molar concentrations for the aqueous dispersions

were used. That is 12mg synthesized materials in 4ml of DI water. The dispersions were thus

sonicated until homogeneous, and then through the use of a air driven micropipette (1-5µL)

precisely 5µL were deposited on the working electrode surface with the help of an optical

microscope (as shown in Figure 3.4). Since the area of the working electrode is 0.12cm2 the

coverage turns out to be 41.7µL/cm2. Meaning that for each deposition a total of 1.25 ·10−7mg

of material are covering the electrode’s surface. For all samples the sonication was performed

with the use of a sonicator bath, except for B600, which was tip sonicated because of its low

solubility.

Figure 3.4 – Drop casting setup with the help of an optical microscope

After the deposition was performed the sensors were placed in an oven at 35 ◦C and kept

inside until full evaporation. Particular care was put into making sure that while moving the

sensor from the microscope to the oven the drop didn’t expand to the reference and counter

electrodes. In fact, a contamination of the counter electrode could likely mean a reduced

electrical conductivity, even though having a much larger area than the Working Electrode

this is likely not be particularly problematic. A more serious issue is the contamination of the

Reference Electrode which in the best case would translate in a constant shift in the potential

peaks during cyclic voltammetry, at worst it could mean that not even a delta in potential

could be applied with precision during the measurement.

30



Materials and Methods Chapter 3

3.4 Cyclic voltammetry analysis parameters

The CV analysis was performed on an Autolab Potentiostat where every time a measurement

was made the program wuold first turn on the cell then apply 0 V for 5 seconds to reach a

stable state and then run the actual experiment with a cyclic potential being applied. The

defined parameters of the experiment are described in Table 3.2. It should be noted that the

scan rate was varied between 0.05 V/s to 0.3 V/s in steps of 0.05 V/s when the kinetic behavior

of the sensor was the subject of study. However for the determination of the calibration curves

multiple CV were performed at 0.1 V/s at different concentrations of Paracetamol in 0.1M of

PBS. For each measurement 3 scans were done: this is to guarantee that a relatively stable

state is obtained. Moreover each CV was done on 100 µL of PCM solution dropped on the WE

surface with the help of a pipette.

Start potential 0 V
Upper vertex potential 0.9 V
Lower vertex potential -0.3 V
Stop potential 0 V
Number of scans 3
Scan rate from 0.05 V/s to 0.3 V/s in steps of 0.05 V/s

Table 3.2 – Setting parameters for the Cyclic Voltammetry analysis

3.5 PBS and PCM solutions preparation

Figure 3.5 – Preparation procedure for the
different concentrations of PCM + PBS

To guarantee reproducible results a standardized

preparation procedure for the solution of PCM

was devised. Firstly 120mL of PBS were pre-

pared by dissolving 6 commercial tablets of PBS in

120mL of DI water, facilitated by the use of a son-

icator bath. Consequently a 0.1M of PBS was ob-

tained, of which 70mL were then combined with

31.7mg of PCM to get a 3mM solution of PCM.

After that, through successive dilutions solutions

of 0.5mM, 1mM and 2mM were produced. Be-

cause the CV at different scan rates for the func-

tionalized sensors were always performed at a

concentration of 1mM of PCM, the preparation

procedure considered a 50% higher volume for

this particular concentration. Moreover, to avoid

the risk of analysing degradation products of PCM

the obtained solutions should be discarded after

two weeks outside of a fridge.
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3.6 Carbon paper-based electrochemical cell for preliminary test

3.6.1 Carbon paper functionalization

To perform a preliminary test of the produced materials in Section 3.2 and to evaluate their

interaction with the carbon paper surface an ad hoc dispersion was devised. The materials

were dispersed in ethyl alcohol with a 1% of butanol in the same concentration as for the

SPE, that is 3 mg/ml. The addition of butanol, having a higher boiling temperature, helps to

avoid the formation of large aggregates. Given the relatively low solubility of the synthesized

heterostructures, to avoid precipitation when mixed with the alcoholic solution an ultrasonic

bath was employed. Once an acceptable dispersion was obtained, with the help of a pipette

210 µL were deposited on a 1x5cm strip of carbon paper. In this way approximately the

same amount of particles as with the SPE were deposited. The choice of depositing on strips

instead of electrodes already cut to size was due to the difficulty of their transportation from

the Polytechnic of Turin to the EPFL Laboratories in Neuchâtel. Subsequently the carbon

paper strips were calcined at 300 ◦ C for 30 min in an inert atmosphere (N2), to stabilize the

deposition while avoiding unwanted oxidation.

24mg of synthesized material Mixing with 8ml of EtOH+1% of BuOH

210 µL on carbon paper

Calcination at 300 ◦C for 30 min in N2

Figure 3.6 – Flowchart of the deposition process

3.6.2 Carbon paper-based working electrode fabrication

With the aim of performing a preliminary test of the performance of the synthesized materials

the functionalized carbon paper described in Section 3.6.1 was used as a Working Electrode.

For this reason it was cut to size so to be composed of a square of approximately 4mm x 4mm

with a rectangular strip 12mm x 3mm acting as a conductive pad for the electrical connection

to the potentiostat (See Figure 3.7). Only the square is to be immersed in the electrolytic

solution. However to ensure reproducibility during measurements it was necessary to support

the C-paper in a stable matter. Accordingly for each produced electrode a 15mm x 5mm plastic

(PS) support was cut from a larger piece. A thin layer of epoxy resin was deposited on the

plastic support through the use of a toothpick, and afterwards the carbon paper placed on top

of it. The obtained supported electrode was thus left to stabilize overnight.
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Figure 3.7 – Carbon paper-based working electrode under optical microscope for the measure-
ment of its area

3.6.3 Electrochemical cell assembly

After the WE based on supported carbon paper was produced as described in Section 3.6.2

an electrochemical cell was to be set up. Given the need to control accurately the immersion

of the WE in the electrolytic solution a screw-operated moving base was used. The RE was a

Ag/AgCl electrode an the CE a platinum foil electrode.

Figure 3.8 – Electrochemical cell setup

3.7 Paper-supported electrochemical sensor fabrication

To produce a prototype of a paper supported electrochemical sensor a first draft was done

on paper to evaluate the relative distances between the conductive lines, and the general

dimension of the sensor itself. After that a first test was performed with the use of a plastic

stencil obtained. However this kind of system without adequate clamping leaves some space
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between the deposition support and the stencil that causes smudges and imperfections in the

printing procedure. Because the aim of this study is not necessarily to propose a commercial

methodology for the fabrication of paper based sensors, but just to evaluate their feasibility a

lab-based approach for prototyping is employed.

First of all the paper support chosen was common office paper (Navigator Universal). Which

compared with Whatman filter paper commonly proposed in the literature has better me-

chanical properties and allows to limit the electrochemical reaction to happen mainly on

the top side of the paper itself. This can be ascribed mainly to its lower permeability. With

the help of common adhesive paper a pattern is defined by not covering the areas where the

deposition has to take place: a mask is in effect created. Then silver paste is spread with the

help of a spatula, acting in the same way of a squegee in a common screen printing method. By

removing the adhesive tape conductive lines of silver are created, which need to be stabilized

to allow the epoxy-based binder to cross-link and the silver particles to sinterize, and thus

create a percolating path for the electric current. For this reason the paper with the silver

paste was kept in the oven at 80 ◦C for three hours. After that carbon paste was deposited on a

conductive silver line to create the CE, and on the adjacent line to allow a stable support for

the carbon paper acting as a WE. Then epoxy resin is spread to create an hydrophobic barrier

confining the electrolytic solution to a precise zone and most importantly to avoid the that the

silver lines at the CE and WE come into contact with the solution. This is because silver gives

very strong peaks in the potential range used in our CV experiments. In conclusion a final

heat treatment is performed to stabilize the carbon paper and allow the cross-linking of the

epoxy resin, at 80C for one hour. The RE is simply composed of a longer silver line, left exposed.

Figure 3.9 – Paper-supported electrochemical sensor
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4 Results and Discussion

4.1 Computational model

In Figure 4.1 the optimized structure of the Bi5O7NO3 cluster is presented, and for clarity the

fictitious bonds are also indicated (even though, as already anticipated in Section 3.1, they

were removed in the last step of the computational process). This configuration was the only

one that reached the required (though arbitrary) energy convergence of 0.01. The other ones,

indicated in Figure 4.2 showed instead a marked instability. Moreover it should be noted that

in this study it was considered as "rejected" any configuration that:

• Reached convergence but with a distance between the π electrons of the aromatic ring

of paracetomol and the adiacent bismuth atoms of the cluster was over 4Ȧ. A good

first approximation was determined to be the length of the fictitious bonds which were

previously set up to help with the molecular mechanics optimization.

• Didn’t reach the required convergence of 0.01.

The reasoning behind this selection methodology of the different configurations obtained

during the computational modeling of the system was multifold. The objective was to try

to get the most energetically stable and kinetically favourable configuration for the electron

transfer. Hence the need for convergence of the calculated energy was to make sure that a

minimum could be reached, even though it is widely accepted that saddle points in the PES

could easily be mistaken for minimum. Given the Boltzmann distribution function the minima

of the PES are the most populated states of the system, thus the set of nuclear coordinates

obtained are potentially descriptive of the most probable state of the system, at least in a

non excited configuration. Moreover, given Eq. 2.1, the rate constant of electron transfer

is inversely proportional to the distance between the centers of the reactants, hence the

chosen configuration was the one that minimized that distance. It’s clear that for relatively

isoenergetic configurations, from a kinetic point of view, if one is such that the electron transfer

is favoured, that configuration will prevail. A good analogy for this situation could be modeled
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Figure 4.1 – Paracetamol and Bi5O7NO3 cluster optimized geometry

by resistors in parallel: the one with the lowest resistance will see the most current pass through

it. Hence, given the uncertainty of the computed values (plus the uncertainty associated with

the Marcus Theory calculation) and the fact that the closest alternative configuration had

inter-center distances much higher than the one in Figure 4.1 it is reasonable to assume

that the kinetic behavior of the system is best modeled by the chosen configuration. The

difference in the (fictitious) bond lengths of some of the obtained interactions are summarized

in Table 4.1. It should noted that the rate constant that can be calculated macroscopically for

a given electrochemical process will usually not be the same to the one predicted using just a

computational model. In fact mass transport effects should be taken into account and also

the possibility of chemical reactions changing the active species.

Configuration Bond lengths
B3-B4 3.8 Ȧ 3.2 Ȧ
B1-B2 5.4 Ȧ 3.8 Ȧ
B2-B3 5.8 Ȧ 4.7 Ȧ
B4-B5 6.3 Ȧ 5.3 Ȧ

Table 4.1 – Fictitious bond lengths of the different computed configurations

Here a rough intuitive model of the interplay of different phenomena leading to the actual

Red/Ox reaction could be described by resistors in series, where the slowest step (resistor) will

be the rate determining one. Regarding the geometrical arrangement of the system shown in

Figure 4.1, a few additional considerations could be done:
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• The approach of the paracetamol molecule towards the cluster can reach a stable

state only if positioned in an roughly symmetrical position with regards to the cluster

itself. This would suggest that the hydrogen bonds introduced to saturate the otherwise

undercoordinated atoms makes the system unstable when the analyte molecule gets

closer to them. Clearly the use of plane waves and periodic cells would probably give

more accurate results, but for nanostructured materials with high surface area and a

defective structure it may still be a reasonable approximation.

• An important steric effect is induced in the vicinity of the NO−
3 group, where the elec-

tronic density in the vicinity of the highly electronegative nitrogen atom tends to repel

the π electron density of the aromatic ring of the paracetamol molecule.

• The presence of an amide group on the paracetamol molecule polarizes it and makes it

so that a lower energy state is reached when it’s oriented on the opposite side of NO−
3

group

(a) Interaction with B1-B2 (b) Interaction with B2-B3

(c) Interaction with B4-B5

Figure 4.2 – Examples of alternative optimizations for different interactions geometries
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Distribution of charge density To gain further information regarding the system under

study, a 2D plot of the charge density was produced with HyperChem®. A 3D map was

also possible to generate, however the graphical representation of the program is of difficult

interpretation, hence it was decided not to use it. Accordingly, to obtain the plots in Figure

4.3 and 4.4 two planes were chosen, such that they would be perpendicular to each other

and passing through the π electronic density of the aromatic ring of paracetamol. Moreover,

the first plane was also chosen so that it would highlight the charge density around the two

bismuth atoms closest to the paracetamol molecule.

Figure 4.3 – Charge density for a plane passing through the aromatic ring of PCM and through
the interacting Bi atoms of the cluster

Figure 4.4 – Charge density for a plane passing through the aromatic ring of paracetamol and
perpendicular to the axis of the two Bi atoms of the cluster interacting with PCM

Relevant molecular orbitals To add to the other results presented, the mapping of relevant

molecular orbitals can give a better picture of the electron transfer process itself. In particular
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the HOMO and the LUMO are shown in Figure 4.5 and 4.6, where it was decided for simplicity

to not plot the orbital itself but Ψ2 which is better related to the intuitive concept of probability

of finding an electron (see the interpretation of the wavefunction formulated by Born in 1926).

Figure 4.5 – HOMO of the system PCM- Bi5O7NO3 cluster

Concerning the molecular orbitals plotted in Figure 4.5 and 4.6 it is of particular interest

their location, which tends to be limited either on the paracetamol or the bismuth subnitrate

cluster. In fact the HOMO is almost exclusively localized on the aromatic ring of PCM, and

the LUMO on the cluster. Since the configuration of the optimized system should at least on a

theoretical basis give a possible transition state, this would suggest that in condition of (quasi)

equilibrium the PCM molecule would be rich in filled states and easier to oxidize, and the

cluster rich in unfilled states, thus easier to reduce.

Figure 4.6 – LUMO of the system PCM- Bi5O7NO3 cluster
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4.1.1 Calculated rate constant and activation energy

For the selected configuration (B3-B4) which had reached a stable convergence in the calcu-

lated potential energy, the relevant energetic parameters were inserted in the generalized form

of Marcus theory to obtain the energy of activation and the rate constant.

Configuration Rate constant (ms−1) Activation energy (eV)
B3-B4 3.2 9.8

Table 4.2 – Rate constant and activation energy of the optimized structure

A detailed description of the Marcus theory and its assumptions has been presented in Section

2.1.3. The transfer integral was calculated with the generalized Mulliken Hush theory (Eq 2.9).

The rate constant is calculated from Eq 2.8, and the activation energy has its usual meaning in

the context of Arrhenius theory and is defined by Marcus by:

E∗ =
(∆E +λ)2

4λ
(4.1)

Where λ is the reorganization energy and∆E is defined as

∆E = (−I P +E A+∆Ge
s +e2/R) (4.2)

The symbols of Eq. 4.2 have same meaning as in Section 2.1.3.

The results agree well with the rate constant obtained experimentally from the cyclic voltam-

mograms of SPEs functionalized with Bi5O7NO3 (See Table 4.4). It should be noted that the

calculated values slightly overestimate the experimental ones. This could be due to the fact

that the computational calculation does not take into account the kinetic limitation of dif-

fusion, thus de facto assuming the process as reversible. As described in detail in Section

4.2.1 unfortunately the electrochemical process is quasi reversible. Thus the rate constants

for the electron transfer and for diffusion are in the same range. Moreover the presence of

reaction products could shield active sites of Bi5O7NO3 and the carbon electrode reducing

the measured rate constant. Finally there’s an intrinsic uncertainty in the estimation of the k

in both methods, be it computational of experimental. The limitations of the computational

model have already been extensively highlighted. The application of the Laviron equation

from cyclic voltammograms is in fact not an exact measurement but a good estimation based

essentially on two parameters correlated with k. That is the coefficient of electron transfer (α)

and the peak-to-peak separation (∆Ep).

40



Results and Discussion Chapter 4

4.2 Cyclic Voltammetry

Cyclic Voltammetry has been performed to evaluate the electrocatalytic performance of the

synthesized materials. The produced bismuth oxide and bismuth subnitrate heterostructures

were deposited on the WE surface of commercial SPE (Dropsens DRP 110). As clarified in detail

in Section 3.1.2 a solution of 1mM of PCM was produced, and a CV experiment performed.

The potential was cycled from -0.3V to 0.9V with with 6 different scan rates: 50mV, 100mV,

150mV, 200mV, 250mV, 300mV. With the aim of building an understanding of the underlying

mechanisms governing the actual shape of the voltammograms, a brief introduction to the

electrochemical response of the system is presented.

4.2.1 Electrochemical oxidation of Paracetamol in aqueous solutions

Figure 4.7 shows an example of a cyclic voltammogram of 1mM of paracetamol in 0.1M of

PBS at pH 7.4 for a SPE. In the forward scan an anodic peak can be seen and it can be related

to a 2 electron and 2 proton electrochemical reaction associated to the transformation of the

paracetamol molecule to NAPQI as reported by Kissinger et al. [70]. This reaction presents a

quasi-reversible character, meaning that the rate constant of electron transfer is similar to the

rate constant of mass transfer.

Figure 4.7 – Cyclic voltammogram of 1mM of paracetamol in 0.1M of PBS at pH 7.4 on a SPE

Given that there is also the participation of two protons in the electrochemical reaction,

depending on the pH of the electrolytic solution different voltammograms will be obtained.

The ratio of the cathodic and anodic peak currents Ipc/Ipa could be considered as a indication

of the stability of the NAPQI, as indicated by Figure 4.8. For acidic (less than pH 4) and basic

(more than 9) media it has been shown that the intensity of the cathodic peak is reduced, thus

meaning a more stable NAPQI. Notably, at low pH NAPQI tends to hydrolyze, at high pH to
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hydroxylate and at intermediate pH to dimerize.

In particular the electrochemical behavior of paracetamol in acidic media, and the almost

nihil cathodic current, has been ascribed to the fast transformation into an intermediate which

slowly converts to p-benzoquinone [29]. Conversely, in alkaline pH the Michael addition of an

OH− ion is favoured, so that the anodic reaction leads to the formation of not only NAPQI but

also N-(2,4,5-trihydroxyphenyl)acetamide and p-benzoquinone.

Figure 4.8 – Cathodic and anodic current peak ratio as a function of pH for paracetamol, as
reported by Nematollahi et al. [29]

4.2.2 Preliminary electrochemical evaluations of the system

As an initial step of the study of the electrodes’ behavior, it is important to highlight, through a

direct comparison, the electrochemical response of the bare electrodes to a solution of 0.1M

PBS and to a 0.1M PBS + 1mM PCM.

As shown in Figure 4.9a a clear difference can be discerned. In fact when the electrolytic

solution is without the paracetamol molecule a mostly capacitive response is detected, where

the non-faradaic currents are orders of magnitude smaller than with paracetamol molecule

present. Moreover, as detailed in Section 4.2.1 the electrochemical process of oxidation and

subsequent reduction of the PCM molecule can be described as quasi-reversible. Such a

characterization will be more clear when multiple voltammograms at different scan rates are

considered. Anyhow the ratio between the anodic and the cathodic current is between 0.5 and

0.6 which is in very good agreement with previous studies of Nematollahi et al. [29].

It’s been shown that the electrochemical response of the system is pH sensitive and that

(approximately) between pH 6 and 8 NAPQI tends to dimerize, thus explaining the reduced
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intensity of the cathodic peak. An further indication of the stability of the produced dimers

(a) (b)

Figure 4.9 – (a) With and without PCM for a bare electrode, (b) Adsorption of PCM on a bare
electrode after cleaning with DI water three times

was provided by evaluating if these species would readily adsorb on the WE or not. This was

achieved by comparing the cyclic voltammogram of a never used bare electrode in PBS and a

bare electrode subjected to 3 cycles of CV at 100mV/s and then cleaned 3 times with distilled

water. In Figure 4.9b the result of this initial test is presented . A clear increase in the capacitive

response can be seen, and possibly an Electrochemical Impedence Spectroscopy (EIS) study

could further illuminate how the electrical double layer of the WE changes as a result of

adsorption. Anyhow, even more importantly the cathodic and anodic peaks can be clearly

discerned superimposed to the non-faradaic component.

(a) (b)

Figure 4.10 – (a) Current peak ratio as a function of scan rate for a bare electrode at a PCM
concentration of 1mM, (b) Current peak ratio as a function of PCM concentration for a bare
electrode
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Looking at Figure 4.10b it can be seen that the ratio of the cathodic and anodic current peaks

is dependent on the concentration of PCM. Thus a second order kinetic process is likely

to happen, where the dimerization of NAPQI is subsequent to the electrochemical electron

transfer. Moreover this is also reflected in Figure 4.10a, showing a inverse dependence on

scan rate. This can be attributed to the formation of a thin film of dimers which makes the

reduction of NAPQI more difficult. As an additional confirmation of the progressive (but mild)

fouling of the WE surface it

4.2.3 Detailed characterization and kinetic study

Figure 4.11 – Comprehensive overview of the voltammograms for the differently functionalized
SPEs at a scan rate of 100mV/s in PBS at pH 7.4 and PCM concentration of 1mM

Material Peak (µA)
Bare electrode 40.17 ± 0.51
B450 49.10 ± 1.2
B500 52,73 ± 1.0
B525 51.13 ± 0.92
B600 45.33 ± 0.69

Table 4.3 – Anodic peak currents for the different functionalized materials

In Figure 4.11 the voltammograms of the functionalized SPE are presented. The electrolytic

solution was 0.1M PBS at pH 7.4 and 1mM of PCM, and the scan rate 100mV/s. It can be

seen that compared to the bare electrode an increase in the peak current is produced for all

depositions. In fact, such a response can be attributed to the improved kinetics of electron
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transfer between the analyte (PCM) and the WE due to the electrocatalytic effect of the bismuth

oxide/subnitrate materials. In general the B500 and B525 perform better than the B450 and

B600 leading to a possible hypothesis that the presence of different domains making up an

heterostructure improves the catalytic activity. Previous work has shown that this is true for

photocatalysis [45], due to the particular alignment of the electronic bands which causes an

easier separation of electrons and holes. However for electrocatalysis what is actually relevant

is the adsorption energy of the reactant and the desorption energy of the product. The main

common point of photocatalysts and electrocatalyst is surely the surface area: in both cases

the more area is exposed the better the performance. For this reason it is postulated that the

difference between the different functionalization can be possibly attributed to morphological

reasons. Though as of now, further studies should be conducted, such as X-ray Photoelectron

Spectroscopy (XPS) and/or X-ray Diffraction Analysis (XRD) to be completely sure of the

chemical and crystalline composition of the synthesized materials.

Material k (ms−1) D(cm2/s) ∆Ep (mV) Alpha (α)
Bare electrode 0.49 ± 0.08 1.73 ·10−6 505 ± 5 0.488 ± 0.06
B450 1.51 ± 0.12 2.24 ·10−6 427 ± 10 0.441 ± 0.09
B500 1.84 ± 0.10 2.01 ·10−6 416 ± 10 0.418 ± 0.08
B525 1.77 ± 0.09 1.92 ·10−6 421 ± 7 0.422 ± 0.06
B600 0.98 ± 0.05 1.89 ·10−6 447 ± 6 0.453 ± 0.09

Table 4.4 – Energetic and kinetic parameters for the different materials, where k and D are
calculated at a scan rate of 100 mV/s

Table 4.4 summarizes the relevant kinetic parameters obtained for three electrodes per type,

with their respective means and standard errors. ∆Ep stands for the peak-to-peak separation

(in mV) and can be taken as a measure of how favourable the electron transfer process actually

is, similarly to the commonly used overpotential. For all electrodes∆Ep is higher than 59mV/n

where n=2, the number of electrons involved in the reaction. This inequality is a common

diagnostic criteria for electrochemical reversibility, hence allowing to characterize the RedOx

reaction of PCM on these SPE as quasi-reversible. The charge transfer coefficient (α) is instead

an indication of how symmetric is the thermodynamic energy barrier for the oxidation and

reduction processes. It was calculated by taking the slope of the regression line of the anodic

and cathodic peaks positions with respect to the logarithm of the scan rate and then by

considering the following relationship:

mc ·RT ·αnF = ma ·RT · (1−α)nF

After simplifying the equation:

α =
ma

mc +ma

Where mc and ma are the slopes of the anodic and cathodic peak regression lines, and n=2 is

the number of electron exchanged, as reported by multiple studies [70] [29]. The diffusion
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coefficient D instead is calculated though the use of Randles-Ševčík equation at 100mV/s of

scan rate, where after rearranging the following equation is obtained:

D =

(
ip

(0.446 ·n ·F · A ·C )

)2

· (R ·T )/(n ·F · v)

Where A=0.12cm2 is the area of the WE surface, n=2 and the other symbols have the same

meaning as in Equation 2.21. It’s important to remark that the concentration of the oxidized

species must be expressed in mol/cm3, and since for this calculation the voltammograms

were obtained with a PCM of 1mM, the used value for the calculation was 10−6 mol/cm3. For

the calculation at 100mV/s of the rate constant of electron transfer the Laviron equation is

employed. Given that the condition of applicability n∆Ep > 200mV is satified, the value of k

can be calculated as follows:

l og (k) =α · log (1−α)+(1−α) · log (α)− log (R ·T /(nF v))−α ·(1−α) ·n ·F ·∆Ep /(2.3 ·RT )

In Figure 4.12a multiple voltammograms performed on a bare electrode are presented. The

scan rate is varied from 50 mV to 300 mV in steps of 50 mV and performed on a volume of

100 of 0.1M PBS + 1mM PCM dropped on the surface of the WE through the use of a pipette.

The first thing that should be noted is the linear increase of the peak currents (anodic and

cathodic) with respect to the square root of the scan rate. Thus following with good agreement

Randles-Ševčík, indicating the that the system involves freely diffusing RedOx species. A linear

(a) (b)

Figure 4.12 – (a) Cyclic voltammograms at different scan rates (from 50mV/s to 300mV/s in
steps of 50mV/s) for a solution of 0.1M PBS with 1mM of PCM for a bare SPE, with the linear
dependence of the peak currents on the square root of the scan rate, (b) plots showing the
linear relationship of∆Ep and Epa , Epc from ln(v)
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dependence on the scan rate would indicate instead substantial adsorption of the analyte on

the WE surface. Though in Figure 4.9b it is shown that a measure of adsorption does happen,

it appears not to affect in a drastic way the response of the sensor. Clearly this is true at least

for the total number of cycles per experiment, that is 3×6 = 18, and further evaluations should

be performed to see if fouling does happen.

Material Ipa(µA) R2 Ipc(µA) R2

Bare electrode 3.84
p

v +2.815 0.996 -1.743
p

v -5.318 0.999
B450 4.37

p
v +5.585 0.992 -1.986

p
v -7.400 0.994

B500 5.124
p

v +2.789 0.995 -3.281
p

v -1.741 0.999
B525 4.925

p
v +2.8520 0.996 -2.894

p
v - 3.594 0.999

B600 4.295
p

v +2.432 0.995 -1.942
p

v -5.045 0.998

Table 4.5 – Fitting parameter for anodic and cathodic peak currents with respective coefficient
of determination

Moreover in Figure 4.12b the peak-to-peak separation and the peak positions are plotted

against the natural logarithm of the scan rate. As the scan rate is increased the peak positions

are shifted, leading to an increase in the peak to peak separation. Such a behavior is a further

indication that the process is indeed quasi-reversible.

Table 4.6 summarizes the regression coefficients for∆Ep with respect to ln(v).

Material ∆Ep(mV) R2

Bare electrode 48.87 ln(v) +280.50 0.991
B450 40.96 ln(v) +253.36 0.993
B500 49.89 ln(v) +185.07 0.992
B525 46.53 ln(v) + 223.01 0.988
B600 47.88 ln(v) +235.770 0.989

Table 4.6 – Linear regression equation for∆Ep with respect to the logarithm of the scan rate
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(a) (b)

Figure 4.13 – (a) Cyclic voltammograms at different scan rates (from 50mV/s to 300mV/s in
steps of 50mV/s) for a solution of 0.1M PBS with 1mM of PCM for a B500 functionalized SPE,
with the linear dependence of the peak currents on the square root of the scan rate, (b) plots
showing the linear relationship of∆Ep and Epa , Epc from ln(v)

(a) (b)

Figure 4.14 – (a) Cyclic voltammograms at different scan rates (from 50mV/s to 300mV/s in
steps of 50mV/s) for a solution of 0.1M PBS with 1mM of PCM for a B450 functionalized SPE,
with the linear dependence of the peak currents on the square root of the scan rate, (b) plots
showing the linear relationship of∆Ep and Epa , Epc from ln(v)
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(a) (b)

Figure 4.15 – (a) Cyclic voltammograms at different scan rates (from 50mV/s to 300mV/s in
steps of 50mV/s) for a solution of 0.1M PBS with 1mM of PCM for a B600 functionalized SPE,
with the linear dependence of the peak currents on the square root of the scan rate, (b) plots
showing the linear relationship of∆Ep and Epa , Epc from ln(v)

(a) (b)

Figure 4.16 – (a) Cyclic voltammograms at different scan rates (from 50mV/s to 300mV/s in
steps of 50mV/s) for a solution of 0.1M PBS with 1mM of PCM for a B525 functionalized SPE,
with the linear dependence of the peak currents on the square root of the scan rate, (b) plots
showing the linear relationship of∆Ep and Epa , Epc from ln(v)
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4.2.4 Limit of detection and calibration curves

In order to characterize the performance of the different SPE it is important to evaluate their

response at different analyte concentrations. CV at 100mV/s is thus performed at 4 different

concentrations of PCM (0.5mM, 1mM, 2mM, 3mM) as described in Section 3.5 . Then the peak

anodic current is taken for each measurement (the third scan) and by plotting its value against

the molar concentration a linear regression curve can be obtained. These measurement

are performed for a total number of 3 sensors per type, so as to have sufficient statistical

confidence in the reported values. Such a study is particularly important because it allows

(within a certain limit of tolerance) to link the intensity of the sensor’s response to a precise

concentration, thus de facto making the sensor useful.

In Figure 4.17 the different calibration curves are shown superimposed to one another to

better highlight their differences and to allow the comparison between the slope of the bare

and functionalized electrodes.

Figure 4.17 – Overview of the calibration curves for the differently functionalized SPEs at a
scan rate of 100mV/s in PBS at pH 7.4 and PCM concentration of 0.5mM, 1mM, 2mM, 3mM

Material Sensitivity (µA /mM) LOD(µM) RSD
Bare electrode 28.83 ± 0.15 3.642 ± 0.019 0.92%
B450 45.78 ± 0.33 4.484 ± 0.033 1.27%
B500 48.47 ± 0.32 4.208 ± 0.028 1.10%
B525 46.73 ± 0.38 4.391 ± 0.036 1.38%
B600 41.56 ± 0.25 4.714 ± 0.028 1.03%

Table 4.7 – Sensitivity and limit of detection for the different modified electrodes
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From the slope of the curve the sensitivity was obtained, and the Standard Deviation (SD) for

3 samples calculated, which was then divided by the square root of the number of samples.

Then by dividing the SD by the mean, the Relative Standard Deviation (RSD) was obtained.

From the obtained result it can be clearly seen that the deposition of bismuth oxide / bismuth

subnitrate species greatly improves the sensitivity of the sensor, almost doubling it. Moreover

from this study a slight improved performance of the heterostructured B500 can be observed,

and it’s possible that this is due to a higher surface area due to the presence of nanochannels

(See Section 4.3) or simply the presence of more favourable sites for adsorption, with low

enough energy of desorption of the products of the electrochemical reaction.

Material Ipa R2

Bare electrode (28.83) C +6.25 0,999
B450 (45.78) C +1.89 0,999
B500 (48.47) C + 2.75 0,998
B525 (46.73) C + 3.51 0,999
B600 (41.56) C + 2.85 0,999

Table 4.8 – Fitting parameters for the calibration curves

The Limit of Detection (LOD) is minimum amount of a species that can be detected by a

sensor from the blank measurement (in the absence of the analyte) within a certain confidence

interval. To make the calculation and produce the results shown in Table 4.7 the following

formula was used:

LOD =
K ∗σx

S

Whereσx is the standard deviation of the blank measurement, obtained by taking the intercept

of the regression lines of the for each of the 3 sensors for each kind of sensor. K is a constant

which depends on the desired confidence interval, 1 for 68.2%, 2 for 95.4%, 3 for 99.6 % (the one

used in this study). Finally S is the calculated sensitivity. What can be observed is that the LOD

is surprisingly lower for the bare electrode, even though the sensitivity, at the denominator, is

smaller. At the same time however the standard deviation for the blank measurement for the

functionalized sensors is higher, thus causing an modest increase in LOD nonetheless. The

reason for this can be attributed to a series of factors:

• The slope of the curve, i.e. the sensitivity, is increased, thus even for the same uncertainty

on the angular coefficient the error on in intercept is evidently higher

• The process of drop casting is inherently imperfect in the deposition and coverage of

particles, leading to a certain variability in the response of the sensors themselves
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(a) Bare electrode calibration

(b) B450 calibration (c) B600 calibration

(d) B525 calibration (e) B500 calibration

Figure 4.18 – Calibration curves for the different SPE studied, obtained at scan rate of 100mV/s
and concentrations of PCM of 0.5mM, 1mM, 2mM,3mM in 0.1M PBS
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4.3 Morphological characterization

To better inform the interpretation of the CV results, the synthesized powders were deposited

on carbon tape and studied under the SEM, with a beam energy of 5KeV. The secondary

electrons were acquired. A trend from an irregular particulate structure to progressively more

lamellar can be seen, as the calcination temperature increases. This is good agreement with

the work of Gadhi et al. [45].

(a) B450 powder under the SEM

(b) B500 powder under the SEM (c) B500 powder under the SEM
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The structure of B450 appears composed of a series of micrometric aggregates with nanomet-

ric particles on its surface. Interestingly B500 is characterized by a series of nanochannels

(possibly due to the expulsion of Nitric Oxide) which could be the reason for its better catalytic

performance. The B525 still shows a (larger) porous structure, but with a slight lamellar nature.

Finally for B550 the structure appears mainly lamellar.

(a) B525 powder under the SEM (b) B525 powder under the SEM

(c) B550 powder under the SEM
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4.4 Raman Spectra

Different Raman spectra are shown in Figure 4.21 for Bi(NO3)3 ·5H2O heated at different

temperatures. In accordance with the work of Gadhi et al [78] the Raman spectra for the

synthesized materials from 400C◦ to 450C◦ are essentially the same, since in this temperature

range the Bi5O7NO3 is stable. As a consequence, for simplicity they are not shown, so to better

highlight the evolution from subnitrate to oxide. Moreover, 200 cm−1 were chosen as a starting

point for the plot, since the data acquired at lower Raman shift was considered unreliable due

to the Rayleigh component.
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Figure 4.21 – Raman analysis of different materials obtained by solid state synthesis

Looking at the spectrum of the sample B450 it’s possible to distinguish only one peak at

1049 cm−1. Given that during the calcination of Bi(NO3)3 ·5H2O starting from ≈ 400 C◦ the

following reaction occurs [80]:

4Bi(NO3)(OH)2 ·BiO(OH) −→ Bi5O7NO3 +9/2H2O+3NO+9/4O2
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Figure 4.22 – Vibrational mo-
ment associated with the Ra-
man peak at 1049 cm−1

Because one of the products is nitric oxide, and since as the

temperature increases the intensity of the peak at 1049 cm−1

diminishes, it was postulated that it could be relative to the

NO−
3 group. This hypothesis finds confirmation in the work of

[83] where the Raman spectra of different nitrates in aqueous

solution were studied and an asymmetric peak at 1049 cm−1

was identified as related to the vibrational moment shown in

Figure 4.22. Moreover an ulterior confirmation can be found in

the book of Nakamoto [84], under the table relative to the vibra-

tional frequency for X Y3 type planar molecules. Additionally

it was noted that the main difference in the NO−
3 peak for solid

nitrates or in solution is not in Raman shift but in the width of

the peak itself. This can be explained by the additional degrees of freedom that the nitrate

ions have in solution that results in a widened peak. Moreover it can be noted that as the

temperature of calcination increases from 450 C◦ to 475 C◦ and the nitrate peak decreases in

intensity, the peak shifts to lower Raman shifts (≈ 5cm−1), and after 475 C◦ it stabilizes. This

particular phenomenon is very likely associated with a perturbation to the crystal structure

of the sample due to the progressive transformation to bismuth oxide which in turn causes

the nitrate ions to scatter at a lower frequency (with respect to the incident light). In fact

from classical perturbation theory it is reasonable to assume that such a shift is related to an

increase in the N-O bonds length, possibly due to the collapse of the column of nitrate groups

described by Ziegler et al [77], which in turn causes stronger interaction with the surrounding

lattice. A similar phenomenon was reported by Rossignol et al [85] with Zr-Pr mixed oxides,

and by Kotula et al [86] with polycaprolattone.
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Figure 4.23 – Fitting of NO−
3 peak for B400
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To accompany the above considerations with the use of MATLAB® the peak at 1049 cm−1 was

fitted with two gaussians (Figure 4.23) allowing to underline its asymmetry.With regards to

Figure 4.21, it’s clear that as the calcination temperature increases, not only does the nitrate

peak tend to vanish but also the emergence of multiple peaks at Raman shifts lower than 700

cm−1 can be noted as well. In particular, for the B475 and B500 samples two peaks at 585

cm−1 and 635 cm−1 respectively can be noted and were fitted with gaussian functions as well,

as shown in Figure 4.24. Since at higher temperatures they tend to disappear it’s probable

that they are associated with intermediate phases, or the result of the interaction between the

regions of Bi2O3 and Bi5O7NO3.
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Figure 4.24 – Fitting of small peaks for B525

Interestingly another evolution in the Raman spectrum of the samples can be discerned:

starting from a 475 C◦ until 600 C◦ a total of 5 peaks at a Raman shift less than 680 cm−1 start

to emerge as the calcination temperature increases. From the work of [78] we know that a

progressive transformation to bismuth oxide is to be expected. Hence, B600 sample could be

intended as the natural limiting case where the bismuth (sub)nitrate is completely oxidized to

Bi2O3. To best fit the spectrum of the B600 sample, lorentzian functions were used.
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Figure 4.25 – Fitting of Bi2O3 peaks
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5 Appendix

5.1 Preliminary test on a C-paper modified electrochemical cell

A tentative study using carbon paper as WE was performed. The electrolytic solution was

0.1M PBS and the concentration of PCM was 1mM. The scan rate was varied from 50mV/s to

300mV/s in steps of 50mV/s, so as to perform a kinetic study. In Figure 5.1 an improvement

in the peak current accompanied by a reduced peak-to-peak separation can be discerned

for the functionalized carbon paper. It is postulated that the reason for the bad performance

of the B600 functionalized electrode is due to its low solubility in ethyl alcohol, leading to a

deposition of few and mostly micrometric aggregates. This study thus informed the main

work on SPE where the materials where deposited in aqueous an not alcoholic dispersions.

Figure 5.1 – Comprehensive overview of the voltammograms for the differently functionalized
carbon paper electrodes at a scan rate of 100mV/s in PBS at pH 7.4 and PCM concentration of
1mM
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Material Peak (µA)
Bare electrode 31.49± 0,89
B450 36.13 ± 1,34
B500 40.4 ± 1,24
B525 39.5 ± 1,13
B600 33.36 ± 1,05

Table 5.1 – Anodic peak currents for the different functionalized materials

In Table 5.2 a summary of the relevant parameters are shown. The kinetic rate constants

appear to be almost one order of magnitude smaller than the values calculated for the SPE

of Section 4.2.3. Such a difference can be attributed to the increased electric resistance of

the assembled electrochemical cell compared to a commercial SPE. In fact the conductive

lines for the SPE are silver-based whereas in this cell the current would pass through electric

crocodiles and then through the carbon paper itself. A possible solution to this problem could

be to deposit silver paste on a portion of the carbon paper to produce a better conductive line

and then isolating with epoxy resin near the portion that would be immersed (to avoid the

electrochemical response of tha Ag ions).

Bare 450 500 525 600
k(ms−1) 0,011 ± 0.017 0,247 ± 0.053 0,715 ±0.106 0,338 ±0.0744 0,301 ± 0.067
alfa (α) 0,56 ± 0.064 0,411 ± 0.076 0,395 ± 0.082 0,441 ± 0.074 0,549 ± 0.099
D (cm2/s) 1,07·10−6 1,87 ·10−6 3,43·10−6 2,68·10−6 1,43·10−6

∆Ep (meV) 620 ± 13 530 ± 18 510 ± 10 520 ± 7 590 ± 12

Table 5.2 – Summary of relevant parameters of a tentative study of carbon paper electrodes
functionalized with the synthesized materials

Given that the peak current is linearly dependent on the WE surface area (see Randles-Ševčík

equation) it was necessary to normalize the current with respect to the area A. Thus, through

the use of an Hirox optical microscope the area of each fabricated electrode was measured.

Then after the normalization, it was scaled so as to be relative to a 0.12 cm2 area, the same

as the SPE, so as to facilitate a comparison. Moreover the RSD was calculated for each set of

electrodes so as to give an indication of the fabrication method precision.

Bare B450 B500 B525 B600
Mean (cm2) 0,174 0,185 0,191 0,180 0,162
Std.(cm2) 0,011 0,022 0,012 0,020 0,007
Relative Std. 6,12% 11,85% 6,09% 11,04% 4,29%

Table 5.3 – Carbon paper electrodes dimension variability expressed in terms of relative
standard deviation
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5.2 Paper based electrode proof-of-concept results

The add to the work done on carbon paper and the commercial SPE, a paper based elec-

trochemical sensor was produced. The fabrication method has been described in detail

in Section 3.7, and it’s been designed so as not to require expensive laboratory equipment.

Clearly this comes at the cost of reproducibility, but for a single proof-of-concept prototype it

was considered satisfactory. In Figure 5.2a one of the first iterations of the produced sensors

are presented, where the effect of the Ag ions from the silver paste is evident. The potential at

which the PCM has its anodic peak is much higher than the Ag anodic peak. Hence it could be

easily filtered after the acquisition.

(a) (b)

Figure 5.2 – (a) First iteration of a paper based electrode at a scan rate of 50mV/s in PBS at pH
7.4 and PCM concentration of 3mM (b) Second iteration of a paper based electrode at a scan
rate of 150mV/s in PBS at pH 7.4 and PCM concentration of 3mM

However a clean voltammogram is desirable if a reasonable characterization is to be made.

For this reason multiple iterations have been tried and finally it was observed that isolating

the space between the electrodes with epoxy resin avoided the Ag ions interference. Moreover

the electrical contact of the silver lines with the carbon paper was also changed from carbon

paste to silver paste. A improved response was consequently seen as a result, as shown in

Figure 5.2b.
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6 Conclusions

The computational work done with a semi-empirical method allowed to evaluate the interac-

tion of a molecule of PCM with a cluster of Bi5O7NO3. In particular it was observed a steric

repulsion between the NO−
3 ion of the cluster and the π electron density of the aromatic ring

of PCM. Moreover, a symmetric approach of PCM was determined to be the only one leading

to an a stable configuration, possibly due to the destabilizing effect of the hydrogen bonds

introduced to saturate otherwise undercoordinated atoms at the border of the cluster itself.

The amide group on PCM causes a polarization which in turn makes the system more stable if

the molecule is oriented with the amide group opposite to the nitrate ion. For the optimized

configuration of the system a rate constant of 3.2 ms−1 and an activation energy of 9.8 eV

was obtained. This computational work set the basis for a theoretical framework aimed at

evaluating the effect of the deliberate introduction of defects into the structure of a subnitrate

species. In particular, through a solid state method heterostructures of Bi2O3/Bi5O7NO3 were

produced. The obtained materials were thus characterized via Raman Spectroscopy, where

the peak at 1049 cm−1 was identified as relative to a vibrational moment of the nitrate ion.

Consequently based on this analysis 4 samples (B450, B500, B525, B600) were chosen to

be deposited on the working electrode of screen printed sensors (Dropsens DRP110). The

performance of the sensors was evaluated via CV. The electrolytic solution was composed

of 0.1M PBS and 1mM of PCM and the scan rate varied from 50mV/s to 300mV/s in steps

of 50mV/s. The bare electrode showed a mean peak to peak separation of ∆Ep of 510 mV,

whereas the best performing heterostructure 416 mV. Instead the allegedly single phase B450

presented a mean∆Ep of 427 mV. The peak currents for all the functionalized sensors had an

increase of around 30% where the best performing one was B500, and the worst B600. The

calibration curves of the sensors were obtained by performing a CV for a 0.1M PBS at 0.5mM,

1mM, 2mM, 3mM of PCM. A linear response was observed, where the mean sensitivity of the

bare electrode calculated at 28 µA /mM and a LOD of 3.64 µM. The improvement in terms

of sensitivity was observed to be approximately 70% for the functionalized materials, where

still the best performance was seen in B500 and the worst in B600. Finally the fabricated

paper-based sensor showed a very promising performance, comparable to a cell composed of

C-paper as a WE, Ag/AgCl as a RE and Pt plate as a CE.
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