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 Abstract 

This thesis presents details of electrode modification for environmental and medical 

applications. Highly sensitive and selective electrochemical sensors were developed using 

surfactants modified glassy carbon electrodes for the individual and simultaneous 

detection of toxic metal ions. 1-cyclohexyl-3-dodecanoylthiourea (CDT) and 1-

dodecanoyl-3-phenylthiourea (DPT) were employed for the detection of Cd2+, Hg2+ and 

Pb2+ respectively. The limits of detections of Cd2+, Hg2+ and Pb2+ were found to be 0.084 

μg/L, 0.090 μg/L and  0.695 μg/L respectively. The limits of detections suggests that the 

designed sensors can sense mercury, cadmium and lead ions even below the quite lower 

than the danger level suggested by world health organization (WHO), suggested the 

suitability of our designed sensor for monitoring metal-based water toxins. Carbon dioxide 

is a major air contaminant. Its reduction to renewable fuels is a viable approach for long 

term energy storage and controlling global warming. To contribute in this domain a 

nanomaterials based electrochemical sensor was prepared for the reduction CO2 to C2 

products (ethanol and ethylene). C2+ products obtained a higher FE mainly ethylene 26% 

and ethanol 33% at 0.95 V. The results revealed efficient electrocatalytic CO2 

reduction to ethylene and ethanol with higher current density at lower overpotentials. 

In the other part of the work surfactant and nanoparticles modified electrodes were used 

as components of the recognition layer of the designed electrochemical sensors for the 

analysis of drugs. For this purpose, novel electrochemical sensors with surfactant and 

nanoparticles were developed such as SDS/Pt/GCE, ZnO/DAN/SPE and DAN/AuNPs for 

the detection of Esmolol (ESM), Tropisteron (TRP) and Oxoplatinium (OXP) 

respectively. The results revealed that SDS/Pt/GCE, ZnO/DAN/SPE and DAN/AuNPs has 

a high sensitivity for the detection of Esmolol, Tropisetron and Oxoplatinium  with LOD 

values of 60 pM, 83 pM and 14.5 pM respectively under optimized conditions. The 

outcomes showed that the proposed electrochemical sensors can detect up to picomolar 

concentration of these selected drugs in serum. All the designed sensors showed promising 

applicability for the detection of the respective analytes. The designed sensors also 

displayed remarkable discrimination ability for the target analytes in the presence of 

interfering agents. The presented methodologies provide advantages in terms of 

selectivity, sensitivity, reproducibility, recovery and rapid responsiveness. Moreover, the 

proposed methods are reliable, cost-effective and environmental friendly. 
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 Introduction  

This chapter offers a brief introduction of electrochemical sensors preparation and their 

environmental applications for monitoring water and air contaminants. The designed 

sensing platforms also act as promising analytical tools for drugs analysis owing to their 

high sensitivity, comparatively lower cost, selectivity and high speed of analysis. 

1. Sensors 

Sensors are the devices that respond to electrical, chemical, and physical stimuli and 

convert them into readable output signals. Artificial sensors follow the same working 

principle as natural sensors (e.g nose and tongue) that allow us to detect any physiological 

and chemical changes.1, 2 There are mainly three major features of artificial sensing 

systems. One is the receptor (input device) which receives the signals and sends them via 

transducer to the data processor or intelligence unit, which interprets, records and then 

responds to input. Receptors consist of the recognition elements which receives the 

stimulus. Transduction elements convert the recognition event into an output signal which 

may be electrical, optical, or thermal.3-5 

1.1.  Classification of Sensors 

Sensors are generally categorized in to physical and chemical sensors based on 

transduction component of the sensor device. Physical sensors receive input stimulus and 

convert it to output signal which is directly related to the quality and quantity being 

measured.6 The quantity and quality of the output signals are characterized by the form of 

transducer being used. Commonly used physical transducers are surface acoustic, 

piezoelectric, light emitting resistor and thermostat.7-10 In chemical sensors a chemical 

event is sensed and informations about the analye are obtained from the chemical 

signals.11, 12 
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1.1.1. Electrochemical Sensors 

Electrochemical sensors have a simple operating unit consisting of an active sensing layer 

called receptor which binds with the target analyte and transfers the chemical signals to 

transduction element that converts the chemical signals/stimulus into electrical signals. 

The amplifier intensifies the signals and transfers these to processing unit as illustrated in 

Fig.1.1. Electrochemical sensors according to the mode of transduction can be further 

categorized into potentiometric, amperometric, voltammetric, conductometric and 

impedimetric sensors. Most of the electrochemical techniques used for analytes detection 

are based on the change in voltage or current. In voltammetry, the current (I) is generated 

by changing potential. In Amperometry, current is determined by applying constant 

potential and in potentiometry, potential (V) is related to the active ions of the solution. 

Electrochemical sensors find wide applications due to their cost affordability, robustness, 

high sensitivity, handling convenience and reliable analytical information.3, 9, 13 

 

 

 

 

 

Fig. 1.1. Components of electrochemical sensor and basic principle of its operation. 

1.2.  Modified Electrodes 

Electroactive film of monolayers or thick coatings formation on the surface of transducer 

is carried out for enhancing sensitivity characteristics of electrode. Fabrication of modified 

electrodes have wide variety of applications as compared to bare electrode because of fast 

electron transfer kinetics. Specific recognition layer of chemically modified electrodes 

supports host guest complexation with consequent intense signals of the target analytes. 

Thus, modified electrodes are liked owing to their high sensitivity, specificity and reduced 

fouling effect. Electrode modifications strategies include self-assembled layer formation 
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of the recognition component over the surface of transducer, covalent bonding, adsorption, 

electro-polymerization etc. 

1.2.1. Glassy carbon electrode (GCE) 

Glassy carbon electrode is extensively used electrode for electrochemical sensing of 

analytes. GCE exhibits peculiar properties such as high electrical conductivity, 

impermeability to gases and ions, wide potential window, low background currents and 

chemical stability. GCE also possess the ability of fabrication with a variety of materials 

by electrochemical coating or absorption methods. Modification of GCE develops leads to 

fascinating properties. Therefore, it is modified either in the form of thick coatings, thin 

films, or monolayers of modifiers.14-16 

1.2.2. Screen-Printed Electrode (SPE) 

Screen-printing is the most promising approach for the preparation of rapid, simple and 

inexpensive development of sensors. Disposable sensors based on screen printed 

electrodes including modified electrodes with a variety of materials have directed to new 

opportunities in the quantification and detection of analytes.17 SPE fulfils the growing 

requirement of performing accurate and rapid analyses through portable electroanalytical 

devices. The key advantage of electrochemical sensors is the requirement of only few 

microlitre sample which helps in overall reducing the size of the analytical system. In 

addition, SPEs can be easily modified according to the type of analytes.18, 19 Furthermore, 

the miniaturized size of SPEs make the electrochemical portable devices extremely 

specific for the determination of target analytes. SPEs also help in reducing certain 

common problems related to conventional solid electrodes, such as monotonous cleaning 

processes and memory effects. The most notable utilization of SPEs is their ability of 

monitoring blood glucose levels in individuals suffering from diabetes. That’s why these 

sensors are extensively used in clinical investigations.20-22 

1.3.  Different methods of electrode modification 

The beauty of electrochemistry is to utilize a CME (chemically modified electrode) for 

selective and sensitive electroanalytical applications. Electrocatalytic behaviour is one of 

the distinct features of CME that is utilized in electroanalytical applications. The electrode 

acts as a source or sink of electrons for redox species, which cannot be anticipated in 
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spectroscopic and chromatographic methods.22-24 In addition, the CMEs with different 

electrochemical techniques can also have an important application in materials 

characterization and electro-synthetic chemistry. To prepare the CME, mostly a thin film 

of designated modifier is either immobilized or coated on the surface of electrode to 

achieve desirable properties of the modifier for the target analytes.25 In the following 

section some important methods of electrode modification are discussed. 

1.3.1. Physisorption Method 

In this method pure organic, organometallic or nanoparticles can be physisorbed on carbon 

paste materials such as porous and vitreous carbon electrode, graphite, or ordinary glassy 

carbon electrode by simple coating by immobilizing a droplet of the solution followed by 

evaporation of the droplet.26, 27 

1.3.2. Chemisorption Method 

Despite the advantages of physisorbed method in electroanalytical applications, long term 

stability is the main concern for such modified electrode systems. However, this problem 

can be overcome through a chemisorbed system.28-30 The advantage of this modification 

method is the easy procedure of preparing self-assembled monolayer (SAM) by simply 

dipping the Au electrode in thiol solution. SAM/Au has been widely used in many 

fields.31,32 In one particular study Au electrode was soaked in 4-aminothiol followed by 

immobilization of PMo12O40
3- on the electrode surface to protonate the amine group under 

acidic conditions.33 Then, the dendrimer was immobilized as outer layer covering. 

Similarly Gly-Gly-His/SAM was prepared by Yang et al for Cu2+ detection.34 

Electrode surface modification by covalent bond via specific functional groups is also 

gaining interest in the preparation of CME.35 Carbon electrode surface is found to be 

competent for the covalent modifications owing to its adaptable functionalities and hence 

abundant researches are underway on different variety of carbon surfaces. Functional 

groups such as Sn-OH, aryl, amino groups on the surface of electrodes can either be 

induced by regulating oxidation/reduction potentials by a synthetic route or in a supporting 

medium.36, 37 This type of modification involves the electrochemical generated solution 

radical which couples the carbon surface through covalent bond between the modifier and 

a surface. For example, GC oxidation in anhydrous alcohols has been reported to generate 

radicals which react with alcohols to form ether linkage with the carbon surface.38 
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1.3.3. Homogeneous Multilayer CMEs 

Homogeneous multilayer CMEs is the modification of carbon material by definite 

membranes or ion-exchange polymers on the electrode surface. These electrodes are 

currently gaining a lot of interest in electroanalytical chemistry. Oyama and Anson groups 

used the modifier poly-vinyl pyridine for exchange of ions of Fe (CN)6 in acidic medium 

on the carbon surface.39 Nafion is extensively used as a binder of the components of 

recognition layer in electroanalytical sysyems.40-42 

1.3.4. Heterogeneous multilayer CMEs 

In these electrodes a solid substrate is randomly combined with the redox mediator 

system.43 Carbon paste electrode (CPE) work as an appropriate matrix for heterogeneous 

multilayer CMEs preparation.44, 45 CPE is mixed with the binder paste and redox 

mediators.46 Zeolite and enzymatic clay modified electrodes can also be synthesized by the 

same procedure. Fig 1.2. shows the possible routes for the fabrications of CMEs. 

 

Fig. 1.2. Schematic illustration of different types of CMEs preparation routes[Reprinted 

with permission from31]. 
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1.4.  Modified Electrodes for Environmental Applications 

1.4.1. Heavy metal ions detection 

The occurrence of heavy metal (HM) ions in aqueous systems demands serious attention 

for the safety of living organisms. Some HM ions are highly toxic owing to their strong 

affinity for reacting with the chelating agents or ligands to form complexes and hence, 

cause deleterious effects to human health as they change the molecular structure of DNA, 

proteins and act as an inhibitor for various biocatalytic reactions.47, 48 Cadmium, lead and 

mercuric ions are considered as the most lethal and chronic among the top twelve 

substances declared deadly toxic by United Nations Environmental Program. Cadmium(II) 

has been classified as a cancer-causing substance by the international agency for research 

on cancer. While mercury(II) has been reported to cause autism, vestibular dysfunction, 

kidney failure, birth defects, respiratory track damage, speech impairment and skin 

diseases.  

Cadmium(II) and lead cause liver damage, changes the constitution of blood and bones as 

it can replace calcium and causes many skeletal disorders, destruction of RBCs and high 

blood pressure. So, Cd (II), Pb(II) and Hg (II) are toxic even at very low concentration, 

hence, there is a dire need of developing such analytical tools which could detect cadmium, 

lead and mercuric ions below the threshold level of these metal ions suggested toxic by 

the world health organization.49-51 Based on scientific study and toxicity data, different 

environmental agencies have defined maximum value of contaminants of these metal ions 

in drinking water. In this regard Table 1.1 presents the threshold toxic levels of heavy 

metal ions by the environmental protection agency (EPA), European Water Quality 

(EWQ) and World Health Organization (WHO).52, 53 

As mercury has a strong affinity toward sulphur group, hence mercury binds with thiol 

containing molecules such as cysteine, glutathione, metallothionein and affects the levels 

of glutathione, glutathione peroxidase (GPx), reductase, superoxide dismutase in kidneys 

leading to neurotoxicity and nephrotoxicity. In addition, inhibition of tricarboxylic acid 

cycle has been reported to occur due to the exposure of mercury by inhibiting enzymes 

such as SOD, succinate dehydrogenase (SDH) and cytochrome C.54-58 
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Table 1.1. Maximum contamination level of toxic metal ions in drinking water. 

Metal ions 
WHO 

(mg/L) 
EWQ (mg/L) 

EPA 

(mg/L) 

Hg(II) 

Pd(II) 

Cd(II) 

Ni(II) 

Cu(II) 

0.001 

0.010 

0.003 

0.02 

2 

0.001 

0.010 

0.005 

0.02 

2 

0.002 

0.015 

0.005 

0.04 

1.3 

CMEs in stripping analysis have been employed in the recent years due to their promising 

signals to noise ratio. Several recognition elements such as carbon nanotubes, polymers 

and biological elements such as enzymes and DNA have been extensively utilized as a 

modifiers for the detection of heavy metal ions.59, 60-63 Martin et al., used gold 

nanoparticles along with the carbon nanotubes that resulted in a reasonable limit of 

detection for mercury.64 Graphene oxide sensor was used to detect Hg2+ with a LOD up to 

2.5 × 10−8 M.65 In another study, bismuth coated carbon nanotubes (CNTs) modified 

electrode was employed to detect Cd(II).66 A variety of CMEs are used for the detection 

of heavy metal ions.67-70 The objective of this work is to prepare a more sensitive 

electrochemical platform for the detection of multple metal ions using low cost and easily 

available chemicals as components of the recognition layer. In this regard thiourea 

surfactants possessing electrode binding and analyte recognition functionalities are the 

best choice. 

1.4.2. Surfactants as electrode modifiers 

Thiourea containing compounds have been reported to form complexes with metal ions. 

This complex formation is mainly because of the presence of donor groups present in 

thiourea compounds which coordinate with HMs to form stable complexes. Thiourea 

based surfactants have metal chelation functionalities and electrode anchoring 

abilities.71,72 Hence thiourea based surfactants are ideal candidates for electrode 

modification.56 
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Thiourea based surfactants 1-cyclohexyl-3-dodecanoylthiourea (CDT) was coated over 

the GCE surface for the trace level detection of Hg2+ and Cd2+ ions in the present work. 

Thiourea based surfactant 1-dodecanoyl-3-phenylthiourea (DPT) is chosen to modify the 

electrode for the sensitive detection of Pb ions. The development of sensor using N, S and 

O containing surfactant as a recognition layer is an innovative approach of sequestering 

toxic metal ions from aqueous systems. This approach of electrode modification is a step 

forward for avoiding the chances of secondary pollution.73, 74 

1.5.  Electrochemical reduction of CO2 

1.5.1. Challenges in climate change and energy 

Anthropogenic carbon emissions and rise in global temperatures has increased the demand 

of carbon free energy sources.75-79 Renewable energy sources are continuing to progress 

for greater advantages, but long-term storage of renewable fuel remains a challenge that 

must be addressed. The conversion of CO2 to ethanol and ethylene not only contribute in 

the requirement of energy storage but also helps in mitigating the anthropogenic emissions 

leading to greenhouse effect.  

In early nineteen century, CO2 concentration in atmosphere was about 270 ppm and rapid 

increased in concentration up to 401.3 ppm was observed in July 2015. It is predicted that 

atmosphere concentration CO2 may reach up to 600 ppm level by 2050. Indeed, generation 

of CO2 as a result of combustion of fossils fuels has contributed more than two thirds of 

the total emission of the greenhouse gases. Efforts are underway to sequester and capture 

CO2 excessive emission.9, 79-81 Due to greater strength of C=O (B.E = 750 kJ mol−1), CO2 

conversion to other desired chemicals requires more energy. In the past years, research 

efforts have been made for selective conversion of CO2 via thermocatalysis, biocatalysis, 

photocatalysis and electrocatalysis. Among these methods, electrocatalysis is specifically 

preferable due to the possibility of the reduction of carbon dioxide under normal 

conditions.82-85 

1.5.2. Approaches to the problem 

CO2 is thermodynamically more stable molecule with more oxidized form of carbon. For 

reduction of carbon dioxide to useful products, substantial amount of energy is required. 

One of the considerable choices is the utilization of renewable energy sources. This can 
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be possible by capturing CO2 effectively.86-90 When coupled with carbon capture 

technology, the reduction of carbon dioxide offers means to balance the natural carbon 

cycle. 

Energy storage in chemical bonds has several advantages as compared to battery storage 

in terms of high energy density and transportability. Catalysts commonly used for 

electrochemical conversions of CO2 are based on metals, such as Pd, Au, Ag, Co, Cu, Bi, 

Sn, Zn, or carbon nanomaterials, such as carbon nanotubes, graphene or carbon-metal 

nanocomposites.85, 91-94 Carbon dioxide reduction reaction (CO2RR) involves multi-

electron/proton transfer process depending upon the type of catalyst used.95, 96 Table 1.2. 

summarizes the standard redox potential of the main C1 and C2 products of half 

electrochemical reactions involved in the carbon dioxide reduction processes. 

Table 1.2. Equilibrium potentials of selected CO2RR half reactions.79 

 

1.5.3. Mechanism of CO2RR 

Generally, higher potential is required for the reduction of compounds containing C=O 

than those containing C―H and C―OH groups.97 Three main steps are involved in 

CO2RR process.98 

 Adsorption and bonding of CO2 with active atoms on the surface of the catalyst 

 Activation and then reduction of CO2 through catalyst regulated electron 

/proton transfer processes  

 Desorption of the products  
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In CO2RR process, generally one electron transfer to CO2 is considered the rate 

determining step i.e formation of *CO2
•−. This kinetically challenging step is due to the 

high energy barrier required to drive the reaction. Catalysts such as In, Sn, Hg, Cd, Tl and 

Pb tend to reduce CO2 to formic acid as a primary product which may be due to their weak 

interactions to *CO2
•−99, while catalyst like Au, Zn, Ag, Ga and Pd incline to activate 

*COOH to *CO displaying the production of CO as a main product with remarkable 

Faradaic efficiency.100 Different from the mentioned groups of metals, Cu can convert CO2 

to methane, ethylene and ethanol with high Faradaic efficiency owing to strong bonding 

propensity of Cu with *CO2
•− intermediate which reduces CO further into higher order 

hydrocarbons.101, 102 Fig 1.3 shows some selectivity trends of catalyst for the products of 

electrochemical reduction of CO2. 

. 

Fig. 1.3. Selectivity trends of various metals used as a cathode for CO2 reduction 

reaction [Reprinted with permission from103]. 

C1 products formation (e.g. HCOOH and CO) on the surface of the catalyst proceed via a 

simple route involving adsorption of the reactant, formation and binding of intermediate 

on the surface of catalyst and product desorption. However, complex processes involve in 

CO2 reduction to C2+ products with several possible pathways is still the focus of 

substantial theoretical study. Density functional theory (DFT) calculations using CHE 

(computational hydrogen electrode) model propose that potential-limiting step for the 
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hydrocarbon’s formation is the protonation of CO* to CHO* on the surface of Cu.9, 101 A 

number of pathways have been proposed which include intermediate hydroxyl–

methylidyne formation and dimerization of two CO* molecules.104 Current advancement 

in computational studies further helps in understanding the mechanism and suggest that 

*CHO or *COH intermediate formation from the hydrogenation of *CO also play a pivotal 

role in determining the favourable products such as C2H4, CH4, and CH3OH on a Cu (111) 

surface.105 

1.5.4. Cu electrodes in electrochemical reduction of CO2 

Among all the CO2 reduction products, ethene, ethanol and propanol have higher 

volumetric energy density and commercial values. In past years several electrodes have 

been extensively used for this purpose especially Cu metal that efficiently catalyses CO2 

to reduced hydrocarbons.106-110 C2 products are commercially more important as compared 

to C1 products and can act as a building unit for the synthesis of oxygenates, polymers and 

long chain hydrocarbon fuels.111 However, till now the reported highest C2 products 

Faradaic efficiency (F.E) is low as compared to C1 products (close to 100%). This may be 

due to the complex reaction pathways involved in C2 products as much higher kinetic 

barrier of the coupling step C-C may lead to decrease in energy efficiency. Copper has a 

unique catalytic property of producing hydrocarbons and alcohols with promising F.E.112, 

113 Copper is perhaps the well-known electrocatalyst for CO2RR, as it has a capacity to 

convert CO2 into different products including hydrocarbons and alcohols with promising 

Faradic efficiency. Cu metal increase the CO dimerization process and hence facilitates 

the formation of C2 products.112 

Product distribution mainly depends upon the surface geometry and morphology of the Cu 

surfaces, applied potential and electrolytes. Oxide derived copper has shown enhanced 

selectivity toward C2 products and the selectivity of these electrocatalytic reactions 

depends on oxidation state and surface morphology of copper. Furthermore, it is believed 

that reduction of copper oxide catalyst can induce under coordinated sites and grain 

boundaries that may be the catalytically active sites.114, 115 

In recent years a lot of investigations have led to the development of many efficient metal-

based electrocatalysts for CO2RR. Nano catalysts such as nanoparticles, nanowires, 

nanotubes and nanofoams have showed improved selectivity and efficiency over bulk 
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materials.93, 116 Nano catalysts derived from copper oxides have showed better selectivity 

towards ethylene and ethanol products at lower overpotentials. Despite these remarkable 

results of oxide derived copper nanoparticles for CO2RR, the mechanism is still unclear. 

It is believed that grain boundaries may be the catalytic active sites induced by the oxygen 

derived copper species.112, 117 The other reason could be the higher current densities on the 

defect sites that increase the local pH, which may alter the reaction pathway in favour of 

ethanol and ethylene formation.  

Cuδ+ sites may be the catalytically active sites during the reaction but there is no 

compelling evidence to confirm this claim. However, it is generally accepted that Cu 

oxides are completely reduced at potential (1.0 V vs RHE) and the reaction only occurs 

on metallic copper. Copper catalysts with different morphology can be obtained from 

various synthetic methods such as annealing, electrodeposition, hydrothermal method, 

chemical treatment and colloidal synthesis.112, 118 

Jaramillo et al proposed that dehydroxylation of intermediates on the Cu (111) surfaces 

involving proton coupled electron transfer (2 H+ /2 e) process occurs in every step until 

the production of multiple desirable oxygenated products (e.g., methanol, acetate, 

hydroxyacetone, glycolaldehyde, acetone, glyoxal and ethylene glycol).119 This scheme 

illustrates the fact that multi-carbon products having carbonyl groups also have an enol 

tautomeric form as intermediate specie which may undergo hydration in the solution. 

Moreover, these enol/diols forms may be the key intermediates for C2+ products formation. 

Upon the coupling of C–C bond, the enol derived surface species rapidly lose hydroxyls 

to ethylene. A simple interpretation of this complex mechanism, converting CO2 into 

higher order hydrocarbons on a Cu surface is demonstrated in Fig.1.4. 
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Fig. 1.4. Proposed mechanism for C2+ products with enol derived surface species as an 

intermediate [Reprinted with permission from119]. 

1.6.  Electrode modification by surfactant coated nanoparticles for 

drugs analysis 

1.6.1.  Nanoparticles 

Nanoparticles (NPs) find extensive applications in electrocatalysis owing to their high 

surface area, increased mass transport, improved signal to noise ratio and enhanced 

selectivity.120-123 These catalytic properties make nanomaterials preferably suitable for 

electroanalysis. With the advancement of nanoscience and nanotechnology, metallic 

nanoparticles have attracted significant interest and have a vital role in research areas such 

as sensors, catalysis, biological labelling and microelectronics.124-130 The materials with 

high percentage of nanostructures not only enhance the electronic properties and increase 

the active surface area for electrochemical signals transformation but also produce signals 

at very lower concentration of target analyte.131 

Nanomaterials modified electrodes signify a chief driver towards the adoption of different 

methods of electrochemistry since nanoparticles induce novel catalytic properties which 

enhance the electron transfer rate.132, 133 The results of these catalytic properties of nano-

sized modifier promote selectivity and signal intensity of the target analytes. Compared to 

other methods, such as spectroscopy and chromatography, electrochemical methods are 

cheaper, easier, simpler and user friendly. One of the strategies adopted for improving the 
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efficiency of sensing is the use of nanomaterials as recognition element for the 

amplification of signals for the detection of analytes.134 

Metallic nanoparticles catalyze the redox processes of target analytes by using 

electroanalytical techniques. Platinum nanoparticles (PtNPs) facilitate the electron transfer 

process and can be modified by ligands and biomolecules depending upon the target 

analyte.135 The electrochemical properties of nanoparticles modified electrode are 

characterized by electroanalytical techniques.136.In one particular study a chemical 

deposition technique was employed to immobilize a conducting polymer and Pt NPs for 

enhancing the electron transfer between the ligands and the electrode.137, 138 

Hrapovic et al proposed single-walled carbon nanotubes (SWCNTs) along with the 

colloidal platinum nanoparticles on the GCE surface (PtNPs/ SWCNTs/GCE) for the 

hydrogen peroxide detection. Platinum nanoparticle improved the surface area and mass 

transport of electrode for voltammetric determination of hydrogen peroxide. 

PtNPs/SWCNTS/GCE electrode was further modified by glutaraldehyde for the sensitive 

detection of glucose.139 

ZnO nanoparticles have been widely utilized in catalysis and analytical applications. The 

properties exhibited by ZnO are wide band gap, biocompatibility, binding energy and 

better electroconductivity.140, 141 ZnO nanomaterials of diverse morphologies and different 

crystallite sizes can be synthesized depending upon the experimental operating conditions 

of pH, temperature, nature of surfactant, presence of capping agents etc. The adaptable 

morphologies for ZnO nanostructures are nanoplates, nano/micro flowers, 

nano/microspheres, nano-mushrooms, nanowires, nanorods nanocubes and 

nanoaggregates.142-144 ZnO displays good sensitivity and electrocatalytic property for the 

detection of a variety of drugs. However, to further improve the sensitivity of sensors, ZnO 

along with multiwalled carbon nanotubes (MWCNT) have already reported for 

electrochemical detection of drugs.145 In one particular study ZnO/ MWCNT/CPE sensor 

was used for the detection of naproxen.146 Similarly ZnO incorporated with nickel 

nanoparticles exhibited better electrocatalytic performance for the detection of uric acid, 

dopamine and glucose.147, 148 ZnO nanoparticles synthesized by co-precipitation method 

have demonstrated a wide range of analytical applications, ranging from biological to 

chemical samples.149 
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AuNPs have remarkable chemical, electrical, optical, and catalytic properties. Their strong 

distance dependent optical features, easy synthesis, high extinction coefficients and 

surface area, outstanding biocompatibility and characterized of appropriate surface 

functionalization.150-152 Among various nanomaterials, particularly Au nanoparticles have 

been extensively reported as electrode modifiers as they act as a conducting medium 

between protein redox centres and surface of the electrodes.153 Moreover, Au nanoparticles 

display remarkable stability over a wider range of pH of the electrolytes. The most 

promising approach for accumulating Au nanoparticles onto the electrode surface is to 

utilize the amine or sulfhydryl terminated functional groups to attach them as the Au 

nanoparticles have a strong affinity toward thiol and ammine tailed groups.154-156 

Yagati et al157 immobilized Au nanoparticles by using 3-mercaptopropyl trimethoxysilane 

(3-MPTMS) on the ITO electrode surface. Au NPs acted as a bridge as between electrode 

substrate and cyt c and displayed remarkable electrocatalytic activity for the determination 

of H2O2. In addition, electrodeposition, physical adsorption and entrapment techniques 

were utilized to immobilize Au nanoparticles on the carbon paste electrode surface to 

facilitate the electron transfer of heme proteins for the detection of hydroquinone, 

dopamine, glucose, nitrites, hydrogen peroxide and phenols.158-161 

1.6.2. Surfactant coated nanoparticles 

Generally, for electrode modification, host molecules are attached which interact the 

target guest molecules. Many compounds such as ligands, polymers, biological molecules 

like DNA and enzymes can be used for modification.162 However, surfactants are preferred 

because of their best electrode anchoring ability and efficient electro-catalytic role. 

Surfactants play a significant role in solubilization owing to micelles formation.163, 164 

Surfactants can improve the adsorption of electroactive molecules at the electrode surface 

by solubilizing and providing definite orientation to the molecules.165 The use of 

nanomaterials in electroanalysis is an ever-increasing research area. Nanomaterials boost 

up the performance of electrodes in electrochemical techniques. Au, Pt, and ZnO NPs are 

the most extensively used modifiers for electroanalytical aplications.166, 167 Therefore, in 

the current work these nanoparticles along with the surfactants were used as electrode 

modifiers.  
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Thiourea-based surfactant along with nanoparticles has been used for enhancing the 

sensitivity of glassy carbon electrode in this work.73 On the basis of the distinctive 

interaction of the selected surfactant, 1-(2, 4-dinitrophenyl)-dodecanoylthiourea (DAN) 

along with NPs can act as an electrocatalyst for the detection of analytes (Tropisetron and 

Oxoplatinium) in aqueous medium. DAN contains amine, carbonyl and sulfur which could 

possibly form complexes with drugs molecules through hydrogen, coordinate covalent and 

ionic bonding.168 Thus, in the present work, DAN was used along with ZnO fabricated on 

the SPE (DAN/ZnO/SPE) for the picomolar detection of Tropisetron (TRP) and DAN 

along with AuNPs fabricated on the glassy carbon electrode (DAN/AuNPs/GCE) for the 

trace level detection of oxoplatinium (OXP) using sensitive pulse voltammetric 

techniques. 

1.7.  Brief introduction of the investigated drugs  

Esmolol (ESM) shown in Scheme 1 is used to reduce blood pressure in hypertension and 

increase exercise tolerance in angina. ESM is used in the treatment of aortic cross-

clamping (ACC) -related hypertension and tachycardia, and it has been found useful in the 

postoperative period for abdominal aortic surgery.169-172 Ultra-short-acting β-blockers, 

which have beneficial effects of β-blockers, do not have the deleterious effects of long-

acting agents. The greatest clinical advantage of ESM over traditional beta-blockers is its 

ability to rapidly change the intensity of its effect in both directions to meet changing 

autonomic responses. It is used as an antiarrhythmic drug and is only found 

intravenously.173 ESM may produce systolic hypotension as a side effect, but this is usually 

seen in high doses. The most common side effects associated with the use of ESM are 

hypotension, confusion, bradycardia and phlebitis. Therefore, it is important to develop a 

sensitive method that could detect ESM precisely and rapidly in biological fluids and 

pharmaceutical preparations.174 
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Scheme 1.1. Structure of ESM. 

1.7.1. Tropisetron 

Tropisetron Hydrochloride (Scheme 1.2) is a highly specific indole derivative serotonin 5-

hydroxytryptamine type 3 (5-HT3) receptor antagonist,175 and induces antiemetic activities 

that completely binds and inhibits the action of serotonin. This causes suppression in 

nausea and vomiting following radiotherapy or chemotherapy. The absorption of 

tropisetron occurs as a result of hydroxylation of indole ring at 5,6,7 positions in 

gastrointestinal track then tailed by a conjugation reaction to the sulphate or glucuronide 

with excretion in urine or bile.176, 177 

 

Scheme 1.2. Structure of Tropisetron (TRP). 

 

https://pubchem.ncbi.nlm.nih.gov/compound/serotonin
https://pubchem.ncbi.nlm.nih.gov/compound/5-hydroxytryptamine
https://pubchem.ncbi.nlm.nih.gov/compound/5-hydroxytryptamine
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1.7.2. Oxoplatinium (OXP) 

Oxoplatinium (cis-dichlorodiamminedihydroxoplatinum (IV) (Scheme 1.3) is widely used 

for the treatment of cancer. A coordination complex oxoplatinium (OXP) has antitumor 

property and extensively used in oncological purposes.178 This drug has a long-lasting 

effect of antitumor effect even at the end of therapeutic course. Its mode of action is 

generally believed that the drug first undergoes hydrolysis and then forming covalent 

interactions or adducts with mitochondrial RNA, DNA, and proteins. Moreover, the 

oxoplatinium inhibit the growth of ascitic and solid forms of tumors and its one of the 

features is high therapeutic index. It is also important to detect the hydrolysis products of 

oxoplatinium which is essential for regulating the pharmacokinetics of the drug in a 

patient.179 In addition, detection of oxoplatinium is also significant for environmental 

purposes as its exposure in a soluble platinium complexes form from hospital wastes may 

accumulated in the eco-system as these poisonous chemicals are not biodegradable 

Currently oxoplatinum (OXP) is undergoing preclinical trials.180. 

 

Scheme 1.3. Structure of Oxoplatinium (OXP). 

1.8.  Aims and Objectives of the present work 

The objective of this research work is to attain and implement the knowledge of scientific 

advancement in the field of carbon dioxide reduction and electroanalysis for 

environmental and clinical investigations. Generally, the conventional techniques are 

mostly costly, difficult in handling and inconvenient for analysis purposes. So, implication 

of electrochemical techniques associated with catalyst properties to attain the desirable 
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results in the field of electrocatalysis and analytes detection is the major goal of the present 

work. A part of the present work is devoted to developing highly sensitive and 

environmental friendly electrochemical sensors which could satisfy the requirements of 

detecting concentration of toxic heavy metal ions below the toxic values suggested by 

WHO and EPA. Moreover, the development of surfactant coated nanosensors for the 

detection of drugs at minute level with high accuracy, sensitivity and selectivity is the main 

target of the present work. Apart from detection of water contaminants, modified electrode 

has also been designed for the conversion of a major air pollutant CO2 to useful products 

such as ethanol and ethylene at lower overpotentials. CO2 excessive concentration in the 

atmosphere is the major cause of greenhouse effect, so reduction of CO2 into useful 

products is highly desired. The major goal of the current work is to reduce the CO2 into 

products of higher commercial values. Specific goals are as follows: 

i. Selection of electrode modifier that could respond to the minute concentration 

of analytes 

ii. Optimizing conditions for getting well defined electroanalytical response as 

required for quantitative analysis 

iii. To achieve high selectivity for meeting application requirements 

iv. To apply computer assisted mathematical models for the prediction of host-

guest complexation at the electrode-electrolyte interface 

v. Assessment of different strategies for getting higher hydrocarbons selectivity 

during CO2RR 

vi. Achieving higher Faradic Efficiency of CO2 reduction by testing its 

selectivity in different media 

vii. Reducing the overpotential which is a main concern for getting 

electrochemical products of high commercial values such as ethanol, 

propanol and ethylene
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Background of the Experimental Techniques  

This chapter includes a brief explanation of the theoretical facets of the techniques 

employed in the current work. Cyclic Voltammetry, Pulse Voltammetry, Electrochemical 

Impedance Spectroscopy, Scanning Electron Microscopy (SEM) and XRD techniques 

were used for characterization of the designed sensors and their analytical performance. 

Bulk electrolysis was done for the reduction of CO2 (CO2RR). Cyclic voltammetry is 

useful for the general interpretation of redox processes. Square wave voltammetry is ideal 

for the detection of minute level concentration of analytes in real water samples and 

biological fluids. Stripping voltammetry is preferable because of its tendency to pre-

concentrate the analytes for ultrasensitive detection. SEM was employed to characterize 

the surface features of the designed sensing surfaces. The background of these techniques 

and computational studies are presented in the subsequent sections. 

2. Cyclic Voltammetry (CV) 

CV is extensively used electroanalytical technique to characterize the electrochemical 

system for qualitative and quantitative analysis. The major advantage of CV is to 

characterize the nature of the redox process, and to determine that rate constant and number 

of electrons transferred in a reaction.181, 182 

 

Fig. 2.1. (A) Triangular potential waveform (B) A cyclic voltammogram. 
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In CV, the applied voltage (V) of working electrode is linearly scanned with a fixed scan 

rate between two voltages with a triangular potential waveform as shown in Fig. 2.1. (A). 

This triangular potential waveform switches the electrode potential between two fixed 

values know as initial and final limits.183 The basic of this technique is measurement of 

current by switching the applied potential (E) at a working electrode (WE) in forward as 

well as in reverse directions at a fixed scan rate as shown in Fig. 2.1. (B). The linear 

ramping of the applied voltage (V) vs. time (t) is termed as scan rate (V/s). The voltage 

applied between reference and WE leads to current (I) measurement. The cyclic 

voltammogram is the measure of current plotted against the potential and it gives the 

information of potential at which redox process occurs. A peak current depends upon the 

scan rate, electrode material and electrolyte concentration.184 During CV the response of 

current is contributed by Faradaic and non-Faradaic processes taking place at the WE. In 

these processes the applied potential leads to the rearrangement of the ionic double layer 

at the solid/liquid interface and the electron transfer occurs at the interface. 

The capacitive current reflects the background current, which can be measured by 

recording the blank voltammograms without considering the redox reaction involved in a 

solution. The capacitive current is directly related to the scan rate (v), whereas the Faraday 

current is directly proportional to the square root of the scan rate (v)1/2. Faradaic processes 

are contributed by the redox species present in solution in the form of equilibrium reactions 

as depicted in Scheme 2.1. Electrochemical reaction occurs as a result of diffusion of redox 

species from the bulk solution to the direct vicinity of the electrode surface. Chemical 

reactions in the locality of working electrode also affect the Faradaic current.185 The 

adsorption process of the redox active species at the electrode surface occurs prior to the 

electron transfer (ET) process. 
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Scheme 2.1. Chemical, diffusion and electrochemical processes occurring during CV 

measurements [Reprinted with permission from185]. 

Generally, potential is applied in the negative direction to make electrode better reductant. 

While the electrode acts as a strong oxidant if the potential is scanned in a positive 

direction. When positive potential is applied, oxidation process occurs which leads to the 

generation of oxidation peak at a particular potential (Epa). Its Faradic current is known as 

anodic peak current (Ipa). Cathodic peak current (Ipc) at a given potential is observed due 

to reduction process that occurs as a result of applied negative potential (Epc).
186 

2.1.  Nature of Redox Reactions 

The redox reactions involving a single electron transfer can follow the following routes: 

2.1.1. Reversible Processes 

Reversible cyclic voltammogram is generated, when oxidation or reduction of analyte in 

the forward scan also rapidly undergoes re-oxidation or re-reduction during reverse scan 

in a predictable manner. For a reversible process, the electron transfer occurs with a faster 

rate as compared to the mass transport rate. In addition, rate of ET is sufficient to maintain 

equivalent concentration of the oxidized Cox and reduced species Cred at the electrode 

surface without any time interval and follow the Nernst equation.187, 188 

E = E° + RT/nFln Cox/Cred       (2.1) 

Where, R= Gas constant, F= Faraday constant and n= no. of electrons transferred.  
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a) Criteria for reversible redox reactions 

Cyclic voltammogram of an electrochemical reversible process has the following features 

 Ipc/Ipa = 1 i.e Ratio of forward peak current and backward peak currents is unity. 

 Peak potential (EP) and half peak potential (E½) are related as; 

Epa = E½ ─ (1.109 ± 0.02) RT/ nF       (2.2) 

Epc = E½ ─ (1.109 ± 0.02) RT/ nF       (2.3) 

Where E1/2 = 0.8817 Ip        (2.4) 

 Peak potential remains constant and does not vary with the scan rate.  For broad 

broad peaks Ep1/2 is taken instead of Ep which is related to it as; 

Ep1/2 =   E1/2 ± 28/n (mV) at 298 K       (2.5) 

      (+) sign is used for reduction and – for oxidation process.                      

 In a reversible process, separation between peak potential (ΔEp) is related to the 

number of electrons (n) transferred by the following equation; 

Epa  Epc =  ΔEp =  0.059/n  (V)        (2.6) 

 Randles-Sevcik equation is used for the peak current expression for reversible 

redox reactions at 298 K. This equation is useful for the determination of diffusion 

coefficient. 

Ip = (2.69 × 105) n3/2 A CD1/2 ν1/2      (2.7) 

2.1.2. Irreversible Redox Processes 

Irreversible process involves oxidation and reduction peaks of only forward scan with no 

or sometime peaks of lower intensity appear in the reverse scan. This is due to the slow 

electron transfer or chemical reactions at the vicinity of electrode. In this process, mass 

transfer reaction occurs faster than charge transfer reaction which leads to wider peak 

separation and which may be more than 59/n mV. Irreversible systems are characterized 

by the following features.189 
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 Peak potential Ep shifts towards higher potentials with the increase of scan rate in 

an irreversible process 

Ep =E0 + 2.303RT/αnF* log RTk0 /αnF + 2.303RT/αnF *logv   (2.8) 

where  is the transfer coefficient, E° = formal potential (V), ν = scan rate (V/s), ko 

(cm/s) = standard heterogeneous rate constant D = diffusion coefficient (cm2/s), 

 Due to slower electron transfer rate, applied voltage is unable to generate 

equilibrium concentration at the electrode surface according to Nernst equation. 

 Peak width of irreversible process is expressed as; 

Ep – Ep/2 = 1.857RT/αnF        (2.9) 

 Peak potential varies with the scan rate according to the equation 

Ip = (2.99 × 105) α1/2n3/2 A CD1/2 ν1/2     (2.10) 

αnα = 47.7/Ep- Ep1/2        (2.11) 

 The expression for heterogeneous rate constant for irreversible reaction is given 

by the following expression: 

Ip =   nFA Co*ksh         (2.12) 

ksh indicates the standard heterogeneous rate constant and its value is <10-5 cm/s for 

irreversible reaction. 

2.1.3. Quasi-reversible Processes   

Quasi-reversible systems are transitional between the irreversible and reversible 

systems. In this type of system, rates of charge transfer and mass transfer are 

competitive and comparable. Peaks can appear in a reverse scan but having less 

intensity as compared to the forward scan.190, 191 They are characterized as; 

 Peak separation increases with the increase of scan rate and its value must be 

greater than 60 mV 

 Ep – E p/2  values fall in the range of  60-100 mV 

 Ep shifts cathodically with the increase of  scan rate  
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 The values of ksh must be in the range of  101 to 105 for quasi-reversible process 

 The current is regulated by charge transfer as well as mass transport kinetics 

Fig. 2.2. shows the comparison of the electron transfer processes. 

 

Fig. 2.2. Comparison of CVs for reversible, quasi-reversible and irreversible electron 

transfer processes [Reprinted with permission from185]. 

2.2. Pulse Voltammetry 

Pulse voltammetric techniques are very effective and vastly used for electranalytical 

applications owing to their higher sensitivity and reduced contributions of capacitive 

current.192, 193 The capacitive current Ic with respect to applied potential (E) is given by the 

following equation. 

Ic=E / Rs e
-t / R

s
C

d         (2.13) 

where Cd is the capacitance of the working electrode, Rs is the solution resistance, t is the 

time. Therefore, Ic is decaying exponentially with respect to time and the Faradaic current 

is related to time, as in Cottrell equation (2.14). 

I(𝑡) = 𝑛𝐹𝐴𝑐√𝐷/√𝜋𝑡        (2.14) 
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The pulse technique was developed on the basis of difference of  rate of decay of Faradaic 

and charging current as shown in Fig. 2.3.  

 

Fig. 2.3. Variation of Faradaic and capacitive currents with time [Reprinted with 

permission from185]. 

2.2.1. Differential Pulse Voltammetry (DPV) 

In DPV, application of staircase potential pulse with superimposed rectangular pulse of 

constant amplitude is applied to the WE in a periodic manner as shown in Fig. 2.4. 

Current (I) is measured twice that is before and immediately after the applied pulse, so 

that charging current could decay within this time. Differential pulse voltammogram is 

recorded as a result of the plot of differential current (Ib – If) vs potential. Ip is 

proportional to the concentration of the analyte.193,194 Every specie can be characterized 

by a specific peak potential and its value is correlated with half wave potential as, 

Ep = E1/2 - ∆E/2        (2.15) 

a) Advantages of DPV  

Half peak width formula is used to calculate number of electrons taking place in redox 

reactions. 

W1/2 = 3.52RT/nF         (2.16) 
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This technique is associated with improved peak resolution, higher sensitivity as the 

capacitive current contribution is negligible.  

 

Fig. 2.4. DPV profile with inset showing current response as a function of potential 

[Reprinted with permission from185]. 

2.2.2. Square Wave Voltammetry (SWV) 

In SWV, pulse consists of regular square waves which are superimposed on the stair case 

potential with comparatively larger amplitude as shown in Fig. 2.5. For the period of 

each SWV, current is measured twice, at the end of forward pulse and at the end of 

reverse pulse. A square wave voltammogram is obtained from the plot of current 

difference (Ib-If) against the potential (V).195-198 

a) Advantages of Square Wave Voltammetry 

High sensitivity, negligible background current, fast speed of electro-analysis and 

suitable for the evaluation of kinetic parameters and mechanistic information of the 

electrode processes. The sensitivity and affectability of SWV are utilized in the 

identification of food contaminants and to determine the toxic contaminants in water. 

Other SWV advantages are to investigate the mechanism of various enzymatic reactions 

and suggesting the methodology to improve the catalyst surface utilized in sensors and 

energy applications. Consequently, the SWV is an advanced technique in the production 
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of analytic gadgets for monitoring environmental and food toxins with high selectivity 

and sensitivity.197-198 

.  

Fig. 2.5. Potential (E) profile of SWV with inset of current vs. potential curve [Reprinted 

with permission from185]. 

2.3. Stripping techniques 

Stripping techniques principally involve two steps; 

a) Preconcentration 

The characteristic feature of stripping analysis is the preconcentration step. Owing to 

this feature, stripping techniques have quite lower limits of detection than any other 

electroanalytical techniques. The presence of this crucial step makes stripping analysis 

exceptionally sensitive and selective. Analyte is deposited on the WE either by 

controlled potential or through open circuit phase during time t.199 

b) Stripping 

Stripping is the second step in which, accumulated specie may oxidize into the solution 

by applying potential scan and the resultant peak current (Ip) relates to the concentration 

of analyte. During stripping step any form of potential waveform can be used (stair case, 
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square wave, linear sweep, or differential pulse). Moreover, combination of these two 

steps generate favorable signal to noise ratio. Mostly square wave and differential pulse 

are used for stripping technique. Types of stripping analysis are cathodic stripping 

voltammetry (CSV), adsorptive stripping voltammetry (AdSV), anodic stripping 

voltammetry (ASV) and potentiometric stripping voltammetry (PSV). 

2.3.1. Anodic stripping voltammetry (ASV) 

ASV involves the stripping of accumulated specie during the potential scan which is 

previously adsorbed on the electrode surface either by reduction of analyte or by 

adsorption as shown in Fig 2.5.200 Working electrodes which are extensively used for 

this technique are mercury (amalgam), glassy carbon or modified carbon electrodes. The 

first step is the metal ions reduction or preconcentration step that involves application of 

a more negative potential at least 0.4 V, greater than the standard redox potential of the 

electro-reduced specie.201, 202 

Mn++𝑛𝑒-+𝐻𝑔  → 𝑀(𝐻𝑔)        (2.17) 

Deposition step is controlled by mass transport step so it can be facilitated by stirring, 

flow or rotation. Deposition step is followed by relaxation period (10-15s) which is for 

system equilibration. In stripping step, potential-time waveform pulse is applied in the 

positive scan and the measured current as a result of stripping of reduced metal ions is 

proportional to the metal ions concentration. 

𝑀(𝐻𝑔) → Mn++𝑛𝑒-+𝑠𝐻𝑔          (2.18) 

Furthermore, this technique offers wide linear concentration range and detection of 

picomolar concentration of the analytes including heavy metal ions.  
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Fig 2.6. Steps of Anodic Stripping Voltammetry. 

2.4. Electrochemical Impedance Spectroscopy (EIS) 

Impedance is the measure of the resistance (Z) offered by a system in response of applied 

potential (E).203, 204 The system responds in the form of sinusoidal current corresponding 

to sinusoidal potential. In EIS, an alternating potential of amplitude V0 with a wider range 

of an angular frequency (ω) applied to the WE. The progression of this signal with time 

looks like the red curve depicted in Fig. 2.7.204 The measured current is the sum of 

alternating current I0 and the constant background current Ic. Moreover, current signal is 

followed by the potential signal at the same frequency with a displacement of phase angle 

shown by blue curve in Fig.2.7. Frequency Response Analyzer (FRA) and AC bridge 

techniques are frequently used for determining impedance.185 The variation of the phase 

angle and modulus in the frequency spectra are used for evaluating the imaginary Zim 

impedance and real Zreal. 
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Fig. 2.7. Illustration of the alternating potential (V) signal and response of current (I) 

during EIS [Reprinted with permission from185]. 

As resistance R and impedance Z, both offer hindrance to the flow of current, but 

resistance (R) follows Ohm's law which is independent of frequency. Impedance 

contains circuit elements which are capacitors, inductors and resistor with much more 

complex behavior that involves in hindrance to the flow of current in AC circuits. It is 

represented by the equations,205, 206 

𝑍 = 𝐸/𝐼 = 𝑍˳ exp (iϕ)  (2.19) 

Z = 𝑍˳ (cos ϕ + i sin ϕ)     (2.20) 

EIS gives kinetics as well as mechanistic informations.207 Solution resistance Rs and 

charge transfer resistance (Rct) can be calculated from EIS data plotted as Nyquist plots. 

The Rct for the process is given by; 

𝑅𝑐𝑡 =  
𝑅𝑇

𝑛𝐹𝐼˳
      (2.21) 

The elements capacitors, resistor and inductors can be organized in multiple ways to 

build electrical circuits. In order to elucidate the physical phenomena of the systems, 

circuit topology or softwares are used to fit the experimental data. The circuit used to fit 

the data is known as equivalent circuit. Each element of equivalent circuit has a definite 

physical meaning and corresponds to specific activity of an electrochemical system.208 

Moreover, equivalent circuits help in interpreting the impedance data and can be used 

for deriving mechanistic information from the fitted circuit model. Different forms of 
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circuit models have been used in estimation of impedance parameters but, the most 

frequently used and simple one is Randles circuit. It gives information about the physical 

phenomena of the cell via arrangement of circuit components as shown in Fig 2.8 that 

connects solution resistance (Rs) to the double layer capacitance Cdl .and polarization 

layer. 

 

Fig.2.8. Randles Circuit.208 

Nyquist plot is obtained by plotting the frequency dependent imaginary impedance 

component Zim against the real impedance component Zre. It consists of two parts; a 

semicircular region that corresponds to charge transfer limited process at higher 

frequencies and a linear portion at lower frequencies that relatesto the diffusional-limited 

process. Semicircle is correspondent to the charge transfer resistance. A large semicircle 

diameter is indicative of slow electron transfer process with high charge transfer 

resistance.206
 

Fig. 2.9 (a) shows the schematics of an electrode-electrolyte system with ionic species 

dissolved in the solution.185 The ionic double layer at the interface acts as a capacitor 

represented as Cdl. Electron transfer process occurs between the surface of electrode and 

redox species, which can be related with Rct. At the same interface, both current-

transferring processes may alternatively occur which is represented in the Randles 

equivalent circuit by positioning Rct parallel to Cdl. Diffusion of redox active species takes 

place besides the charge transfer and the process is reflected by Warburg impedance W. 

Rs is the resistance offered by the electrolyte solution. The resulting frequency-dependent 

impedance response of the Fig 2.9 a is depicted as Nyquist Plot in Fig. 2.9 (b).185 The 

charging of the capacitor cannot be possible due to high-speed sinusoidal voltage cycles 

at the higher frequency region. Hence, only Rs with real magnitude is contributed to the 
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impedance with zero phase angle as in region I. The double layer starts charging, as the 

frequency is decreased, contributing an additional imaginary impedance Zim to the flow of 

current which is parallel to the Rs. The shift of the phase angle can be observed in region 

II. The frequency which corresponds to the maximum Zim allows the quantification of the 

double layer capacitance Cdl by ω = CdlRct. Further decrease in the frequency of the 

sinusoidal voltage perturbation induces partial charging of double layer and hence leads to 

blocking of the alternating current flow. Therefore, impedance response is the sum of the 

Rs and Rct real impedances in region III. Finally, Warburg impedance (Zw) and related 

diffusion phenomena are observed at the lower frequency region. Zw starts contributing to 

the total impedance in this region (region IV), as the potentiostatic conditions are favorable 

for the consumption of the active redox species occur at the surface of electrode. In the 

Nyquist plot, Zw is categorized by a 45⁰ line as shown in region IV.185 

Electrochemical impedance spectroscopy has been extensively utilized for characterizing 

electrochemical system such as batteries, electrodeposition, fuel cells and in corrosion. 

Impedance techniques are quite impressive in describing physicochemical processes and 

characterize the processes with the time for sampling mass transfer rate at lower frequency 

and electron transfer rate at higher frequency. Impedance techniques have been extensively 

utilized  in the field of electrochemical sensors as this technique sense Rct and Cdl with 

several recognition agents. EIS is mainly promising for portable and implantable 

applications.205-207 

2.5. Chronocoulometry (CC) 

Chronocoulometry is a useful electroanalytical technique that is mainly used for the 

determination of effective area of electrode surface, diffusion coefficients, amount of 

charge adsorbed, kinetics of ET reactions and detection of the adsorbed species present on 

the surface of electrode. In CC, the working electrode is subjected initially to a potential 

step Ei as there is no Faradaic current flow at Ei and after that instantaneous change of 

potential from Ei to E1 causes the reaction of almost all of the redox active species present 

on the surface of electrode. In CC, the working electrode is subjected initially to a potential 

step Ei as there is no Faradaic current flow at Ei and after that instantaneous change of 

potential from Ei to E1 causes the reaction of almost all of the redox active species present 

at the surface of electrode. Because of this electrochemical reaction, charge consumed (Q) 

in redox process can be measured as a function of time.209, 210 
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Fig.2.9. a) Schematics of the processes and interfaces for the interpretation of EIS 

b) Regions of the Nyquist plot [Reprinted with permission from185]. 

CC is particularly useful for exploring the behavior of adsorbed species on the surface of 

electrode. It allows to differentiate the charge owing to electrolysis of adsorbed species 

from that of the charge contributed by electrolysis of species present in a solution. CC 

curve shown in Fig 2.10 indicates that electroactive species present in solution take time 

to diffuse from the electrode surface. Therefore, at t=0 the charge measurement is only 

due to double layer charging. Whereas, those reactions in which electroactive species may 

adsorb on the surface of electrode, even at t=0, produce a huge amount of charge at the 

surface of electrode in response to applied potential at the initial phase of the EIS 
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experiment.211 Therefore, adsorbed species are instantly electrolyzed, while those species 

present in a solution normally take some time in order to respond to a potential step.212, 213 

Accordingly, the total charge (Qtotal) that flows during time in response of applied potential 

step is contributed by three different factors.  

 Charge due to double layer charging or capacitive current (Qdl ) 

 Electrolysis of redox active species adsorbed on the electrode surface (Qads) 

 Electrolysis of electroactive species diffusing to the electrode (Qdiff) 

In CC, the charge at time (t) can be measured by simple integrated Cottrell equation, also 

known as Anson equation.  

Qtotal = Qdiff + Q
ads

+ Qdl  (2.22) 

Qads = nFAΓ  (2.23) 

Qtotal = 2nFAD1/C2t1/2 + nFAΓ + Qdl   (2.24) 

Here Γ(mol/cm2) represents amount of analyte adsorbed per unit area. While all other 

symbols have their usual significance. 

 

Fig. 2.10. Typical CC recorded for A (blank solution), B (system exhibiting diffusive 

properties (non-adsorbed analyte), C (system with adsorption effects). 

Anson plot shown in Fig 2.11 has a slope equivalent to Qdiff  In addition, slope and intercept 

of the Anson plot can be useful for the determination of parameters such as amount of the 

adsorbed analyte (Γ), diffusion coefficient (D) and area of electrode surface (A). The 
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quantity of adsorbed analyte can be measured form y-intercept of Anson plot which is the 

sum of Qads and Qdl. The value of Qdl is obtained from the CC of only blank / supporting 

electrolyte solution.213 The y-intercept of Anson plot of the blank solution corresponds to 

the value of Qdl. This value is subtracted from the y-intercept of Anson plot to get Qads. 

y-intercept of analyte solution – y-intercept of blank (electrolyte) = Qads = nFAΓ  (2.25) 

Γ can be determined from the above equation. Putting its value in equation 2.26, area of a 

single molecule can be obtained.  

Area occupied by a single molecule= 1016/Nav Γ     (2.26) 

 

Fig. 2.11. Anson plots for A (blank/supporting electrolyte solution), B(non-adsorbed 

species), C (adsorbed species). 

2.6. Bulk electrolysis (BE) 

Electrochemical synthesis and consequently greater amounts of the product P, through the 

electrode driven process R →P+ ne- requires bulk electrolysis of a redox active material R 

at a large-sized working electrodes.211 Thus, BE is a valuable and convenient technique 

for a large-scale synthesis. Moreover, it is extensively used for synthesis of metals such as 

Zn, Al and Cu. The BE can either be applied in galvanostatic mode or potentiostatic mode. 

In a controlled potential electrolysis (CPE), the WE is subjected to a constant potential till 

the bulk solution is thoroughly electrolyzed. The potential for electrolysis is carefully 
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selected for BE such as, applied potential must be more positive than the E1/2 value of an 

electroactive species being oxidized, and the applied potential should be more negative 

than the E1/2 value of the electroactive species being reduced. 

In a galvanostatic or constant current experiment, as the name indicates, the constant 

current is maintained for a given time. In a coulometry or probably in BE, the current 

passed at time (t) is integrated by coulometer or an electronic integrator to obtain the 

charge (Q). According to Faraday’s law, the quantity of charge coulombs or electricity 

passed is proportional to the amount (equivalents) of chemical reaction occurring at the 

electrode.214  

𝑄 = ∫ 𝐼 𝑑𝑡 = (𝐹
𝑡

0
) equivalents      (2.27) 

Thus, Q is the number of coulombs or charge passed during the electrolysis, as expressed 

by the equation  

Q = nFN         (2.28) 

where n is the number of transferred electrons per ion that is undergoing electrolysis, N is 

the number of moles, F = Faraday’s constant. For a process, A →B+ ne-, the equation 2.28 

can be utilized to calculate the number of moles or the concentration of species A, if n and 

the solution volume are known. Current (I) is directly related to the concentration of redox 

active species for the process i.e. A →B+ ne- under the conditions that there is an 

insignificantly small background current under uniform and significant mass transport 

conditions during BE experiment.  In principle, there is an exponential relationship of the 

decay of current with time t in a BE experiment and the curves of charge vs time and 

current vs time are shown in Fig.2.12. There are three major alterations between a cell 

specially designed for BE and a voltammetric cell which are correlated to stirring, area of 

electrode, and separation of electrode. In voltammetric experiment, small area of WE is 

required, as only a small portion of the electroactive species are electrolyzed. Moreover, 

the solution does not need to be stirred. In converse, BE experiment, large-surface-area of 

WE is required because of the need of rapid electrolysis and therefore the solution also 

needs to be stirred during the course of experiment.211 

If a high current is produced at the working electrode, then a large area of counter electrode 

is required. The comparative positions of the counter and WE need to be carefully set as 
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competent electrolysis should have a uniform current density (J) on the WE. Electrolysis 

occurs at counter electrodes during any electrochemical experiment but in voltammetry, 

the experiment span is very short to avoid the diffusion of the products at the counter 

electrode towards the WE. The CE should be separated from the WE so that current could 

pass between these two electrodes (WE and CE) without any substantial product diffusion 

or convection between these two electrodes. An ion-conducting membrane or a glass frit 

is extensively used to separate the counter electrode.215 
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Fig. 2.12 (a) Plot of Faradaic current vs time and (b) Plot of charge vs. time during CPE 

experiments. 

2.7. Physical Characterization Methods 

Electrocatalysts can be characterized by a number of techniques. Some of the useful 

techniques are discussed in the subsequent sections. 

2.7.1. Scanning Electron Microscopy (SEM) 

SEM is principally employed to characterize the surface phenomena of the desired 

materials. The samples are investigated shot via SEM using high energy electron beam. 

The outcoming X-rays/electrons beams give desirable information about morphology, 

topography, crystallography, orientation of grains, composition, etc. of a sample 

material.216 Morphology specifies the size and shape of a sample, while topography 

designates the surface texture i.e. roughness or smoothness of surface or structures of an 

object. Similarly, composition depicts elements that constitute the sample or a material, 

whereas crystallography refers to the arrangement of atoms in the crystal structure or a 

material.217 SEM can achieve a comprehensive visual image of a particle with a spatial 

resolution up to 1 nm. Sample magnifications by using SEM can encompass up to 300,000 
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times. SEM can be useful in characterizing magnetic, electrical and crystallographic 

features of the material. SEM possesses optical and an electronic system which contains 

electron gun, scanning coil, condenser lens, stigmator, objective lens, sample holder and 

detector as shown in Fig.2.13. 

 

Fig. 2.13. The external and internal configuration of SEM [Reprinted with 

permission from217]. 

In principle, the gun produces the electron beam which remains within a vacuum and 

follows a vertical path with the help of electromagnetic fields and lenses. The electron 

beam is directed to the specimen via objective lens. Then, the specific area of the sample 

surface is subjected to the focused beam which scans across the specimen surface via the 

deflector coils. These deflector coils are controlled by scan generator. Magnification 

overall controls the area of the scan sample. When the electron beam strikes the specimen, 

signals, i.e. emission of secondary electrons, X-rays, and backscattered electrons are 

generated from the specimen.217 These signals are collected and recorded by multiple 

detectors that convert them in to images. When the focused beam strikes the surface of the 

specimen, it penetrates up too few microns into the sample. However, the interaction is 

dependent on the accelerating voltage and the density of the specimen. The electron-

sample interaction produces signals which give information about the external 

morphology, crystalline structure and chemical composition of the material.217 
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2.7.2. X-ray Diffraction (XRD) 

XRD is a powerful technique that characterizes the crystalline phases of a variety of 

materials. X-rays are characterized of high energy photons or electromagnetic radiations 

with a wavelength ranging between 103 -101 nm. The X-rays are commonly produced by 

using synchrotron radiation sources, rotating anodes, or sealed tubes. X-ray 

diffractometers mainly contain three basic components: a sample holder, an X-ray tube 

and detector. Electrons are first generated by heating a source i.e. tungsten filament in a 

cathode ray tube (vacuum), then accelerated/bombarded via a high potential field towards 

the target materials, which then produce X-rays.218 The X-ray spectra are generated, when 

the incident electrons have enough energy to dislodge/eject electrons from the inner shells 

of the target materials. These spectra contain a few components with Ka and Kb  as the most 

common components as shown in Fig.2.14.  

The interaction of the incident rays or the electrons with the target sample generates 

diffracted rays according to Bragg’s law, 

nλ= 2dsinθ       (2.29) 

where λ is the wavelength of the emitted radiations (X-rays), n is an integer, d is the inter-

planar spacing producing the diffraction, and θ is the diffraction angle. XRD offers 

information about crystal orientations, phases and other structural parameters. The XRD 

peaks are generated, when constructive interference of a monochromatic radiation of X-

rays are scattered by a periodic lattice planes at a particular/specific angle in a target 

sample. The distribution or arrangement of atoms in a lattice determines the peak 

intensities. Therefore, the pattern of the XRD is exactly the fingerprint of the atomic 

arrangements in a target material. XRD is a convenient and non-destructive technique that 

helps in characterizing crystalline and amorphous materials.218 
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Fig. 2.14. Schematics of the atomic energy levels and emissions of characteristic X-ray 

radiations [Reprinted with permission from218]. 

2.8. Computational Studies 

Theoretical chemistry implies algorithms and computer software programs to predict 

physical and chemical properties. Computational chemistry is basically the implications 

of methodologies and computer programs towards the solution of complex chemical 

problems. Computational chemistry can be very useful to predict new reactions or 

molecules, which can be later confirmed experimentally and, the an important aspect of 

theoretical study is to use computer programs for making chemical predictions.219 It is used 

to complement experimental data. Computational chemistry incorporates various 

theoretical methods into well-organized computer programs for the calculation of the 

properties, structures, and the interactions of molecules. Classical/Molecular mechanics 

and quantum mechanics are the two main branches of computational chemistry.220 
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2.8.1. Molecular Mechanics (MM) 

Molecular mechanics or force field method is based on classical physics that uses potential 

energy expression as a function of atomic distance for the description of molecular 

properties such as intermolecular forces i.e. hydrogen bonding and Van der Waals 

interaction and energy related to rotation, stretching and bending. Though some limitations 

are associated with this method such as its dependency on empirical embedded force-field 

method and requirement of experimental or ab initio data to calculate the parameters,220 

but still this method can handle systems containing ~109 atoms.  

2.8.2. Quantum Mechanics 

Quantum mechanics (QM) uses the Schrödinger equation for the molecular systems. The 

main postulate of QM is that the wave functions possess all possible informations about 

molecules. Therefore, by QM methods all the informations about a molecular system can 

be extracted. Computational quantum mechanics is classified into ab initio, semi-empirical 

and density functional theory (DFT).221 In Ab initio method molecular structures can be 

designed using Schrodinger equation. This method includes approaches such as 

configuration interaction (CI), Hartree-Fock (HF), coupled-cluster (CC) etc. This method 

can be useful for large number of molecules without any requirement of any experimental 

data.222 In contrast semi-empirical methods deal with medium size systems involving 

electronic transitions. These methods consist of AM1, MNDO, and many others.223 While 

DFT is more efficient than ab-initio, in which the calculations of energy is based on total 

electron density rather than single wave function. Some of the DFT methods may require 

empirical parameterization. DFT methods are generally employed in software such as 

SIESTA, Gaussian, VASP, ADF etc. Amsterdam Density Functional (ADF) is a Fortran 

based program, which is extensively used in the fields such as, crystallography, 

thermochemistry, organic chemistry, pharmacy and molecular spectroscopy. Density-

Functional based Tight-Binding (DFTB) method is generally useful to investigate the 

interaction study of different molecules or complexes. This method offers to perform 

calculations on large systems over longer time period. Long-range interactions are 

designated with third order and empirical dispersion corrections.224, 225 DFTB method is 

useful for the calculations of analyte and modifier interactions. It considers different 

possible arrangements of the analye-modifier complex and then performs geometry 

optimization calculations. Following the geometry optimization, binding parameters can 
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be calculated with high accuracy. The interaction energy Eint of an analyte with a modifier 

is a crucial parameter to quantify the analyte detection ability of the sensor.226 Therefore, 

DFTB method was employed to investigate the extent of interaction by calculating the Eint 

between the modifier and analytes (heavy metal ions and drugs) in the present work. 
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Experimental   

This chapter gives details of the materials synthesized and utilized in this research work. 

It provides a general protocol for the study of CO2 reduction reaction and preparation of 

modified electrodes for the analysis of analytes. Specifications of the instruments 

employed throughout this study are also presented. 

3.1 Instrumentation  

Metal ions detection studies were carried out on AUTOLAB-PGSTAT100N (Eco Chemie, 

Utrecht, The Netherlands). Voltammetric analysis of the drugs was performed by using 

PalmSens Trace 4. Electrochemical impedance spectroscopic (EIS) studies were also 

performed by these instruments (see Fig. 3.1). All the electrochemical experiments were 

conducted by using three-electrode system consisting of a working, a counter and a 

reference electrode.  

 

 

Fig. 3.1.a) AUTOLAB-PGSTAT100N b) PalmSens 4. 

3.1.1. Electrochemical Setup 

Experiments were carried out in an electrochemical cell, model K64 PARC. Top to the 

cell cap 4-5 14/20 standard taper ports are present for the insertion of electrodes (CE, 

WE and RE) and inlet of inert gas as shown in Fig.3.2. The cell is associated to 

thermostat, model LAUDA K-4R through side opening for keeping a fixed temperature 

throughout the measurements. The volume capacity of electrochemical cell is 10 mL. 

Silver Chloride (Ag/AgCl) enclosed in saturated 3M KCl was used as a reference 
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electrode. Platinum electrode was used as a counter/ auxiliary electrode. Bare and 

modified glassy carbon electrodes were employed as working electrodes. 

 

Fig. 3.2. A conventional electrochemical cell setup. 

3.2. Instruments for SEM, XRD, GC and NMR characterization  

SEM was utilized to analyze the surface morphology of the fabricated and unmodified 

electrodes. Scanning electron microscopic images were obtained using ZEISS EVO 40 as 

shown in Fig.3.3. For analysis of morphology of nanoparticles XRD technique was 

employed using Bruker D8 ADVANCED power diffractometer with source Cu Kα 

radiation (λ = 0.154 nm).  

 
Fig. 3.3. ZEISS EVO 40 (Merlin, Carl Zeiss). 
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For the product analysis of CO2RR gas chromatography (GC) and NMR techniques were 

used. A gas chromatography system equipped with (5) HP-plot molecular sieve column 

along with TCD (thermal conductivity detector) was used for H2 detection. An Agilent 

(7820 A) GC system equipped with non-polar HP-5 column and FID (flame ionization 

detector) was used for ethylene detection. Columns mainly of 30 m and     24 m lengths 

with N2 carrier gas were used for detecting ethylene and H2 respectively. The liquid 

products were quantified by 1H NMR spectroscopy using the instrument Bruker 

DRX400 NMR at a specific frequency of 400 MHz. running with topspin software 2.1 

(Fig.3.4).  

 

Fig. 3.4. Bruker DRX400.2 MHz NMR instrument. 

3.3. Chemicals 

The chemicals used for electrochemical detection can be classified as  

 Solvents and Supporting Electrolytes 

 Modifiers (surfactant and nanoparticles) 

 Analytes (toxic heavy metal ions and drugs) 

3.3.1. Solvent and Supporting Electrolytes 

Analytical grade potassium thiocynate, lauryl chloride, and 2, 4-dinitroanaline obtained 

from Sigma Aldrich were used for the synthesis of 1-(2, 4-dinitrophenyl)-
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dodecanoylthiourea (DAN). The analytes mercuric chloride, cadmium chloride and lead 

chloride were also purchased from Sigma Aldrich. A 2 mM stock solution of DAN was 

prepared in ultra-pure water. For the selection of best supporting electrolyte and inti-

interference studies analytical grade H3BO3, KCl, HCl, NaOH, BRB (Brinton Robinson 

Buffer) solution, potassium phosphate, phosphoric acid, acetate, acetic acid, sulphuric 

acid, glucose, dopamine, ascorbic acid, sucrose, potassium carbonates, uric acid, 

bicarbonates were used. AuNPs was purchased from DropSens Metrohm, Turkey. The 

platinum nanoparticles with 3 nm particle size were purchased from Sigma-Aldrich. Ultra-

pure water was used to prepare the solutions. Analytical grade zinc acetate, triton X-100 

and ammonium carbonate (NH4)2CO3) were used for the synthesis of ZnO nanoparticles. 

The drug free synthetic human serum was purchased from Sigma-Aldrich. Supporting 

electrolytes were used to enhance the conductivity of the analyte, reduce the effect of 

migration current and maintain the pH. All buffer solutions were made in ultrapure water. 

3.3.2. Analytes 

Analytes which were investigated at the surfactant based nanosensors in the proposed 

work include Hg2+, Cd2+, Pb2+, tropisetron (TRP), oxoplatinium (OXP) and esmolol 

(ESM). These drugs were purchased from pharmaceutical company Eczacıbaşı (Ankara, 

Turkey). 

3.3.3. Electrode Modifiers 

The modifiers 1-cyclohexyl-3- dodecanoylthiourea (CDT) and 1-dodecanoyl-3-

phenylthiourea (DPT) were used for the preparation of sensors used for the detection of 

heavy metal ions. Surfactants SDS and DAN along with nanoparticles Pt NPs, AuNPs and 

ZnO nanoparticles were used as a modifiers for drugs analysis. SDS, AuNPs and PtNPs 

were purchased from Sigma Aldrich, while DAN and ZnO were synthesized according to 

the following schemes 3.1 and 3.2 respectively. The modifiers used for drugs 

investigation are listed in Table 3.1. 

C11H23

Cl

O

KSCN

C6H3(NO2)2NH2

N
H

S

N
H

C11H23

O

-KCl

NO2

NO2  
Scheme 3.1. Synthesis of 1-(2,4-dinitrophenyl)-dodecanoyl thiourea (DAN). 
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Scheme. 3.2. Synthesis of ZnO nanoparticles.227 

Table. 3.1. List of investigated drugs and electrode modifiers. 

No. Name Symbol Recognition Layer 

1. Esmolol ESM SDS/Pt/GCE 

2. Tropisetron TRP DAN/ZnO/SPE 

3. Oxoplatinium OXP DAN/AuNPs/GCE 

3.4. Electrochemical sensors development 

3.4.1. Schematics of electrochemical sensors for HMs detection 

Prior to every experiment, the surface of GCE was polished by rubbing it over a buffing 

pad having 1 mm particle size diamond powder and then followed by rinsing with a jet 

of doubly distilled water. The thiourea based surfactant was immobilized on the surface 

of glassy carbon electrode. For immobilization, a 10 micro liter solution of known 

concentration of surfactant was taken in a micropipette and its droplet was placed over 

the surface of electrode followed by drying the droplet in a desiccator. The surfactant 

coated electrode was then slowly washed with doubly distilled water to take away any 

loosely attached surfactant molecules. The modified electrode was then placed into the 

solution of target metal ions in an electrochemical cell, followed by electrochemical 

investigation. To avoid the diffusion of atmospheric oxygen into the solution of analytes, 

a constant flux of nitrogen was kept over the solution during all the voltammetric 

measurements. Negative deposition potential was applied in order to electroplate metal 

ions on the surface of electrode. After this treatment several anodic stripping square 
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wave voltammetric scans were run and the current was measured during the stripping 

steps. For comparison with modified electrode, electroplating and stripping analysis 

were also performed over bare GCE as shown in Scheme.3.3.168 

 

 

Scheme 3.3. Development of surfactant based electrochemical sensor. 

3.4.2. Schematics of electrochemical sensors for drugs analysis 

Prior to the use of GCE, its surface was polished by using alumina powder and after that 

the surface was thoroughly rinsed by doubly distilled water. A known solution of SDS/Pt 

was immobilized on the GCE surface. For this purpose, a 10 micro liter solution of known 

concentration of surfactant and Pt nanoparticles was taken in a micropipette and its droplet 

was placed over the surface of electrode followed by drying the droplet using a dryer. The 

fabricated electrode was then slowly washed with doubly distilled water to remove roughly 

attached molecules. The fabricated electrode was then placed in an electrochemical cell 

containing ESM solution, followed by electrochemical investigation.167 The preparation 

and working of modified electrode can be seen in Scheme 3.4.  

 

Scheme 3.4.  Development of surfactant coated nanoparticles sensor for the detection 

of ESM. 
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3.4.3. Preparation of modified DAN/ZnO/SPE 

Screen printed electrode (SPE) was rinsed by doubly distilled water. A known solution of 

ZnO/DAN was immobilized on the surface. For this purpose, a 10 micro litre solution of 

known concentration of DAN and ZnO nanoparticles was taken in a micropipette and its 

droplet was placed over the surface of electrode followed by drying the droplet using a 

dryer. The TRP solution of known concentration was dropped on to the modified SPE 

followed by an electrochemical study.  

3.5. Real sample analysis of drugs 

The SWASV was performed for the determination of ESM, TRP and OXP in synthetic 

serum sample. About 300 µL of serum sample was added in acetonitrile under optimum 

pH in centrifuged tubes and centrifuge at 3500 rpm for 35 min. Here, acetonitrile used as 

a precipitating agent for residues of protein. After centrifugation, the clear solution was 

subjected to electrochemical analysis. The calibration plot for drugs in synthetic serum 

samples was also obtained by using standard addition method to know the reliability and 

sensitivity of sensor in synthetic serum. For recovery studies, a known amount of drugs 

solution was added into the serum and then followed by five parallel measurements. The 

interference study was also performed to consider the effects of different excipient in 

dosage form of ESM, TRP and OXP.  

3.6. Computational details 

In the theoretical study, ADF software was used to study interaction between the modifiers 

and analytes. DFTB/B3LYP basis set was employed for all the theoretical calculation. 

Prior to the binding energy study, all the structures were geometry optimized. DFTB single 

point energy was performed after geometry optimization to calculate the interaction energy 

between modifier and analyte.167 

3.7. Modified electrodes for the reduction of CO2 (CO2RR) 

3.7.1 Chemicals 

Copper acetyl acetone (99.99%), triton X-100 (99.0%), ammonium carbonate, D2O (99.9 

% purity) and NaOH were bought from Sigma-Aldrich; sodium bicarbonate (ACS grade), 

Potassium bicarbonate, acetone (99.9%) and dimethyl sulfoxide (99.9%) were purchased 
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from Merck. Nitrogen (99.9%) and carbon dioxide (>99.9%) gases were obtained from 

Air Liquide, Australia. High purity water was used for all the aqueous sample preparations. 

3.7.2. Preparation of CuO nanoparticles 

CuO nanoparticles was synthesized by co-precipitation method shown in Scheme.3.5.227 

  

Scheme 3.5. Schematics of the synthesis of CuO. 

3.7.3. Preparation of glassy carbon plate/electrodes 

Prior to the experiments, glassy carbon electrode/plate was polished with alumina powder 

and then washed with doubly distilled water and then followed by drying under a stream 

of N2. The GCE used for voltammetric experiments had an area of 0.07 cm2, while for the 

Bulk Electrolysis (BE) experiments the glassy carbon plate with a geometric area of 1 cm2 

was used. 

3.7.4. Electrochemical instrumentation and procedures 

The experiments were carried out in a three-electrode system at a CHI700D 

electrochemical workstation. The CuO derived Cu coated carbon plate electrode was using 

as a WE (cathode), Pt plate as an anode and Ag/AgCl (3M KCl) as the RE and converted 

to RHE scale. 

E (vs. RHE) = E (vs. Ag/AgCl) + 0.199 V + 0.0586 V × pH. 

B.E was performed in a two-compartment gas tight H-shaped cell under a CO2 atmosphere 

with the cathodic and anodic compartments and they are separated by a porous glass frit 

as in Fig.3.5. Prior to electrolysis, CO2 gas of high purity was saturated the solution for 

almost 20 min in a H-cell, which was tightly sealed with a rubber stopper. 
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Fig.3.5. H-cell for CO2 reduction reaction. 
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Results and Discussion  

This chapter includes description of the results obtained on modified electrodes for the 

electroanalysis of target analytes and electrochemical reduction of carbondioxide. The 

details are presented in the subsequent sections: 

4.1.CDTGCE for detection of Hg2+ and Cd2+ 

The designed sensors represented as; CDT/GCE was subjected to detect toxic HMs i.e. 

Hg2+ and Cd 2+ simultaneously. Experimental conditions were optimized for getting the 

best electrochemical response. The designed sensors were also successfully applied for the 

detection of the HMs in real water samples. 

4.1.1. Electrochemical impedance spectroscopy (EIS) and Choronocoulometry (CC) 

Electrochemical impedance spectroscopy was employed for probing the charge 

transduction ability of the designed electrochemical sensor as shown in Fig. 4.1.A. The 

charge transfer resistance at the unmodified glassy carbon electrode was found greater for 

[Fe (CN) 6]
4-/3- as compared to CDT modified GCE. This EIS result ensures higher 

electrical conductivity and heterogeneous electron transfer kinetics at CDT modified 

electrode compared to bare GCE. A double step choronocoulometry experiment was also 

carried out for 2 mM solution of cadmium and mercuric ions (see Fig.4.1. B) and several 

useful parameters were calculated using the following form of Anson equation.  

Q = 2nFACD1/2π−1/2t1/2  + nFAГ0  +  Qdl … … … … … … … … … … … … (4.1) 

Where Q represents total charge, n the number of electrons transferred per molecule, F the 

Faraday constant, C the concentration of analyte, D the diffusion coefficient, t the time, A 

the area of the electrode, Г0 the surface concentration of adsorbed species and Qdl the 

charge of the electrical double layer. The parameters calculated from chronocoulometry 

are listed in Table 4.1. An observation of the data reveal that the surface area, diffusion 

coefficient and surface coverage values of CDTGCE are higher than the unmodified GCE 
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electrode due to increase in charge density and charge transfer of electrons on the surface 

of CDT modified GCE.228 

 
Fig.4.1. (A). Nyquist plot showing impedance response at a bare and CDT modified 

glassy carbon electrodes in a 5 mM K3Fe(CN)6 solution, frequency range is from 

1 Hz to 14 kHz. (B). Chronocoulometry of bare and CDT modified GCE in a 2 

mM solution of mercuric and cadmium ions. 

 

0.0 5.0 10.0 15.0 20.0

0

2

4

6

 

 

 

 

-Z
"
(k
Ω
cm

-2
)

Z'(kΩcm
-2
)

Un modified GCE

 CDT modified GCE

(A)

0 50 100 150 200 250 300
0

2000

4000

6000

8000

10000

Q
 (
µ

C
)

 

 

 CDT modified GCE

 unmodified GCE

t (s)

(B)



 

55 
 

Table 4.1. Parameters obtained from chronocoulometry using GCE and CDTGCE. 

4.1.2. Testing the Performance of CDTGCE by CV and DPV 

Cyclic voltammetry was carried out to test the electrochemical response of the modified 

and unmodified GCE for the redox behavior of cadmium and mercuric ions. The 

voltammograms shown in Fig. 4.2. demonstrate intense current signals of the analytes on 

modified GCE as compared to bare GCE. Thus, CDT modified GCE is a sensitive platform 

for the trace level detection of heavy metal ions. 
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Fig. 4.2. Cyclic voltammograms obtained at GCE and CDTGCE in a solution of 0.8 mM 

cadmium and 1.5 mM mercuric ions and at CDTGCE in solvent (water and BRB of pH 

7.0). 

Differential pulse voltammetry was performed in order to certify the electrocatalytic role 

of the modifier from the enhanced current signals of the analytes on CDT modified GCE. 

Electrode Area/cm2 

D/106 

(cm2 s1) 

Qads/104 

(C) 

Γ/108 

(mol cm2) 

Area occupied 

per molecule 

GCE 0.071 1.30 5.1 2.60 0.64 

CDTGCE 0.125 6.25 6.0 3.77 0.44 
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It can be seen from the differential pulse voltammograms shown in Fig.4.3 that the peak 

height of 1 mM solution of cadmium and mercuric ions at CDT GCE are almost 10 folds 

higher than bare GCE.  
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Fig.4.3. Differential pulse voltammograms of 1 mM Cd2 and Hg2 solution at a (A) bare 

GCE and (B) CDTGCE. (C) Blank DPV shows response of CDTGCE in BRB of pH 7.0 

containing no target analytes. 

4.1.3. Effect of amount of modifier CDT 

The influence of the amount of surfactant on peak current response of the analytes was 

also investigated. The magnitude of peak currents of the analytes was found directly 

proportional to the concentration of CDT until the saturation of the electrode surface as 

shown in Fig. 4.4 (A, B). The intensification of current signals of cadmium and mercuric 

ions with increase in CDT concentration can be related to the electrocatalytic role of 

CDT and increase in surface area of modified GCE. The maximum current values of 

Hg2+ and Cd2+ were observed at 1 mM (saturation point) concentration of CDT. After 

the saturation point, increase in concentration of surfactant led to the decrease in peak 

current intensity of the analytes which might be due to multilayer formation of CDT 

molecules over the surface of GCE that may cause passivation of the electrode and thus 

cause hindrance to the electron transfer process.59 
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Fig. 4.4. (A) Effect of concentrations of CDT on SWASV peak current of 100 µg/L of 

cadmium and mercury in HCl (B) Peak current of cadmium and mercury versus 

concentration of adsorbed surfactant (CDT). 
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4.1.4. Effect of scan rate 

The influence of scan rate on the peak currents of cadmium and mercuric ions was 

studied by cyclic voltammetry using CDT modified GCE Fig. 4.5 (A, B). The anodic peak 

current increased linearly with the increase of the square root of scan rate which suggests 

the diffusion-controlled nature of the oxidation processes of the analytes occurring at the 

surface of CDTGCE. The value of diffusion coefficient obtained using the Randles-Sevcik 

equation was concurrent with the values obtained from the Anson equation. 

𝐼𝑝 = (2.99 × 105)𝑛(𝛼𝑛)1/2𝐴𝐶𝐷1/2 1/2 … … … … … … … … … … … … … … ….   (4.2) 

Where n denotes the no. of electron participating in the redox reaction,   the scan rate,  

the charge transfer coefficient, A the surface area of the electrode and C the concentration 

of the analyte. The effective surface area of the unmodified and modified electrodes was 

estimated to be 0.071 cm2 and 0.135 cm2 respectively. The magnitude of D for cadmium 

and mercuric ions was calculated as 2.0× 106 and 7.3× 106 cm2 s-1 respectively.  

4.1.5. Effect of pH, supporting media & temperature 

Different functional groups are present in the chemical structure of surfactant and 

ionization of these groups in media of different pH may influence the metal ions binding 

ability of surfactant. So, cadmium and mercuric ions sensing ability of the CDT was 

examined in solution of different pH using differential pulse voltammetric technique. 

The maximum current response of cadmium and mercuric ions was observed at pH 4 

and pH 8 respectively as shown in Fig. 4.6 (A, B). The maximum peak currents under 

these conditions ensure the high metal ions complexation ability of CDT with cadmium 

and mercury. The decrease in current signals at higher pH conditions can be related to 

the formation of metallic hydoxides that may lower the accumulation level of metal ions 

at the electrode-electrolyte interface.229 
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Fig. 4.5. Cyclic voltammograms showing the effect of scan rate on 1 mM solution of (A) 

cadmium and (B) mercuric ions in BRB buffer of pH 7 using CDTGCE. 
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Fig. 4.6. (A) DPASV of 1 mM solution of cadmium ions using CDTGCE in BRB of 

different pH and (B) influence of pH on the peak current of 0.5 mM mercuric ions 

solution using CDTCE in BRB of pH 2-10 at accumulation time of 360 s and scan rate 

of 50 mV/s. 
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The effect of supporting electrolytes on the peak height of cadmium and mercury was 

quantified as shown in Fig. 4.7. Solutions of potassium chloride, hydrochloric acid, 

sulphuric acid, phosphoric acid, Brinton Robinson buffer of pH 7 and sodium hydroxide 

were used as supporting electrolytes. The results revealed that peak position, shape and 

height are greatly affected by the variation in supporting electrolyte. The maximum current 

intensity of the analytes was registered in solution of hydrochloric acid and thus this 

electrolyte was selected as the most suitable supporting electrolyte for the determination 

of cadmium and mercuric ions.  
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Fig. 4.7. Effect of various supporting electrolytes on the SWASV peak current of 

cadmium and mercuric ions using CDTGCE keeping accumulation time 120 s and scan 

rate of 50 mV/s. 

The effect of temperature on the peak current of the targeted metal ions was also 

investigated. Peak current was found to increase with the rise in temperature (Fig. 4.8). 

This effect can be attributed to the possible decrease in viscosity of the solution, thus 

leading to faster suppleness of the analyte with concomitant rapid electron transfer rate. 
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Fig.4.8. Effect of temperature on the SWASV response of cadmium and mercuric ions 

using CDTGCE. Scan rate for SWASV was kept 50 mV/s. 

4.1.6. Effect of accumulation time and interfering agents 

The effect of accumulation time on the electroreduction of cadmium and mercuric ions 

on the electrode surface was also explored as shown in Fig. 4.9. The intensification of 

peak currents as a function of time indicates the increase in accumulation of mercury 

and cadmium on CDT modified electrode surface up to 90 s and 120 s respectively. The 

decrease in peak height with further accumulation time points to saturation of the 

working electrode surface. Hence, 90 and 120s were selected as optimum accumulation 

times for mercury and cadmium respectively.  

The presence of other metal ions in real samples may influence the current signals of the 

analytes. Hence, the effect of interfering agents on the peak currents of cadmium and 

mercury was also investigated. In the present work, silver, copper, aluminum, lead, zinc 

and cobalt were studied as possible interfering species. It can be seen in Fig. 4.10. that 

the peak currents of mercury and cadmium exhibit only a slight variation in the presence 

of 2-fold higher concentration of interfering ions, thus, suggesting the selectivity of the 

developed electrochemical sensor for mercury and cadmium ions.230-235 
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Fig.4.9. Effect of accumulation time on the SWASV peak current of cadmium and 

mercuric ions solution using CDTGCE. Scan rate for SWASV was kept 50 mV/s. 
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Fig. 4.10. The effect of interfering agents on the SWASV peak current of the analytes 

using CDTGCE. 
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4.1.7. Analytical Characterization 

Analytical parameters of the CDT modified GCE for the detection of target metal ions 

were evaluated under optimum conditions (Fig. 4.11 A, C). Linear calibration curves of 

cadmium and mercury were obtained in the concentration ranges of 12 to 90 µg/L and 14-

156 µg/L with correlation coefficients of 0.998 and 0.994 respectively using HCl as a 

supporting electrolyte. The LOD was measured according to the given equation.236-238 

𝐿𝑂𝐷 =  (
3𝜎

𝑚
)        (

Where, is the standard deviation of the blank solution and m the slope of current versus 

concentration plot (Fig. 4.11 B, D). The standard deviation was determined based on the 

peak current of the blank solutions. The limits of detection of cadmium and mercury were 

found to be0.084 µg/L and 0.090 µg/L respectively which are quite below the maximum 

contamination  level of Cd2+ (0.005 mg/L) and Hg2+ (0.001 mg/L) proposed by WHO  and 

0.003 mg/L and 0.002 mg/L for the respective metal ions by EPA. The sensitivity of the 

proposed method was found to be 0.010 µAL/µg for cadmium and 0.034 µAL/µg for 

mercuric ions using square wave voltammetry.  

An observation of Table 4.2 reveals that compared to reported methods, our designed 

sensor holds great promise as a sensitive analytical tool for the trace level detection of 

cadmium and mercuric ions. 

4.1.8. Repeatability and Reproducibility of the proposed sensor 

Repeatability and Reproducibility of CDT/GCE was tested and the reasonable RSD values 

of intra- and inter analyse were achieved. For intra and inter-repeatability, three 

consecutive voltammetric response were recorded in three different concentrations of Cd2+ 

and Hg2+ with an average RSD value is less than 4 %. The reproducibility of the proposed 

method for the CDT/GCE was checked by preparing five modified GCE at different day 

with the same fabrication method. These findings indicate the nice reproducibility, 

repeatability and good stability of the modified GCE. 
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Fig.4.11. (A) SWASV obtained at CDTGCE in cadmium ions solution using HCl as 

supporting electrolyte by keeping accumulation time of 120 s and scan rate of 50 mV/s 

(B) Calibration curve of peak Current vs concentration of Cd2+. (C) SWASV of mercuric 

ions solution obtained at CDTGCE in  HCl as supporting electrolyte, keeping 

accumulation time of 90s and scan rate of 50 mV/s. (D) Calibration curve of peak 

Current vs concentration of Hg2+. 

In order to check the validity of the proposed method, known concentrations of cadmium 

and mercuric ions with added amount of HCl were used in test  sample solutions 

followed by the determination of percentage recoveries of the targeted metal ions using 

the direct calibration method. The recovery percentages of cadmium and mercury ions 

using CDT modified GCE in water samples are presented in Table 4.4. An examination 

of the data reveals that reasonable percentage recoveries with relative standard deviation 

of less than 4% are obtained, thus suggesting the practical applicability of the proposed 

method. 
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Table 4.2. Parameters obtained from the calibration plot of Cd2+ and Hg2+ by using 

CDTGCE. 

Parameters Cd2+ Hg2+ 

Linear range (µg/L) 12-90 14-156 

LOD (µg/L) 0.084 0.090 

LOQ(µg/L) 0.35 0.55 

Within-day precision (%RSD) 1.25 1.72 

Between-day precision (% RSD) 2.85 3.05 

After 15 days precision of CDT/GCE [n= 5] (% 

RSD) 
3.65 3.85 

Reproducibility of  CDT/GCEs [n=5] (% RSD) 2.25 2.85 

Table 4.3. Comparison of the proposed sensor with the reported methods for the detection 

of cadmium and mercuric ions. 

Metal ions Electrode substrate 
Measurement 

technique 

LOD 

µg/L 
Ref. 

Hg2+ CDTGCE
 

SWASV
 0.090 This work 

Cd2+ CDTGCE
 

SWASV
 0.084 This work 

Hg2+ 

Biotinyl 

Somatostatin-

14/Nafion modified 

gold electrode
 

Cyclic 

Voltammetry 
0.4 [230] 

Cd2+ G-MWCNTs DPASV 0.1 [231] 

Hg2+ WBMCPE
 

DPASV
 195 [41] 

Hg2+ 
SBA-15 with 2-

benzothiazolethiol
 DPASV 100 [232] 

Cd2+ CS-MCPE
 DPASV 105 [233] 

Hg2+ SH-SAMMSCPE SWASV 3 [234] 

Hg2+ DANGCE SWASV 0.64 [73] 
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Table 4.4. Recovery data of Cd2+ and Hg2+ in water samples using CDTGCE in HCl as 

supporting electrolyte. 

Metal ions 
Sample 

name 
Spiked(µg/L) Found(µg/L) RSD (%) 

Recovery 

(%) 

Hg2+ 
Drinking 

water 1 
60 53 3.163 88.33 

Cd2+ 
Drinking 

water 2 
15 11 2.13 73.33 

Hg2+ Tap water 1 95 100 2.66 95.0 

Cd2+ Tap water 2 60 64 3.5S 106.6 

The binding affinities of the cadmium and mercuric ions with surfactant CDT were studied 

by density functional based tight binding (DFTB) method integrated in the Amsterdam 

density functional (ADF) program. The binding energy was calculated to confirm the 

interaction between CDT and metal ions (Hg2+ and Cd2+). The HOMO and lowest 

unoccupied molecular orbitals (LUMO) of CDT are presented in Fig. 4.12. The energy 

levels obtained from theoretical studies using ADF single point energy calculations show 

that p orbitals of the sulphur atom have a maximum contribution in the highest occupied 

molecular orbitals (HOMO) of CDT. Major contribution in the LUMO of CDT comes 

from the p orbitals of oxygen, carbon, nitrogen and sulphur atoms. The data corresponding 

to molecular orbital properties of CDT are listed in Table 4.5.  While, Table 4.6. shows 

the parameters of CDT obtained from the molecular orbital calculations.  
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Fig. 4.12. Optimized structures showing (A) HOMO and (B) LUMO of CDT. 

Table 4.5. Data showing molecular orbital properties of CDT. 

DFT calculations were performed for the interaction energy after merging the CDT 

molecules with the metal ions (Cd2+ and Hg2+) individually as a one-unit system. The 

optimized structures of CDT merged with Cd2+ and Hg2+ are shown in Fig. 4.13. The 

interaction energy Eint was calculated as; energy of interaction = binding energy of merge 

structure – total binding energy. The negative value of Eint in both cases ensures that strong 

interaction occurs between CDT and metal ions (Hg2+ and Cd2+). 

 

Binding energy 

(kcal/mol) 

EHOMO 

(eV) 

ELUMO 

(eV) 

I.E= (EHOMO) 

(kJ/mol) 

E.A=(- ELUMO) 

(kJ/mol) 

96408.17 1.946  0.933 187.81 90.10 
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Fig.4.13. Merged structures of (A) Cd2+ and (B) Hg2+ crystal with surfactant CDT. 

Table 4.6. The energy values of the CDT and CDT merged with cadmium and mercury 

ions. 

Binding Energy of CDT (ECDT) 96408.17 kcal/mol 

Binding Energy of cadmium (ECd
2+) 228089.97 kcal/mol 

Total Binding Energy (ECDT + ECd
2+) 131681.87 kcal/mol 

Binding Energy of merge structure (Emerge) 100093.89 kcal/mol 

Energy of Interaction with Hg2+ (Eint) 31587.91 kcal/mol 

Binding Energy of mercury (EHg
2+) 906552.99kcal/mol 

Total Binding Energy (ECDT + EHg
2+) 810144.82kcal/mol 

Bonding Energy of merge structure (Emerge) 805524.07kcal/mol 

Energy of Interaction with Cd2+ (Eint) 4620.75 kcal/mol 
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4.2. Electrochemical investigation of Pb2 

Electrochemical impedance spectroscopy (EIS) was employed to explore the difference in 

the charge transduction behavior of the modified and unmodified GCEs in an aqueous 

solution containing 5 mM potassium hexacyano ferrate [Fe(CN) 6]
4-/3- as a redox probe 

(Fig. 4.14.A). The polarization resistance Rct which corresponds to the diameter of 

semicircular part of the Nyquist plot is greater at the bare GCE compared to DPT modified 

GCE. The favorable electrical conduction through DPTGCE can be related to electron 

transfer mediator role of DPT. SWASV also supported EIS results as more intense current 

signal was obtained at DPTGCE compared to bare GCE as shown in Fig.4.14.B. Hence, it 

validates charge transduction through DPTGCE, thus suggesting electrocatalytic role of 

DPT in mediating electron transfer between GCE and lead ions. Chroncoulometric curves 

demonstrated in Fig. 4.14.C give another evidence of the faster electronic transduction 

through DPTGCE. From the double step choronoamperometric experiments performed at 

the modified GCE surface, a number of parameters listed in Table 4.6. were calculated 

using Anson equation (4.1). 

Where Q represents total charge in Coulombs, D the diffusion coefficient in cm2/s, Г0 the 

concentration of the adsorbed specie at the surface in mol/cm2and Qdl the double layer 

charge in Coulombs. Other symbols such as F, n, A, C and t stand for their usual standard 

notations. An inspection of the data listed in Table 4.7 reveals that higher values of A, D 

and Г0 are obtained using DPTGCE compared to bare GCE possibly due to the presence 

of more active sites at DPT modified GCE that may help in anchoring greater number of 

analyte particles. Both the adsorbed electroreduced lead cations and those in the form of 

complexes with the electron donor groups of DPT modifier lead to the generation of 

intense oxidation signals upon electrostripping. 
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Figure.4.14. (A) Nyquist plot using EIS data obtained at a) unmodified and b) DPT 

modified GCE in 5 mm k3Fe(CN)6 solution keeping frequency range from 1Hz to 14kHz 

(B) SWASV of (a) unmodified electrode b) DPT modified GCE  in lead ions solution of 

60 µg/L (C) Choronocoulometry of unmodified GCE and DPTGCE in solution of lead 

ions. 

 

Table 4.7. Parameters determined from chronocoulometric analysis of DPTGCE. 

 

 

 

 

 

Electrode 

Area 

cm2 

D/106 

cm2/s 

Q ads / 

104 C 

Г0/108 

mol/cm2 

Unmodified GCE 0.073 2.00 4.90 2.40 

Modified GCE 0.140 6.85 6.30 3.90 
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4.2.1. Influence of the amount of the surfactant 

For selecting the optimum amount of the modifier at the electrode surface to capture the 

most intense signal of the analyte, the influence of the amount of surfactant was 

investigated. An increase in peak current response was observed with increase in DPT 

concentration as shown in Fig. 4.15.A. The enhancement in current at the modified GCE 

can be attributed to the ability of the modifier DPT to increase the concentration of lead 

ions at the modified electrode due to a combination of two factors, i.e., offering more 

active sites and acting as a ligand for complexation with lead ions, thus leading to the 

accumulation of analyte by supporting a metal atom-ion couple. Hence, on anodic 

stripping, the adsorbed electroreduced Pb as well as DPT complexed Pb at the DPTGCE 

convert to Pb2+ ions resulting in the generation of intense oxidation signal as shown in 

Fig.4.15.A. Deposition process at the bare GCE converts Pb(II) to Pb(0), but at the 

modified electrode, along with deposition, complexation of DPT with lead ions is 

expected to convert more Pb(II) to Pb(0). Thus, during stripping step of SWASV, more 

Pb(0) will oxidize to Pb(II) to generate peak of higher intensity at the DPT modified 

GCE. This behavior is certified by the multifold intense signal recorded at the modified 

GCE as compared to bare GCE. The maximum current intensity in the SWASV of Pb2+ 

ions was noticed at the GCE surface modified with a 10 µL drop of 0.5 mM solution of 

DPT, followed by a decline in peak height of the analyte with further increase in 

concentration of DPT as shown in Fig. 4.15.B. Using drop of higher concentration may 

lead to non-uniform/thick layer formation of the modifier at the electrode that could not 

facilitate faster electron transfer reaction. Hence, 0.5 mM DPT was found suitable for 

achieving the highest current response of the target analyte. 

4.2.2. Influence of supporting media and pH  

The surfactant DPT comprises of different functional groups and ionization of 

these groups is pH dependent. The influence of pH on the surfactant behavior was 

investigated to further understand the modified electrode behavior in acidic, neutral and 

alkaline pH media (2-10) of BRB using differential pulse voltammetry (DPV). The 

maximum peak current response of Pb to Pb2+ oxidation was observed in BRB of pH of 

3 as shown in Fig. 4.16.A. Thus, acidic medium of pH 3 is the most suitable for favorable 

complexation between DPT and Pb2+. The lower intensity of the signal in basic media 
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can be attributed to less accumulation of Pb2+from the bulk at the electrode surface due 

to Pb(OH)2 formation. 

 

Fig. 4.15. (A) Influence of DPT concentrations on the peak current of 40 µg/L ofPb2+ 

concentration in 0.1 M HCl using SWASV (B) Peak current of Pb2+vs. concentration of 

DPT drop coated. 
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The influence of supporting electrolyte on the peak height of the analyte was investigated 

as presented in Fig.4.16.B. The oxidation of lead was examined in a number of 

supporting electrolytes such as hydrochloric acid, phosphoric acid, potassium chloride, 

sulphuric acid, BRB and nitric acid. An observation of Fig.4.16.B demonstrates a 

significant influence of the pH of supporting electrolytes on the intensity of peak current. 

The maximum current response was obtained in a medium containing hydrochloric acid 

as supporting electrolyte and thus it was selected for further investigation of lead ions.  

 

Fig. 4.16. Ip as a function of pH using SWASV data obtained at100 mV/s keeping 

deposition potential and time of -1.1 V and 360 s respectively for the analysis of (A) 

lead at DPTGCE in BRB of pH ranging from 2-10 (B) Influence of electrolytes on peak 

current of  100 µg/L lead solution at the surface of DPTGCE  using SWASV peak 

current at a scan rate of 50 mV/s. 

4.2.3. Analytical characterization 

Under optimized conditions of 1.1 V deposition potential and 120 seconds 

deposition time the electroanalytical performance of the DPTGCE was tested in a solution 

containing HCl electrolyte. The corresponding SWASVs are shown in Fig. 4.17. Linear 

calibration curve was obtained for concentration of lead ions ranging from 11-45 µg/L 

with a correlation coefficient of 0.995. The limit of detection (LOD) was determined as 

0.695 µg/L which is quite below the threshold exposure level of 10 g/L proposed by 

WHO. The LOD for lead ion was determined by using the formula; 3 𝜎/𝑚, where 𝜎 stands 

for the standard deviation of the blank solution derived from its peak current value. The 

validation of the recommended method for sample analysis was assessed by using test 

solutions of known molarity of lead ions. A direct calibration method was employed to 

determine the percentage recovery for lead ions in drinking water samples. Percentage 

recovery of 98% of lead ions in spiked water samples containing 35 g/L with RSD value 
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of less than 2% validated the applicability of the proposed method for practical purposes. 

An observation of the comparison of LOD values listed in Table 4.8. reveals figures of 

merit of our designed sensor compared to reported sensing platforms. Thus, our designed 

sensor is a favorable choice for lead ions detection. 

 

Fig. 4.17. DPTGCE responding to different concentrations of lead ions using SWASV 

under optimized condition of 0.1M HCl as the supporting electrolyte, a deposition time 

of 120 s and a scan rate of 50 mV/s. Inset is a plot of peak current as a function of 

Pb2+concentration. 
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Table 4.8. Comparison of the reported modified electrodes with DPTGCE for the 

detection of Pb2+ ions. 

Electrode Method 

LOD 

(g/L) 

Reference 

DPTGCE SWASV 0.695 This work 

ZnO@Graphene nanocomposite SWASV 0.8 [61] 

N-doped CQDs-GO/GCE ASV 1.17 [235] 

Al4SiC4–RGO/BiGCE SWASV 1.30 [236] 

EDTA-PANI/SWCNTs/Stainless Steel DPV 1.65 [237] 

Bi2O3 /SPE SWASV 2.3 [238] 

Graphene/PANI/Polystyrene/SPCE SWASV 3.3 [239] 

ZYM/CPE SWASV 3.6 [240] 

TFME DPV 200 [241] 

Bi2O3 /Graphite-carbon inks CCSCP 8 [242] 

4.2.4. Computational Studies 

The binding propensity between DPT and lead ions was investigated by density 

functional based tight binding (DFTB) method built in the Amsterdam Density 

Functional (ADF) program.  The interaction between DPT and Pb2+ was assessed from 

the value of binding energy (BE). Energies of molecular orbitals i.e. the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are 

computationally evaluated for establishing a sensor design. In the current work energy 

levels of DPT were obtained from single point energy calculations using ADF. The 

results revealed that p orbitals of S atoms have major contribution in HOMO of DPT 

while maximum participation in the LUMO originates from p orbitals of O, C, N and S 
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atoms. The interaction energy was calculated from theoretical DFT calculations after 

merging the DPT molecules with Pb2+ in the form of one entity as shown in Fig. 4.19. 

The interaction energy Eint was calculated using the following equation. 

Energy of Interaction 𝐸int =  BE of merged structure – Total BE … … … … (4.4)  

where BE of merged structure was calculated as 301.0 Mcal/mol and total BE (EDPT + EPb
2+) 

was calculated as 332.0 Mcal/mol. The Eint was calculated as 31.0 Mcal/mol. The 

negative Eint values indicate interaction between DPT and metal ions (Pb2+). These studies 

suggest that the ligand DPT possess such moieties which favor complexation with Pb2+. 

Hence the findings of computational studies support the experimental performance of the 

modified GCE for recording the binding event between the host and guest, i.e., DPT and 

Pb2+. 

 

Fig. 4.18. (A) Optimized structure of DPT and (B) optimized merged structure of DPT 

with Pb2+. 

The designed sensors represented as; SDS/Pt/GCE, DAN/ZnO/SPE and DAN/AuNPs 

were subjected to detect different pharmaceuticals such as Esmolol (ESM), Tropisetron 

(TRP) and Oxoplatinium (OXP) respectively. Experimental conditions were optimized for 

getting the best electrochemical response. The designed sensors were also successfully 

applied for the detection of the respective drugs in the synthetic serum samples. The details 

are presented here: 

  

 



 

78 
 

4.3. SDS/Pt/GCE for the detection of Esmolol (ESM) 

4.3.1.  Surface morphologies of bare and modified electrodes 

In order to know about surface modification, the surface morphology of the modified and 

unmodified electrodes were studies by SEM. Fig 4.19.A shows that the surface of bare 

GCE is smooth and uniform. Fig. 4.19.B represents the top views of the SDS modified 

GCE. Fig.4.19.C shows revealed that densely packed PtNPs on the GCE and are 

efficiently entrapped onto the GCE surface. SEM profiles display that the substrate is 

mostly covered with homogenous PtNPs. Fig. 4.19.D also revealed that mixture of SDS/Pt 

surface is different from the individual surfaces. 

 

Fig.4.19. SEM images of (A) bare GCE (B) surfactant SDS (C) PtNPs (D) Surfactant 

coated nanoparticles SDS/PtNPs. 

4.3.2. Electrochemical characterization of SDS/Pt for the detection of ESM 

SWASV was carried out to indorse the changes of the behavior of the modified GCE. The 

comparison shows that the modification of the GCE with the anionic surfactant SDS and 

Pt significantly enhance the electrochemical signals of the ESM. The results indicate that 

ESM effectively accumulates on the electrode surface as shown in Fig. 4.20.A. 
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Electrochemical impedance spectra were performed in order to check the capability of 

charge transfer rate of modified and unmodified electrodes as shown in Fig. 4.20.B. The 

diameter of the charge transfer resistance, which correspond to semicircle region of bare 

glassy carbon electrode, is greater as compared to SDS modified GCE indicating greater 

electrical conductivity and faster heterogeneous electron transfer kinetics for thr redox 

probe as compared to results obtained at the bare electrode.243 Fig 4.20.C shows the 

chronocoulometry (CC) response at the modified and bare electrodes, suggesting the 

accumulation of more charge at the SDS modified GCE as compared to bare electrode. 

Using SDS along with Pt further increases the charge. This confirm the impedimetric 

results as charge transfer resistance is inversely proportional to charge transfer rate.167 By 

using Anson equation, electrode surface area and diffusion coefficient of modified and 

unmodified electrodes were calculated. The obtained parameters are listed in Table 4.9. 

Table 4.9. Parameters obtained from choronocoulometry using modified and unmodified 

electrode. 

Electrode Area (cm2) 

D / 105 

cm2 s1 

Qads / µC 

Γ /1011 

mol cm2 

Bare GCE 0.07 1.30 4.8 2.6 

SDS/GCE 0.10 6.25 5.4 3.7 

SDS/Pt/GCE 0.13 7.0 6.2 4.0 

4.3.3. Influence of the Amounts of Surfactant and Pt NPs  

The concentration of anionic surfactant was studied on ESM response. The maximum 

response was observed at the electrode modified with 0.5 mM SDS. However, after this 

concentration of SDS, the response of electrode was decreased due to surface saturation. 

Moreover, when the solution of SDS and PtNPs in 1:1 was used, the maximum current 

response was noticed, so, SDS/Pt (1:1) was chosen for further experiments. 
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Fig 4.20. (A) SWASV results of 50 µM ESM in pH 6 phosphate buffer (PB), scan rate 

100mV/s, deposition potential -0.6V (B) EIS (Nyquist plot) in a 5 mM K3Fe(CN)6 solution 

(Range of frequency is from 1 Hz to 14 kHz). (C) CC of unmodified and modified GCE in 

5 mM K3Fe(CN)6 solution. 
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Fig 4.21.A shows the effect of scan rate on the oxidation peak of ESM between 5 and 1000 

mVs-1. The peak potential Ep is shifted with the increase of scan rate so that, oxidation 

process is found as irreversible. The signal of ESM was increased with increased scan 

rates. Plot of Ip vs v1/2 (Fig.4.21.B) shows a linear relationship then its mean that 

electrochemical process is majorly diffusion-controlled process.167, 244 
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Fig 4.21. (A) CVs of 150µM at SDS/Pt/GCE in BRB of pH 6 at scan rates from (5-1000 

mV/s). (B) Plot of Peak current vs v1/2. 
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4.3.4. Influence of pH, Supporting media, and Temperature 

GCE was modified with SDS/Pt and it was put in a cell with different buffers (changing 

pH values). ESM showed pH dependent behavior due to its ionized forms in various pH 

values. Electrode showed more sensitive response for ESM in acidic medium than basic 

medium as reported by the previous investigators.245 To explore the effect of pH on the 

current signal, pH of the solutions were varied from 2 to 10. The maximum value of current 

signal was attained at pH 6 BRB (as shown in Fig. 4.22.A). From half peak width number 

of involved electrons was calculated using the linear regression equation, Ep=0.020pH 

+1.51. The anodic peak observed here attributes to the oxidation of the secondary alcoholic 

group246 present in the ESM structure (as in scheme 4.1). 

 

Scheme 4.1.. Possible oxidation mechanism of ESM. 

The effect of the other supporting electrolyte on the peak of ESM was examined as shown 

in Fig. 4.22.B. Solutions used for the supporting electrolytes are nitric acid (0.1 M), pH 

6.0 BRB (0.4 M), hydrochloric acid (0.1 M), acetate (0.1 M), phosphate (0.1 M) and 

sodium hydroxide (0.1 M). As a result, peak shape, position and peak signals were greatly 

affected with the media and the maximum current signal was obtained in a medium of pH 

6.0 using BRB, thus, it is the most appropriate supporting medium among all the tested 

electrolytes for the trace level detection of ESM. Thermodynamics parameters were 

evaluated by studying the effect of temperature as shown in Table 4.10. It is found that 

with the increase of temperature peak current of ESM increases. This effect may be due to 

the decrease in the viscosity of the solution and hence faster diffusion of the analyte. 

Thermodynamic parameters such as Enthalpy changes (∆H), Gibbs free energy change 

(∆G), Entropy changes (∆S) were calculated as shown in Table 4.10. 
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Fig 4.22. (A) Effect of pH of 60 µM ESM for BRB buffer (B) Effect of different 

supporting electrolyte in 100 µM ESM. 
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Table 4.10. Thermodynamic parameters of Esmolol using SDS/Pt/GCE.  

Positive ∆G value indicates that the SWASV redox process is non-spontaneous as 

expected for electrochemical processes. Positive ∆H indicates that the redox process is 

endogenic and negative ∆S values suggest adsorption of ESM at the electrode surface. An 

observation of the table shows that ∆G values become less positive with increase in 

temperature suggesting a trend towards facile redox processes with the increase of 

temperature.  

4.3.5. Effect of accumulation time, deposition potential and interference study 

The effect of accumulation time and deposition potential were investigated for sensitive 

response of ESM. It was found that current peak value intensified with accumulation time. 

The influence of deposition potential was studied to optimize conditions for the best 

performance of the proposed sensor, and it was found out that 0.6 is the potential where 

maximum current signal was achieved as in (Fig 4.23.A). Hence, optimum potential0.6 

was selected for further studies. As the (Fig. 4.23.B) indicates that current value increases 

with time that indicates that ESM get accumulated at the electrode surface but after 120s 

the current peak decreases, which means saturation has already achieved. Therefore, 120s 

was accumulation time selected for experiment (Fig 4.23.B). As other interfering agents 

can occur in the samples and possibly will be stripped off during voltammetric 

measurements. Hence, to explore the effect of the various potential interfering agents on 

the peak current of the ESM interfering effect was also evaluated. Fig 4.23.C shows the 

current signals of ESM in the presence of 500-fold of each interfering agent in the solution. 

As the peak current signals of ESM varies slightly hence, no significant effect was 

observed of these interferents for the determination of ESM.  

Temperature 

K 

∆G 

kJ/mol 

Ea 

kJ/mol 

∆H 

kJ/mol 

∆S 

J/mol/K 

300 51.0 6.01 2.95 -160 

313 50.0  2.64 -153 

318 49.0  2.58 -139 

338 48.0  2.53 -138 
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Fig 4.23. Influence of A) deposition potential and B) time on ESM response in pH 6.0 

BRB solution C) The matrix effect on 50 nM ESM at SDS-Pt/GCE in presence of 500 fold 

concentration of (A) ascorbic acid (B) uric acid (C) carbonates (D) bicarbonates (E) 

dopamine (F) glucose (G) sucrose and D) reproducibility studies at four different GCE 

modified with SDS-Pt at scan rate of 100mV/s. 

4.3.6. Analytical Characterization 

The analytical performance of ESM was examined by SWASV (Fig. 4.24). Linear 

calibration curve was obtained between 1 and 48 nM. The limit of detection (
3𝜎

𝑚
) and the 

limit of quantification (
3𝜎

𝑚
) values were calculated as mentioned in Table 4.11. Here is the 

standard deviation that was obtained from five measurements. The symbol m represents 

the slope of the curve. Sensitivity of the proposed method was found to be 110.63 µA/M. 

The results presented in Table 4.11 show remarkable precision of the proposed method. 
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Fig 4.24. (A) SWAS voltammograms of SDS/Pt/GCE in pH 6.0 BRB with varying the 

concentration of ESM. (B) Calibration plot of current signals versus concentration of 

ESM. 

The proposed method was applied to determine the concentration of ESM in the test 

samples having known concentrations of ESM followed by the evaluation of the 

percentage recoveries by using the direct calibration method. The recovery percentages of 
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ESM solution using SDS/Pt modified GCE in serum samples at a deposition time of 120 s 

are presented in Table 4.12. 

Table 4.11. Analytical Parameters of ESM in serum samples using SDS/Pt/GCE. 

 Parameters Drug (ESM) 

Linear range (nM) 1-50 

Slope(µA/M) 115.0 

Intercept (µA) 6×10-7 

LOD (nM) 0.06 

LOQ(nM) 0.35 

Within-day precision (%RSD) 1.01 

Between-day precision (% RSD) 1.94 

After 15 days precision of SDS/Pt/GCE [= 6] (% RSD) 1.36 

Reproducibility of  SDS/Pt/GCEs [n=5] (% RSD) 0.73 

Table 4.12. Recovery data of ESM in serum samples using SDS/Pt in pH 6.0 BRB. 

These results show relative standard deviation of less than 2% and reasonable high 

percentage recoveries, thus suggesting practical applicability of the designed sensor. 

4.3.7. Computational Study 

Computational calculations were performed by using ADF software. The interaction 

energy of surfactant SDS/Pt and ESM was computed. In this work DFTB method was used 

Sample 
Before 

Addition (nM) 

Added 

(nM) 

Found 

(nM) 

RSD 

(%) 

Recovery 

(%) 

Sample1 6 6 11.8 1.90 99.5 

Sample 2 15 15 29.5 1.46 99.2 

Sample 3 10 30 39.6 1.46 99.1 
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for molecular orbital calculation. Important parameters were calculated from optimized 

geometrical structures as shown in Fig 4.25. 

 

 

 

Fig 4.25 (A) HOMO of ESM (B) LUMO of ESM (C) Merged structure (Esmolol with 

SDS and Pt NPs. 
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Interaction energy was calculated by using DFTB method using ADF software. For this 

purpose single pont energy calculations was used to calculate binding energies of isolated 

molecules and the merged structure which is the combination of isolated molecules (SDS, 

Pt nanoparticles and ESM) bonded as a one unit system.  

Binding Energy of ESM (EESM)=EESM 4550 kcal/mol  

Total Binding Energy (E
SDS + 

E
Pt

2+
 

+ 
E

ESM
) = 6515.66 kcal/mol 

Binding Energy of merge structure =Emerge=19592.15 kcal/mol 

Energy of Interaction (Eint )= Binding Energy of merge structure –Total Binding Energy 

Energy of interaction = Eint= 13080 kcal/mol 

The higher negative interaction energy value suggests that strong interaction occurs 

between modifier SDS/Pt and ESM molecules, and which also signifying the stability and 

feasibility of the host guest complex formation. 

4.4. Electrochemical investigations of Tropisetron (TRP) by using 

DAN/ZnO/SPE 

4.4.1. Electrochemical Impedance Spectroscopy and Cyclic Voltammetry 

EIS was conducted to explore the electronic transduction behaviour of bare and modified 

screen-printed electrodes in 5.0 mM potassium ferricyanide. Fig. 4.26. signifies the EIS 

obtained from the data recorded at SPE, ZnO/ SPE and DAN/ZnO /SPE. The Rct calculated 

from the diameter of semi-circular region. The unmodified SPE shows a high charge 

transfer resistance Rct suggesting the slow kinetics of electron transfer rate of the redox 

probe at the surface of SPE. The Rct value of modifier ZnO nanoparticles possessed the 

faster electron transfer kinetics as compared  to SPE. The electron transfer rate was further 

improved by using ZnO NPs along with DAN surfactant, The synergestic effect of ZnO 

along with DAN improved the conductivity of the redox probe at the interference. This 

improved kinetic behaviour of ZnO/DAN/SPE was may be due to the provision of large 

surface area or active sites as well as the more solubilization to the redox probe. The EIS 

parameters as shown in Table. 4.13. were calculated by fitting experimental measurements 

with the Randles equivalent circuit as it offers best fit circuit with least error value.  
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Fig 4.26. Nyquist plot showing EIS response at a SPE, ZnO/SPE, DAN/ZnO/SPE in a 5 

mM K3Fe(CN)6 solution. Range of frequency is from 1 Hz to 10 kHz. 

Table 4.13. Parameters obtained from EIS by using modified and unmodified SPE. 
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along with the thiourea based surfactant DAN increased the current and enhanced the 

charge transfer rate across the interference as shown in Fig.4.27. 

 

Fig 4.27. Cyclic voltammograms of 6 µM TRP in pH 6 Solution. 

4.4.2. Square wave Voltammetry 

SWV was performed to further explore the electrochemical behavior of tropisetron by 

using modifiers ZnO and ZnO/DAN. The results suggest that ZnO enhances the signals of 

TRP by an order of approximately 1.5 times, while ZnO along with DAN increase the 

signal multiple times as compared to ZnO and bare SPE electrode as shown in Fig 4.28. 

Thus, the surfactant along with nanoparticles displays more conductivity and enhances the 

rate of heterogeneous electron transfer kinetics than the bare screen-printed electrode 

because sulphur amine and sulphur moieties of thiourea surfactant DAN possess high 

affinity for TRP and nanoparticles due to the high surface area enhance the electrocatalytic 

property. Surfactant along with ZnO nanoparticles display a host-guest relationship, where 

host binds to guest through non-covalent interaction.246, 247 
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The effect of the concentration of the modifier ZnO/DAN/SPE on the current signals of 

TRP was also probed. To optimize the concentration of modifier, different concentration 

of ZnO and DAN was tested and then the optimized concentration which led to intense 

current signals was preferred for further experiments. The maximum current signals of 

TRP was obtained using modifier concentration 10 µL of DAN and 5 µL of ZnO. Hence, 

that optimized concentration of modifier DAN/ZnO in (2:1) was chosen for further 

experiments. 
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Fig 4.28. SWASV’s of 20 µM TRP in pH 6 Solution. 

4.4.3. Scan rate effect 

Cyclic voltammetry was performed in order to get more information about electrochemical 

process at different scan rates ranging from 0.01 to 0.1Vs-1 as shown in Fig. 4.29. The slop 

in Ep vs log v plot was 0.5, according to Laviron equation248 with n value of 2.09, 

suggesting participation of two electrons in the electro-oxidation of TRP.249, 250 

Ep (mV/s) = E˚´ + (2.303RT/αnF) log (RTk˚/αnF) + (2.303RT/ αnF) log υ (mV/s)   (4.5) 
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 where ʺαʺ is the electron transfer coefficient, ʺk˚ʺ is the heterogeneous standard rate 

constant (s−1), ʺnʺ is the number of electron, R = 8.314 JK−1 mol−1 E˚ is the formal potential 

(V) and F = 96,485 C mol, T =293 K , 

When the (Ipa) was plotted against ѵ, a linear relationship was obtained in accordance with 

the corresponding equation: 

Ip (µA) = 0.1797 ѵ (mVs1) + 4.44 (R2 = 0.996)   (4.6) 

This linear behavior of the plot suggest that the oxidation of TRP follows adsorption-

controlled process.251 

To further elucidate the electro-oxidation process of TRP, a plot of log I vs log v was 

constructed with parameters according to the equation 

log Ip (µA) = 0.60 log ν (mVs1) + 0155 (R2 = 0.990)    (4.7) 

The log of anodic peak currents (log Ip versus log of v displayed a linear relationship with 

a slope value of 0.60 at DAN/ZnO/SPE. The slope value suggests that electro-oxidation 

process of TRP displayed both diffusion as well as adsorption-controlled process.252 

Following equation was utilized to estimate the surface coverage of the adsorbed molecules  

Ip = n2F2A Ґ ѵ/4RT                                     (4.8) 

Where Ґ represents the surface coverage of the adsorbed molecules on the surface of 

electrode. The estimated Ґ is 8 109 mol.cm2. 

4.4.4. Effect of pH 

The effect of pH on the peak intensity of TRP was investigated by using ZnO/DAN/ SPE. 

The peak potential was shifted to negative direction with the increase of pH ranging from 

2−10. This shift mainly indicates the deprotonation reaction accompanied by the electron 

transfer reaction of TRP. Peak intensity is influenced by the change in pH.253 The 

maximum peak intensity and well reserved peak shape of TRP was achieved at pH 6 as 

obvious from Fig 4.30.A. Peak potential vs pH curve was constructed which follows the 

equation. 
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Ep (mV) = 46 pH + 1245 R2= 0.999 (pH: 2−10)                  (4.9) 

The oxidation of TRP using ZnO/DAN/SPE involves the accompaniment of protons 

during electron transfer reaction.254 The electro-oxidation of TRP at ZnO/DAN/SPE is 

proposed to involve the transfer of 2e− and 2H+. 

 

Fig.4.29. CVs of 10 µM TRP using ZnO/DAN/SPE at various scan rates (10-100 mVs1). 

Supporting electrolyte is also an important factor that affects the electrochemical response 

of analyte. The effect of different supporting media on the anodic peak of TRP was 

investigated as shown in Fig.4.30.B. Solutions used for the supporting electrolytes are 

nitric acid (0.1 M), pH 6.0 Phosphate Buffer, Sulphuric acid (0.1 M), phosphoric acid (0.1 

M), Hydrochloric acid (0.1 M) and sodium hydroxide (0.1 M). It was found that peak 

shape, height and peak position are greatly affected with the media and the maximum 

current signal with good peak resolution of TRP using ZnO/DAN/SPE was attained in 

solution of pH 6.0. Hence it was considered as the most suitable supporting electrolyte for 

further electroanalytical study of TRP. 

-15

0

15

30

45

 

 

 

 

 0.25mV/s 



 250mV/s

0.4 0.8 1.2
E( V)vs Ag/AgCl

I 
(

A




 

95 
 

 

0

5

10

15

20

25

30

35

40

  

Supporting Electrolyte

Supporting Electrolyte

I P
(
A
)

 

 

H
2
SO

4
HCl H

3
PO

4
NaOH HNO

3
pH 6

B

 

Fig.4.30. (A) Plots of dependency of Ep vs. pH and Ip vs. pH of 50 µM TRP using 

DAN/ZnO/SPE (B) Effect of supporting electrolytes on the peak current of TRP in 50 µM 

TRP using DAN/ZnO/SPE. 

4.4.5. Effect of Deposition Potential and Deposition Time 

The effect of deposition potential and deposition time on the current intensity of TRP was 

explored by using square wave voltammetry at the modified electrode. The influence of 

accumulation potential on the Ip of TRP was recorded and the deposition potential varied 

2 4 6 8 10
10

20

30

40

50

60

70

E
p

(V
)

pH

I P
(

A
)

 

 

 

 

Ip vs pH

 Ep vs pH

Slope =-0.046

R
2

=0.99

(A)

0.8

0.9

1.0

1.1

1.2



 

96 
 

from 0 to 1.0 V as displayed in Fig. 4.31.A. The maximum peak current Ip of TRP was 

generated at 0.5 V, and then decreased by applying more negative potential. After 

optimizing deposition potential, influence of accumulation time on the peak current of 

TRP was studied. The peak current increased significantly during the first 90 s, after which 

it started decreasing, possibly due to the saturation of the electrode surface (Fig. 4.31.B). 

The intensification of current signal with the accumulation time may be due to increase of 

host guest interaction. Hence, the maximum oxidation current of TRP on the 

ZnO/DAN/SPE occurred at 0.6 V in 90 s. Therefore, these values were selected for 

further experimentation.  
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Fig 4.31.A. Effect of Deposition Potential on the peak current of TRP. 
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Fig 4.31. B. Effect of Deposition time on the peak current of TRP. 

4.4.6. Calibration Curve 

The detection range and limit of detection for the drug TRP were thoroughly investigated 

under optimized conditions by using SWASV. Fig. 4.32 (A, B) shows calibration plot 

between the Ipa and concentration of TRP at the modified SPE. The analytical parameters 

obtained from the calibration plots are listed in Table.4.14. 

LOD of TRP was calculated to be 83 pM, suggesting excellent sensitivity of the sensor. 

This picomolar level detection of tropisetron fulfills the requirement of detection limit 

below the suggested therapeutics range.  

Screen-printed electrode is preferred in electroanalysis because it provides a single-shot, 

disposable, low cost, reliable and highly reproducible platform for voltammetric 

measurements of the selected analytes.255, 256 
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Fig 4.32. (A) SWASV’s of pH 6 containing different concentrations of TRP (B) Plot of 

peak current versus concentrations of TRP at scan rate of 100mV/s under optimum 

experimental conditions using modified GCE. 

Repeatability and reproducibility of TRP using ZnO/DAN/SPE were tested. For intra and 

inter-repeatability, five consecutive square wave voltammetric responses were recorded in 

different concentrations of TRP. The reproducibility of the designed sensor for the 

fabricated SPE was tested at different day by preparing three fabricated SPE with the same 

modification method. Their RSD values were found less than 2%. 
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Table 4.14. Analytical parameters obtained from calibration plot of TRP using SWASV in 

standard solution 

4.4.7. Interference study 

The presented designed analytical methodology for TRP detection provides many 

advantages in terms of selectivity, reproducibility, sensitivity and recovery. Selectivity is 

the major issue for screen printed electrode, so for this reason recognition element is 

desired. The proposed fabricated SPE sensor of TRP was tested using 100-fold higher 

concentration of interferents such as dopamine, uric acid, ascorbic acid, carbonates, 

bicarbonates, glucose with the help of SWV (see Figs. 4.33). These interfering agents were 

separately tested into the solution of TRP. Current intensity of TRP slightly changed by 

the addition of 100-fold concentration of TRP. This finding shows that the proposed sensor 

exhibits high tolerance due to electrochemical inertness of ZnO/DAN/SPE for these 

foreign species. Thus, the ZnO/DAN/SPE is a selective electrode for the detection of TRP.  

 Parameters Drug (TRP) 

Linear range (nM) 0.5-15 

LOD (M) 8.36 ×1011 

LOQ(M) 6.34×1010 

Within-day precision [n=5] (%RSD) 1.02 

Between-day precision [n =5] (% RSD) 1.87 

After 15days precision [= 5] (% RSD) 1.67 

Reproducibility of electrode [n=5] (% RSD) 1.12 
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Fig. 4.33. SWASV’s of peak current of 50nM TRP in the presence of 100 folds more 

concentration of (A) uric acid (B) ascorbic acid (C) carbonates (D) dopamine (E) 

bicarbonates (F) glucose (G) sucrose. 

4.4.8. Applicability of the designed sensor in serum 

To confirm the reliability of the designed sensor for analytical applications, recovery 

experiments were conducted in serum samples using standard addition method by 

ZnO/DAN/SPE. The results are summarized in Table 4.15. High percentage recoveries in 

the range between 98.6% and 99.3 % show the reliability and effectiveness of the proposed 

sensor for real sample analysis. 

The analytical parameters of the proposed sensor depict that the proposed sensor could 

possibly be used to monitor TRP concentration with remarkable sensitivity and accuracy. 

Moreover, this is the first analytical tool designed for TRP detection by voltammetry that 

detects picomolar concentration. Moreover, the fabrication of the SPE is simple and easy. 

Therefore, the TRP amount can be quantitatively measured by using the proposed method 

with high accuracy in real samples.  
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Table 4.15. Recovery data of TRP in serum samples using standard addition method. 

4.4.9. Computational Study 

To understand the mechanism and feasibility of the TRP with modifier, molecular orbitals 

calculations of the TRP were carried out using computational software. Hence, quantum 

chemical parameters were calculated using DFTB/B3LYP program by ADF software. 

After optimized geometry single point energy values were calculated individually to 

calculate HOMO and LUMO molecular orbitals (Fig. 4.34. A, B) as well as binding energy 

of the analyte TRP and modifier ZnO and surfactant DAN. In order to calculate interaction 

energy binding energy of merged structure was calculated by bonded all the structures 

(ZnO/ DAN/TRP) as a one single unit by using DFTB as shown in (Fig 4.29. C). TRP 

structure has nucleophile centre as of nitrogen azabicyclo has localized lone pair electrons 

so they are easily available, while indole nitrogen lone pair is in conjugation with the ring 

and ester and hence, they are unavailable. the localized electrons in the molecule (HOMO) 

lie at the nitrogen of azabicyclo whereas LUMO lies at the indole and ester group. The 

proposed mechanisms which involves a total of 2e-/2H+ process initiated by the removal 

of an electron from azabicyclo ring. Therefore, the oxidation of TRP is comparable with 

both computational and experimental results. In addition, interaction energy of TRP with 

modifier ZnO and DAN was also calculated to find out the feasibility of the interaction. 

Binding Energy of (ETRP)   = 5569.5 kcal/mol 

Total Binding Energy (ETRP + EZnO+DAN)= 8969 kcal/mol 

Bonding Energy of merge structure (Emerge) = 28941 kcal/mol 

Energy of Interaction with TRP (Eint) = 19969 kcal/mol 

Sample Before 

Addition 

(nM) 

Added 

(nM) 

Found 

(nM) 

(%) 

RSD 

(%) 

Recovery 

Sample 1 5 10 14.9 0.49 99.3 

Sample 2 5 5 9.86 1.45 98.6 

Sample 3 10 5 14.89 0.52 99.2 
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Eint with high negative value suggests that strong interaction occurs between TRP and 

ZnO/DAN and indicates the possibility of spontaneous reaction without consideration of 

effect of temperature. These results suggest that theoretical study approves the 

experimental results. 

 

Fig. 4.34. A) HOMO (B) LUMO of TRP (C) Merged structure (TRP with ZnO and DAN). 

The DAN/ZnO/SPE mutually facile the electron transfer rate as well as electrocatalytic 

activity toward the oxidation of TRP drug. The unique properties of zinc oxide and DAN 

surfactant in terms of surface area, nanoscale dimension, chelating property of surfactant 

to anchor drug more effectively offered a remarkable improvement in electrochemical 

response of TRP. Furthermore, the DAN/ZnO/SPE was applied for the detection of TRP 

in serum according to pharmaceutical formulation. The analytical parameters of the 

designed sensor show that the proposed sensor detect TRP concentration up to picomolar 

with high sensitivity and accuracy. Moreover, the reproducibility of the designed sensor 

A B 
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for the detection of TRP was tested and less than 2% RSD value was obtained which 

ensured the reliability of the DAN/ZnO/SPE. 

4.5. DAN/AuNPs/GCE for the detection of Oxoplatinium (OXP) 

4.5.1. EIS and SWASV of OXP 

EIS was performed to explore the electronic transduction performance of bare and 

modified electrodes in a 5.0 mM potassium ferricyanide solution.257 Fig. 4.35. represents 

the Nyquist plots at bare GCE, and DAN/AuNPs modified GCE. The Nyquist plot contains 

a semi-circular portion and a diffusion controlled linear segment. The semicircle part 

implies the ET (electron transfer) process in the high frequency region. Its diameter 

corresponds to the Rct. The linear portion at the lower frequency region signifies the 

diffusion-controlled process. The RW (Warburg resistance) corresponds to the diffusion of 

the redox probe at the electrode surface. The Rct is a significant parameter to distinguish 

the interfacial properties of fabricated electrode surface.  
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Fig.4.35. Nyquist plot showing EIS response in a 5 mM K3Fe(CN)6 solution. Frequency 

range is from (1 Hz to 10 kHz). 

The bare GCE shows a high charge transfer resistance with Rct value of 5247.5 , 

suggesting sluggish ET kinetics of the redox probe at the GCE. The Rct value (962 
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obtained from the DAN/GCE offers exhibition of low charge transfer resistance and 

subsequent higher kinetics of ET at the DAN/GCE electrode may possibly due to the 

conductive nature of thiourea surfactant DAN. In addition, when DAN surfactant along 

with Au NPs (1:1) immobilized on the electrode surface, the resultant Rct values (220  

shows that DAN/AuNPs/GCE is more electro-conductive in nature as it offers lowest 

charge transfer resistance to the redox probe as compared to DAN/GCE or bare GCE. 

Therefore, the fast kinetics and lower charge transfer resistance value displayed by the 

DAN/AuNPs/GCE to redox probe also signifying the successful fabrication of the glassy 

carbon electrode. The EIS parameters obtained by fitting the Randles ciruit with the 

experimental data are shown in Table.4.16.258 

Table 4.16. Parameters obtained from EIS by using modified and unmodified GCE. 

SVW was employed to explore the redox response of OXP (oxoplatinium) on the 

DAN/GCE, DAN/AuNPs/GCE and bare electrodes. The voltammetric of OXP was 

investigated in pH 3 (acetate buffer) as in Fig 4.36. The current response at the unmodified 

GCE is very less due to slow electron transfer rate.259 It can be noticeable from the curve 

that the Ipa of OXP has increased at the DAN/GCE and AuNPs/GCE which is attributed to 

the catalytic behavior of DAN and AuNPs. When DAN along with AuNPs in (1:1) the 

optimum concentration was used to immobilize on the surface of electrode, the magnitude 

of Ipa of OXP increased multitude times as compared to the DAN/GCE and AuNPs/GCE. 

This synergistic effect of DAN along with AuNPs may be associated with the introduction 

of a moieties (S, O and N groups) of thiourea based surfactant with Au nano-dimensional 

structure offer more binding sites to the OXP. In addition, it also enhances the surface area 

(A) of the electrode surface. Thus DAN/AuNPs/GCE conductive nature can behave a 

better sensing surface for OXP.260  
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Fig. 4.36. SWASV’s of 50 µM Oxoplatinium solution in pH 3. 

4.5.2. Effect of pH 

pH is one of the important features in sensing the analyte. pH study was conducted in order 

to find out the effect of pH on current intensity of OXP by using DAN/ AuNPs/GCE. Peak 

intensity is affected by the change in pH. For optimization pH, several electrolytes such as 

phosphate, acetate and BRB buffers within a pH range of 2-10 were investigated. Peak 

intensity intensified in acidic medium and then started decreases in basic medium as shown 

in Fig 4.37.A. The maximum peak intensity with well resolved peak shape of OXP was 

obtained at pH 3.  

Supporting electrolyte is an important parameter in detection of analyte. The effect of the 

different supporting media on the oxidation peak of OXP was explored as shown in 

Fig.4.37.B. Solutions used for the supporting electrolytes are Acetate buffer (pH 3.0), 

H2SO4 (0.25 M), H3PO4 (0.25 M), HNO3(0.25 M), HCl (0.25 M) and NaOH (0.25 M). It 

was found out that peak shape, signals and position were greatly varied with the media and 

the maximum peak signal with good peak resolution of OXP was obtained at pH 3.0 using 
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DAN/AuNPs/GCE and, it was considered the most suitable supporting electrolyte for 

further measurements. 
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Fig. 4.37.(A) Effect of pH on the peak current of OXP 

(B) Effect of supporting electrolyte on peak current of OXP. 
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4.5.3. Effect of the Accumulation Potential and Time 

The influence of the peak current of OXP on the accumulation time and potential was 

investigated by using SWASV at the modified GCE. The dependency of accumulation 

potential on the Ip was recorded as shown in Fig. 4.38. A. The maximum peak current was 

obtained at 0.8 V after that decrease in peak intensity of OXP was observed. In addition, 

the influence of accumulation time on the peak current of the OXP was also studied. 

 
Fig. 4.38.A. Effect of deposition potential on the peak current of OXP. 

The intensification of peak current was observed up to 120 s, after which it started 

decreasing, signifying saturation of the modified electrode surface.261 (Fig. 4.38. B) Hence, 

maximum electrooxidation of OXP on the DAN/AuNPs/GCE occurred at 0.8 V in 120 

s. Thus, for further experiments, accumulation time and potential were adjusted as 120 s 

and 0.8 V.
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Fig.4.38.B. Effect of deposition time on peak current of OXP. 

4.5.4. Analytical Characterization of OXP by DAN/AuNPs/GCE 

The detection range and LOD are the key parameters in electrochemical sensor studies.262 

Hence, square wave voltammograms of different concentration of OXP were obtained at 

the DAN/AuNPs under optimized conditions. Fig. 4.39. (A & B) shows linear relationship 

between the Ipa and concentration of OXP from 1-50 nM at the DAN/AuNPs/GCE in pH 

3 solution, where anodic peak current intensity was observed to increase with increase in 

concentration. The limit of quantification (LOQ) and LOD were calculated from the 

following equations: 

LOQ =10σ /m 

LOD= 3σ /m 

Where σ is the standard deviation of Ip of the blank (five times), and m is the slope value 

of calibration plot. The parameters of the calibration’s plot are summarized in Table 4.16. 

The LOD of the proposed sensor indicates that the method could possibly be used to detect 

OXP concentration with remarkable sensitivity. In the present work DAN/AuNPs/GCE 

shows a linear concentration of wider range and lower LOD values for OXP detection as 

presented in Table 4.16. These values up to picomolar concentration reveals that our 
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proposed sensor is a promising sensing platform. Additionally, the fabrication of the 

electrode is very simple, easy and cost effective. 

4.5.5. Reproducibility and Repeatability  

Reproducibility and repeatability of DAN/AuNPs/GCE was verified with the RSD values 

less than 2 % were obtained. For inter and intra-repeatability, three successive SWV 

response were recorded in different concentrations of OXP. The reproducibility of the 

proposed sensor DAN/AuNPs/GCE for OXP was tested by preparing three modified 

electrodes on different day with the same modification method as in Fig.4.40. These results 

signifies the remarkable repeatability and reproducibility of the DAN/AuNPs/GCE for 

OXP as shown in Table 4.16. The proposed analytical method offers advantages for OXP 

detection in terms of selectivity, reproducibility, recovery and sensitivity. 

 

Fig 4.39.A. SWASV’s of pH 6 containing different concentrations of TRP. 
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Fig.4.39.B Plot of peak current versus concentrations of TRP at scan rate of 100mV/s 

under optimum experimental conditions using modified GCE. 

Table 4.17. Parameters obtained from the calibration plot of OXP by SWV in standard 

solution. 
 

 

 

 

 

 

 

 

Parameters Drug (OXP) 

Linear range (nM) 1-50 

Slope(µA/M) 6.35 

Intercept (µA) 4.0×108 

LOD (M) 9 ×1011 

LOQ (M) 10×1010 

After 15days precision (% RSD) 1.45 

Reproducibility of electrode (% RSD) 1.55 
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Fig 4.40. Reproducibility studies at three different GCE modified with 

DAN/Au/GCE at scan rate of 100mV/s under optimized experimental conditions. 

4.5.6. Interference Study 

The effect of interfering agents on the square wave voltammograms of OXP was probed 

to detect the selectivity of the designed sensor. Ascorbic acid, carbonated, bicarbonate, 

dopamine, glucose, uric acid and sucrose were individually introduced in ratio 1:100 in 

the solution of OXP to know their influence on the peak intensity of the OXP at 

DAN/AuNPs/GCE. The oxidation peak signal of 30 μM OXP in the presence and absence 

of interferents are shown in Fig. 4.41. It can be clearly seen that no significant changes in 

the OXP anodic peak current was observed even in the presence of 100-fold concentration 

of interfering agents. Thus, these findings signifying that the interfering agents do not 

affect the proposed sensing platform for the determination of OXP and could be able to 

detect OXP effectively with these interfering agents in the pharmaceutical formulations. 
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Fig. 4.41. SWASV’s peak current of OXP in the presence of 100 folds concentration of 

(A) ascorbic acid (B) uric acid (C) carbonates (D) bicarbonates(E) dopamine (F) 

glucose (G) sucrose. 

4.5.7. Practical Applicability of the Designed Sensor 

The applicability of the DAN/AuNPs/GCE was studied using standard addition method in 

OXP solution in serum. Firstly, the standard calibration curve was obtained in serum, from 

the calibration curve unknown concentration of OXP was found out and after that recovery 

study was conducted. Each measurement was performed three times. The Recovery 

percentages and RSD values are listed in Table 4.17. The obtained RSD values are less 

than 2 %, which shows remarkable precision of the designed sensor. Moreover, excellent 

recoveries suggest reliability and effectiveness of the proposed sensor for medical analysis 

in future.  
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Table 4.18. Results obtained for the determination of OXP in serum samples using SWASV. 

4.5.8. Computational Study 

To understand the feasibility of the drug OXP with modifier DAN and AuNPs, molecular 

orbitals calculations were carried out by using computational software. Therefore, 

quantum chemical parameters were calculated using DFTB/B3LYP program by ADF 

software. After optimized geometry single point energy were calculated individually to 

calculate HOMO and LUMO of molecular orbitals (see Fig. 4.42. A &B) as well as 

binding energy of the analyte OXP with modifier AuNPs and surfactant DAN. For 

interaction energy calculation, binding energy of merged structure was calculated via a 

single point energy by bonded all the three structures DAN/ AuNPs/OXP as a one single 

unit using DFTB method as shown in (Fig 4.37. C). Therefore, the oxidation of OXP can 

be comparable with both computational and experimental results. In addition, interaction 

energy of OXP with modifier AuNPs and DAN was also calculated to find out the 

feasibility of the interaction. 

Binding Energy of (EOXP)  4680 kcal/mol 

Total Binding Energy (EOXP + EAuNPs + EDAN) 9059 kcal/mol 

Bonding Energy of merge structure (Emerge) 10941 kcal/mol 

Energy of Interaction with OXP (Eint)  18821 kcal/mol 

Eint with high negative value suggests that strong interaction exists between OXP and 

DAN/AuNPs, which also specifies the possibility of spontaneous reaction (without 

Sample 

Before Addition 

(nM) 

Added 

(nM) 

Found 

(nM) 

RSD 

(%) 

Recovery 

(%) 

Sample 1 15 08 22.0 0.75 95.69 

Sample 2 5 10 14.5 1.45 96.6 

Sample 3 10 10 19.5 0.52 97.5 
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consideration of effect of temperature). These results suggest that theoretical study favors 

the experimental results. 

 

Fig. 4.42. (A) HOMO of OXP (B) LUMO of OXP (C) Merged structure of OXP with 

AuNPs and DAN.  

4.6. Modified electrode for electrochemical reduction of CO2 

In this study, the performance of oxygen derived copper (ODCu) from hydrothermally 

produced surfactant coated CuO nanoparticles towards CO2RR has been evaluated in 

terms of activity, stability and selectivity. CuO NPs in the presence of triton was 

synthesized and the resulting catalytic property towards CO2 reduction reaction 

(CO2RR) was determined using gas chromatography and NMR spectroscopy. The 

effects of electrolyte, crystal orientation, potential and current density have been 

discussed on the product formation of ethene, ethanol and propanol.  

4.6.1.  Physical Characterization 

Based on evidence from XRD, oxidation state of CuO has been reduced during CO2 

reduction. Cu (111) ions are believed to be active species for reducing CO2 to C2 

compounds. The apparently blue color of CuO reduced and converted to brick brown Cu 

NPs particles during CO2RR. SEMS images were recorded for knowing about the surface 

morphology of the CuO and Cu NPs. The SEM image of the (Fig. 4.43.a) shows a uniform 

coating of thick and dense copper oxide nanoparticles. After electrolysis SEM image (Fig. 

4.43.b) displays a granule like Cu nanoparticles surface morphology with approximate size 
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of 20−78 nm. SEM indicates that after CO2 reduction defect sites are there on the catalyst 

surface along with the spherical Cu particles. Only Cu0 peaks were observed in the XRD 

pattern after electrolysis as shown in Fig 4.44. These results indicate complete reduction 

of CuO during electrocatalysis.  

 

Fig.4.43. SEM image of CuO a) before and b) after electrochemical reduction at 0.95 V 

vs RHE. 

4.6.2. Analysis of the bulk electrolysis (BE) products  

Gaseous products were identified by Gas Chromatography (GC) in the headspace of H-

cell working electrode of bulk electrolysis cathodic compartment. Calibration curves for 

C2H4 and H2 were built by injecting known concentration of pure C2H4 and H2. The 

standard calibration plot was constructed by plotting the area of the peak against the 

amount of gases injected. Each gaseous product was identified by the retention time and 

quantified by the relevant calibration curve. The liquid products were characterized by 1H 

NMR spectroscopy. For the NMR analysis, liquid sample was prepared by mixing 500 μL 

of electrolysed solution with 100 μL D2O and 100 μL of DMSO/H2O (1/1000) v/v) used 

as an internal standard. 

a) Faradaic Efficiency 

Faradaic efficiency of gaseous and liquid products was calculated from the following 

equation.243 

FE = znF/Q 
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where z is the number of electrons required per molecule to obtain the respective product, 

F is the Faraday constant, n is the no. of moles of each product obtained from the 

calibration plot and Q is the total charge (C) consumed during bulk electrolysis. 

a) Calculation of overpotential 

Overpotential was calculated from the following equation η = | E – E0'|263 

Where E is the applied potential, η is the overpotential and E0' is the equilibrium potential 

for reduction of CO2 to ethylene and ethanol.  
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Fig.4.44. The X-ray diffraction pattern of CuO before and after electrochemical 

reduction at 0.95 V vs RHE. 

4.6.3. CV and EIS 

Electrochemical behavior of the Cu/CuO catalyst was firstly investigated by cyclic 

voltammetry in N2 and CO2 saturated 5 M KHCO3 electrolyte. Cyclic voltammertic 

behavior of the Cu/CuO catalyst in N2 atmosphere was found different than the catalyst in 

CO2 atmosphere as shown in Fig. 4.4. The higher current in N2 atmosphere can be 

attributed to the hydrogen evolution reaction. However, the rapid increase of current in 
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CO2 atmosphere as compared to N2 can be explained that the CO2 reduction is catalytically 

more favorable as compared to HER.264 

 

Fig. 4.45. Cyclic voltammetry (CV) measurements under N2 and CO2 atmosphere using CuO 

catalyst. Scan rate: 100 mV s-1. (Area of electrode= 0.07cm2). 

In the first scan cyclic voltammogram, a reduction peak was observed around 0.6 V after 

purging with N2 and CO2, followed by the appearance of two successive oxidation peaks 

at 0.52 V and 0.65 V vs RHE during the reverse scan. These two oxidation peaks were 

also observed in the successive scans.  The first oxidative peak corresponds to the 

oxidation of Cu to Cu(I) and the second oxidation peak may be due to the conversion of 

Cu(I) to CuO which agrees with the reported work. During the second scan of cyclic 

voltammograms two reductive peaks were observed at 0.30 V and 0.069 V respectively, 

which can be due to the conversion of CuO to Cu(I) and the second reductive peak may 

be transition of Cu(I) to Cu. Moreover, the peak I in the first scan disappearing in the 

subsequent scan can be attributed to the combination of reduction of the CuO to Cu+ and 

Cu at more negative potential. Therefore, it is suggested that the reduction peak observed 

in the 1st scan is the reduction of CuO to Cu. Catalyst attained a more stable structure as 

most of the CuO has already been converted into the Cu+ and Cu. Therefore, after the 1st 
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scan; all the subsequent scans have similar pattern of reduction peaks. The trend of catalyst 

in N2 and CO2 saturated KHCO3 is almost similar, however the peaks shift, and 

intensification of current signals can be attributed to the CO2 reduction on the electrode 

surface.265 

The electrochemical activity of the CuO and reduced Cu was evaluated by EIS (as shown 

in Fig 4.46). Reduced copper exhibit better charge transfer rate as the reduced copper 

nanoparticles have more electrochemical surface area which offers more active sites.  
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Fig 4.46. EIS spectra of catalyst in 5 mM K3Fe(CN)6 solution. Frequency range is from 1 

Hz to 10 kHz. 

4.6.4. Bulk electrolysis  

Bulk electrolysis was carried out in a sealed H-cell to investigate the CO2RR performance 

of the Cu derived CuO catalyst. Ethene, ethanol and H2 were found as the dominant 

reduction products accompanied by propanol and formic acid under applied potential. It 

was surprised to see the ethanol and ethene formation at 0.25 V vs RHE with lower F.E. 
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This confirms that surface morphology of catalyst plays a significant role in C2 product 

formation. At highest negative potential the Faradic efficiency of C2+ are significantly high 

as F.E of ethylene is 26%, ethanol is 33% and propanol is 4% at -0.95 V vs RHE. So, 

overall the F.E of C2+ product is 63% which is remarkably higher as compared to C1 

product i.e formic acid with Faradic efficiency of 15 % and H2 with 23% F.E. Statistically 

CuO derived Cu (ODCu) plays a significant role in C2 product formation. This may be due 

to the origin of the structural transformation of the oxides of Cu to Cu(111) during CO2 

reduction as confirmed by XRD and SEM results, so that transformation induced a 

defective sites in the catalytic surface which is believed to play a crucial role in C2 products 

formation even at the lowest overpotential. CO2 reduction was performed using the ODCu 

catalyst at fixed potential between 0.1V to 1.5 V vs RHE. Fig. 4.47. shows the plot of 

current vs time during CO2 reduction at potential 0.25 V and 0.35 V vs RHE. Reduction 

peak observed during the initial phase of curve represent the reduction of CuO to Cu. 

Similar type of trend was observed in all amperograms at all applied potential. This feature 

is consistent with the XRD result.91 

4.6.5.  Effect of electrolyte, applied potential and current density 

Alkali-metal ions favor CO2 adsorption and are preferentially used in CO2RR. These 

cations stabilize the surface intermediates by creating field effect or by interacting with 

the adsorbed species. Moreover, the overpotential of catalyst decreases with the increase 

of cationic size. In addition, the current density also increases with the increase of cationic 

size, hence favors more C2 products as compared to C1. In the current study, Cu (111) in 

KHCO3 has more Faradic efficiency for C2 product as compared to Cu (111) in NaHCO3. 

This study confirms that multivalent cations used as a supporting electrolyte influence the 

rate of CO2RR. The possible explanation may be due to the preferential hydrolysis or the 

different capacity of the specific adsorption.266, 267 

Product distribution of CO2 reduction mainly depends upon the type of crystal facets. CO2 

adsorption mainly depends upon the surface orientation of crystals as its variation affect 

the Lewis acidity and polarizability of CO2. Facets which decrease activation energy and 

increase the adsorption of CO2 are more feasible for CO2. In this study, XRD results reveal 

the formation of Cu (111) from CuO. Preference of the C2 products over C1 indicates the 

dimerization of CO which leads to the production of ethylene and alcohols.267, 268. 
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Fig 4.47. CO2 reduction current density as a function of time.. Electrolyte: 0.5 M 

KHCO3. 

Catalytic approach towards the formation of products with different Faradaic efficiency at 

various applied potential was studied thoroughly (from 0.10to 1.5 V vs RHE).as shown 

in Fig.4.48.A. The ODCu delivered a remarkable result with excellent F.E of hydrocarbons 

at lowest overpotential for C2 products for the catalytic selectivity towards the formation 

of C2+ products over C1. These results show that C2+ product is the dominant product and 

that the selectivity is strongly dependent on the applied potential, current density and the 

catalytic activity of the electrode. At an applied potential of 0.25 V, C2 products are 

formed, with F.E of 8% for ethylene and 15 % for ethanol, suggesting the intrinsic property 

of catalyst that favors multi-carbon products formation even at the lowest overpotential. 

During CO2RR, the FE of H2 was found in the range from 20 to 36%. Another impressive 

result is the achievement of n-propanol at the lowest overpotential with 4% Faradic 

efficiency. Current density is mainly dependent on applied potential as shown in Fig 4.48. 

C2 product formation at such a low overpotential is mainly due to the intrinsic nature and 



 

121 
 

the catalytic property of the catalyst, as current density of the proposed catalyst is higher 

event at lower negative potential. The total current density (J) versus C2+ Faradaic 

efficiency is presented in Fig 4.49.B. The current densities range from 5 to 20 mA cm 

depends on the applied potential. The optimal potential for C2+ products (ethylene, ethanol 

and propanol) was 0.95 V versus RHE with a peak FE of 63%. Beyond this potential, a 

decrease in C2 FE is observed, whereas the FE of H2 increases. This may be due to increase 

current density that produces more bubbles inducing cracks in the catalyst surface. This 

exposed carbon surface favors hydrogen production and thus decrease in Faradic 

efficiency of ethylene was observed.95, 269 
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Fig.4.48. A. CO2 reduction Faradaic efficiency as a function of potential. 
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Fig.4.48. B. shows Log J vs potential. Faradaic efficiencies of C2+ (ethene, ethanol 

and propanol) on Cu Nano catalyst in the current density range 5-20 mAcm2. 

Electrolyte: 0.5 M KHCO3. 

To probe the durability of the CuO catalyst, an electrolysis at 0.95 V was performed by 

chronoamperometry as shown in Fig 4.49. The current density was stable at about          

10.5 mA cm
 over 5 h. Comparison of reported Faradaic efficiency of C2 products on 

various reported copper surfaces with this catalyst is given in Table 4.18. 

4.6.6. Origin of selectivity 

To obtain insights about the kinetics of the react ion (i.e.  RDS) on the proposed 

catalyst, an analysis of Tafel plot was carried out as shown in Fig.4.50. (A, B). Tafel 

plot is only applicable when reaction is kinetically controlled. Interestingly C2 

products were obtained at lower overpotential owing to the excellent intrinsic 

property of the catalyst, hence obtained the appropriate Tafel slope for C2H4 and 

C2H5OH as shown in Fig. 4.50. Tafel plot of C2H5OH production exhibited a lower 

slope of 130 mV dec1 than that of etylene (150 mV dec1). Both plots are closed to the 
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value of 118 mV dec−1, which indicates that C2H4 and EtOH involve a common 

intermediate with a rate determining step of single electron transfer to CO2.
268 
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Fig.4.49. Chronoamperometry results at −0.95 V, (Area of WE= 1cm2) 

For ethanol and ethylene, Tafel plots are linear at lower potential range which is mainly 

kinetically controlled region while the higher potential region is controlled by the mass 

transportation of ions and diffusion of gases. Due to this combined effect, a steep slope is 

obtained in higher potential region.275, 276 During CO2 reduction, as CuO reduces to Cu, so 

stepped edges and grain boundaries are formed on the catalytic surface.277,278 In literature, 

temperature-controlled desorption study and density functional theory calculations show 

that CO more strongly adsorb on Cu edges and grains as compared to the flat surfaces. 

Grain boundaries and edges and are suggested to have highly active sites that favors C-C 

coupling, as they offer lower energy barriers for the formation of key intermediates  such 

as CO, CHO etc.91, 268-274 
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Table.4.19. Comparison of reported Faradaic efficiency of C2 products on various 

copper surface with the proposed catalyst.  

Catalyst 
Experimental 

Condition 

Onset 

Potential 
Products 

Faradic 

Efficiency 
References 

ODCu 

0.2 M 

KHCO3 

@1.6 V 

(vs. RHE) 

N/A C2H4 

29.7% 

 

[118] 

Cu-porphyrin 

complex 
0.976 V 

(vs. RHE) 

0.976 V 

(vs.RHE) 
C2H4 17% [270] 

Cu skeletons 

0.5 M 

NaHCO3 

1.1 V (vs. 

RHE) 

0.25V 

vs RHE 

C2+ 

products: 
32.2% [271] 

Cu NWs 

0.1 M 

KHCO3 

1.1 V (vs. 

RHE) 

N/A C2H4 17.4% [110] 

Cu meshes 

 

0.5 M 

KHCO3 

@1.1 V 

(vs. RHE) 

0.7V 

(vs RHE) 
C2H4 34.3% [269] 

Cu/C3N4 

 

 

~7.5 mA cm2 

@ 1.6 V 

(vs. 

Ag/AgCl) 

0.75 V 

vs. RHE 

C2H4 

 
~18% [272] 

Nanoporous Cu 

film 

14.3 mA cm-

2 1.7 V (vs. 

NHE) 

0.96 V 

vs.NHE 
C2H6: 46% [267] 

Cu(II) 

Phthalocyanine/C 

2.8 mA cm2 

@ 1.6 V 

(vs. 

Ag/AgCl) 

N/A 
C2H4: 

25% 
25% [273] 

Cu/MoS2 

 

0.1 M 

KHCO3 

 

N/A 
C2H5OH 

 
42.4% [266] 

Cu nanocube 

 

0.25 M 

KHCO3 

68 mA cm2 

@ 0.963 V 

0.7 V 

(vs. 

RHE) 

C2H4 32% [274] 

ODCu 
0.95 vs 

RHE 

0.25 vs 

RHE 

C2+ 

products 

Ethylene 

Ethanol 

Propanol 

 

63% 

 

26% 

33% 

4% 

 

Present 

work 
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Fig 4.50. A). Tafel plot for ethanol B) Tafel plot for ethylene. 

CO2 electroreduction on copper surface resulted in the formation of many C1 and multi-

carbon products including CH4, CO, HCOOH, C2H4, C2H5OH etc. Ethanol and ethylene 

as a multi-carbon product required coupling of C-C between the adsorbed intermediates 

on the surface, so the dimerization step favored multi-carbon products. Recent theoretical 
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calculations on the Cu (111) surfaces suggest that the C-C coupling strongly depends on 

the degree of COads and hydrogenation and that energy barrier of coupling decreases with 

the increase of the hydrogenation of surface bounded CO that favors C2 product formation. 

According to the Tafel plot and the reported literature,110, 248, 254 the reduction of CO2 is 

the rate determining step, so that adsorbed intermediate *CO2
•−. must be stable enough to 

persist until the availability of other intermediates for coupling. ODCu stabilize 

intermediates (C1 and C2), allowing them to trimerize to a C3 compound (e.g. propanol). 

Based on the literature the reaction mechanism involves various steps in the formation of 

CO2*ads, proceeds through dimerization or the protonation of COads intermediates share a 

common intermediates and pathway until the last step which is proposed to be three 

coupled proton-electron transfer steps.268 Fig 4.51. shows the proposed mechanism for the 

CO2RR on the ODCu surface. 

 

Fig.4.51. Proposed mechanism for the electroreduction of CO2 to ethylene and ethanol 

on copper surfaces. 

4.6.7.  H2 and C2H4 calibration curves  

The steps involved in construction of standard calibration curves of gaseous products H2 

and C2H4 are as follows. 

i. Electrolyte solution and head space were saturated with pure CO2 into the same H-

cell that was used for bulk electrolysis 

ii. Standard gases of C2H4 and H2 of a known amount were injected into the 

electrolyte solution and head space of same volume. 
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iii. The mixture of gases of same volume was then injected to GC to get the area of 

the peak of H2 and C2H4 as in Fig. 4.52. (A&B). 

iv. Range of different amount of C2H4 and H2 were tested and repeated the 

experiments in order to get the calibration plot of C2H4 and H2. 

v. Calibration curves of C2H4 and H2 were obtained by plotting the concentration of 

gases against the peak intensity of the respective gases. 

 

Fig. 4.52.A. Response of injecting CO2RR gaseous products at -0.95 V in GC system 

equipped with non-polar HP-5 column and FID (flame ionization detector) of length of 

30mm with N2 as a carrier gas. 
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Fig. 4.52. B. Response of injecting CO2RR gaseous products at 0.95 V in gas 

chromatography system (GC) equipped with (5Å) HP-plot molesieve column and a TCD 

(thermal conductivity detector) of length of 24mm with N2 as a carrier gas..
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4.7. Conclusions and outlook 

Thiourea surfactant CDT was successfully employed for the first time as a recognition 

layer in the development of electrochemical sensor for the trace level detection Cd (II) and 

Hg(II) ions in water samples. Electrochemical impedance spectroscopy was performed to 

check the difference in the behavior of modified and bare electrodes and the results 

revealed that CDT modified electrode is a preferred sensing platform as its charge transfer 

resistance was found less than the GCE. The sensitivity of the proposed method was found 

to be 0.034 mAL/ mg for Hg2+ and 0.010 mAL/mg for Cd2+ with relative standard 

deviation of less than 4%. The limits of detection obtained for the selected metal ions are 

quite below the guidelines for maximum contamination level suggested by WHO, EPA 

and European water quality. Interaction energy of CDT with mercury and cadmium ions 

obtained from the theoretical studies supported the experimental results. The designed 

sensor showed pH and temperature responsiveness, demonstrated good percentage 

recoveries and exhibited remarkable electrocatalytic activity and anti-interference ability. 

Highly sensitive voltammetric electrochemical sensor was developed for sensing lead ions 

by immobilizing 1-dodecanoyl-3-phenylthiourea surfactant DPT over the surface of GCE. 

DPT imparted sensitivity to the electrode by engaging its functionalities to sequester lead 

ions through complexation of its donor atoms with the target analyte particles. The current 

of the oxidation response of electro-reduced lead ions at the DPTGCE demonstrated about 

9 times increase as compared to unmodified electrode thus suggesting enhanced 

electrocatalytic role of DPT in mediating electron transfer between the transducer and 

guest particles. The LOD for the detection of Pb ions with a value of 0.695 μg/L further 

supported the sensitivity of the proposed method. Computational calculations were done 

to see binding propensity between the modifier DPT and lead ions. The negative binding 

energy revealed that DPT possessing electron donor atoms such as N, O and S favors 

complexation with Pb2+. In this proposed work several sensing platforms such as 

SDS/PtNPs, thiourea based surfactant DAN with ZnO on the SPE i.e. DAN/ZnO/SPE and 

DAN/AuNPs /GCE were designed, validated and applied for the electroanalytical 

detection of selected drugs in dosage forms in serum samples. An efficient and highly 

sensitive electrochemical sensing platform for the picomolar detection of esmolol (ESM) 

was developed by modifying glassy carbon electrode (GCE) with SDS and Pt 

nanoparticles. The presence of SDS/Pt at the GCE surface greatly increased the current 
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signal of ESM as compared to the unmodified electrode, thus suggesting enhanced 

electrocatalytic role of the modifier in mediating electron transfer between the GCE and 

ESM molecules. The designed sensor was found to deliver remarkable applicability for 

the detection of ESM in serum samples. The sensitivity of the proposed method was found 

to be 115.0 μA/M with limit of detection 60 pM for square wave voltammetry in serum. 

DAN/ZnO/SPE mutually faciliated the electron transfer rate as well as electrocatalytic 

activity toward the oxidation of TRP drug. The unique properties of zinc oxide and DAN 

surfactant in terms of high surface area, chelating property of surfactant to anchor drug 

more effectively offered a remarkable improvement in electrochemical response of TRP. 

Furthermore, the DAN/ZnO/SPE was applied for the determination of TRP in serum 

according to pharmaceutical formulation. The analytical parameters of the designed sensor 

show that the proposed sensor detect TRP concentration up to picomolar with high 

sensitivity and accuracy. The electrochemical oxidation and analytical detection of 

oxoplatinium (OXP) were studies at DAN/AuNPs/GCE. The results revealed that 

DAN/AuNPs/GCE has a high sensitivity for Oxoplatinium detection with LOD value of 

1.451011 M under optimized conditions. Insignificant interference from interfering 

agents and excellent recovery from spiked samples supported selectivity and applicability 

of the designed sensor. Computational studies were performed for the calculation of 

binding energy between the modifier and dugs. The negative interaction energy revealed 

host-guest (electrode modifier and drugs) complexation, thus, suggesting 

anchoring/accumulation of drugs at the interface of modified electrode and electrolyte that 

result in intense oxidation signal during stripping step of square wave voltammetry. The 

results of computational studies supported the experimental outcomes. The 

electroanalytical applications of the designed sensors were tested in serums samples with 

remarkable recoveries, thus, signifying practical applicability of the proposed sensors in 

real sample analysis. Therefore, the simple, low cost and environmental friendly 

fabrication procedure with the requirements of small volume of samples, high selectivity, 

sensitivity and reproducibility makes these surfactant based nanosensors more effective 

for the determination of selected drugs in biological samples. The present work is 

anticipated to filling the gap in the research for the first time voltammetric determination 

of the selected drugs such as TRP and OXP up to pico molar concentration using surfactant 

based nanosensors. Moreover, the designed novel sensors for the voltammetric detection 



 

131 
 

of drugs (ESM, TRP, OXP) up to minute level can be utilized to assess the quality of 

selected drugs for a better therapeutic effect 

CuO derived Cu (ODCu) has been proposed and demonstrated as an efficient 

electrocatalyst for carbon dioxide reduction in aqueous media. X-ray diffraction and 

Scanning electron microscopy revealed the CuO reduced to Cu (111) nanoparticles during 

the CO2RR. The oxide derived Cu reduced to metallic copper during CO2RR induced 

defective sites and that transformation facilitated C2 products. C2+ products obtained a 

higher FE mainly ethylene 26% and ethanol 33% at 0.95 V. In addition, C2 product 

formation at onset potential 0.25 V is achieved which is quite lower overpotential 

with the proposed catalyst.  

4.7.1. Recommendations for future studies 

This research work has effectively addressed the key challenges of specificity, sensitivity, 

simultaneous detection and quantification below the toxic level of heavy metal ions in 

water samples and lower cost of receptors while developing environmental friendly 

surfactant based electrochemical sensors towards the determination of toxic heavy metal 

ion in water. The developed surfactant based electrochemical sensors can be integrated 

for constant monitoring of water quality. These electroanalytical sensing tools can also 

be utilized to detect the therapeutic level of drugs concentrations in serum of patients to 

prevent toxicity due to overdose in clinical medicine. The disposable screen printed based 

fabricated electrodes can be utilized for the TRP detection in a similar manner like blood 

glucose voltammetric sensor. For CO2 reduction reaction, the intrinsic property of 

catalyst and catalyst surface reduction may induce sites or edges that facilitate the 

dimerization and coupling of intermediates to ethanol and ethylene. More research is 

required to assess the probability of the pathway. DFT calculations can be able to 

determine the formation of possible intermediates on the surface of catalyst and the 

possible interaction of the intermediates on the catalyst surface that stabilizes the C2H3O. 

It can also be possible through DFT calculations to calculate the energy barrier required 

for the formation of CO2
- and the key step involves in the C-C coupling step which may 

leads to the formation of C2 products such as ethanol, ethylene, propanol at the lowest 

overpotential. There is ongoing debate that C-C coupling nature is whether a chemical step 

or an electrochemical step which involves the transfer of H+/e for the formation of C2 

products at lower overpotentials. More research is required to confirm the Hori suggestion 
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that the rate of CH4 formation is dependent on pH while ethylene formation is independent 

on pH. This proposes that rate determining step involves an electron-transfer step in the 

formation of ethylene. Tuning the composition and more variations in electrolytes for a 

proposed catalyst e.g CsCO3 can offer an additional opportunity to enhance the catalyst 

performance. A key opportunity to enhance the performance also exist in the optimization 

of catalyst composition and structure. Catalyst surface morphology also clearly affects the 

overpotential and product selectivity of CO2RR. Therefore, further experiments are 

required to understand how the catalyst surface active sites involves in the activity of 

CO2RR. Using Cu nanoparticles of a single size with definite facets like (111) (110) (100) 

can be helpful to understand how CO2 reduction activity is affected by these different site. 

..
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