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Abstract 
Development of bioinspired routes for the synthesis of nanostructured materials is a 

prudent area of research for their applications to engineer the electrocatalytic activity for 

sensing of wide variants of organic and inorganic analytes and to produce a device that is 

reproducible, stable, low-cost, and must have practical applicability. It is also important to 

further study and design approaches for the successful implementation of nanoparticles-based 

systems for the development of novel electrocatalytic sensors. This would help in achieving 

two primary sustainability goals, i.e., ensuring the availability of clean drinking water and 

achieving proper health and wellbeing for the masses. The phytochemicals present in Psidium 

guajava (guava) leaves extract have been exploited in this doctoral study for the formation of 

engineered metal nanoparticles, and the leftover biomass residue was used for the synthesis of 

carbon dots for electrocatalytic sensing of heavy metal ions and organic analytes.  

To harness the potential of nanotechnology, the synthesis of nanoparticles needs to be 

controlled and modified as per the requirements. With these aims in mind, the doctoral work is 

segregated into various parts based on the synthesis of different nanoparticles and their 

applications in developing electrochemical sensors. 

In the first part, one-pot synthesis of AgNPs is carried out by using the analytes present 

in the aqueous extract of Psidium guajava leaves (284 ascorbic acid equivalent/100 g fresh 

leaves), where the synthesis reaction was synergised by microwave (MW). The synergy 

between the MW input powers and the disintegration of capping agents leading to particle 

aggregation was explored. The modified electrode (AgNPs (pH9.5)/GPE, graphite paste 

electrode) exhibited a reduction in charge transfer resistance from 3.2 to 0.453 KΩ. A single 

electron reaction (Tafel slope 103 mV/decade, α=0.57) of ascorbic acid (AA, 0.380 V vs. 

Ag/AgCl) was found in a phosphate buffer media (pH 7.2) and, AA oxidation was diffusion 

control at AA≤150 µM and activation control at 150≤AA≤2000 µM. Dopamine and uric acid 

couldn’t interfere with the response current of the chronoamperometric test of 

AgNPs(pH9.5)/GPE, and the (peak)separation potential of 0.272 and 1.114 V was found for 

AA-dopamine and AA-uric acid. The limit of detection and sensitivities of 

AgNPs(pH9.5)/GPE were estimated as 14.63 µM and, 0.719 (diffusion control) and 0.390 

(activation control) µA/cm2.µM. The concentration of AA in S. edule and Z. mauritiana extract 
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was determined using AgNPs(pH9.5)/GPE well-matched with high-performance liquid 

chromatography. 

Synthesis of tailor-made nanostructures in bio- and bio-inspired routes is a challenge 

of decades. Therefore, the focus of this study moved a step further, and the synthesis of highly 

crystalline and ordered Ag@PtNPs core-shell nanoparticles (NPs) under a short exposure of 

microwave (900 W and 300 s) using the analytes present in the aqueous extract of Psidium 

guajava leaves was introduced. A thorough characterization of Ag@PtNPs and their single 

metal counterparts (AgNPs and PtNPs synthesized using the same bio-extract) was performed 

using UV-vis, XRD, FETEM, EDX, particle size, and zeta-potential analysis. The graphite 

support electrode was surface-modified by these NPs for electrocatalytic sensing of Pb(II) by 

square wave anodic stripping voltammetry. The electron transfer resistance was reduced by 

1.2, 26, and 2.9 folds, respectively, for PtNPs, AgNPs and Ag@PtNPs modified graphite 

electrodes in comparison to the bare graphite electrode, and the constant phase element and 

solution resistance were almost invariant. The sensitivity of Ag@PtNPs/graphite electrode for 

Pb(II) sensing calculated against the electroactive area was about 4.5 and 20.20 folds higher 

than PtNPs/graphite and AgNPs/graphite electrodes at −0.43 V. vs. Ag/AgCl (3 M KCl) and 

pH 5 with a deposition potential of −1.2 V vs. Ag/AgCl (3 M KCl) for 300 s, and the limit of 

detection was as low as 0.8 nM. The response of the sensor (max. 1.98% variation in peak 

current) was almost invariant in the presence of co-ions (Cd(II), Cu(II), and Hg(II) from 0.25-

10 μM), and it could effectively determine Pb(II) (with and without spiking) from 

environmental water samples collected from the river, domestic supply and sewage treatment 

plant (max. 6.3% variation in comparison of atomic absorption spectroscopy).  

Noble metal nanoparticles could impart an enhanced electrocatalytic activity of various 

redox reactions by improving the electron transfer kinetics. Taking keynotes from those facts, 

herein, facile bioinspired synthesis of PtNPs and their integration for the formation of 

PtNPs/graphene nanocomposite using Psidium guajava (guava) leaves extract was carried out. 

Graphene used in nanocomposite formulation was synthesized by exfoliation of graphite in 

water/acetone (25:75 v/v) mixture followed by mechanical shearing using ultrasonication and 

microwave irradiation. PtNPs/graphene nanocomposite was drop-cast onto a glassy carbon 

electrode (GCE, 3 mm dia). The electrocatalytic activity of PtNPs/graphene nanocomposite 

was tested in a three-electrode system for sensing metabolic products of dipyrone (DIP) formed 

through 1 e− and 2 e− transfer reactions. The modified electrode exhibited an almost 50% 

reduction in electrode resistance. The limit of detection was found to be 0.142 μM with 
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sensitivities of 0.820 and 0.445 µA․µM−1cm−2 for DIP concentration below and above 100 µM, 

respectively, using square wave voltammetry. The signal of sensing of metabolites of DIP was 

almost invariant in the presence of glucose, dopamine, uric acid, and ciprofloxacin; however, 

the response current was decayed by 20% within the 10th cycle. The sensing of DIP spiked in 

treated sewage-water and running tap-water samples was ~100% recoverable and comparable 

with HPLC. 

The bioinspired synthesis of the novel metal nanoparticles could generate a substantial 

amount of Psidium guajava leaves residue. This study aimed at the synthesis of carbon dots 

(CDs) using leftover biomass residue. The hydrothermal method was used for the synthesis of 

CDs. These CDs were then decorated on the glassy carbon electrode (GCE) for the 

electrochemical sensing of chlorpyrifos (an organophosphate pesticide) in an aqueous ethanolic 

solution. CDs were characterized by FETEM, XRD, FTIR, and photoluminescence 

spectroscopy. Monodispersed CDs of average particle size of 3.7 nm were obtained at 200ºC 

for a reaction time of 10 h. Square wave voltammetric technique was employed for the sensing 

and quantification of chlorpyrifos and for the determination of fundamental electro-kinetic 

parameters. The reduction of chlorpyrifos involved an irreversible two electron process with a 

heterogeneous reaction rate constant (k°) of 1.21 s−1 and a formal potential (E°) of 1.34 V vs. 

Ag/AgCl, respectively. The modified GCE exhibited a smooth noise-free peak-current 

response along with its good repeatability (RSD 4.7%, n=10), reproducibility (RSD 1.17%, 

n=3), and sensitivity (1.27 mA․μM−1․cm−2) towards the target analyte. The limit of chlorpyrifos 

determination and quantification was found to be 1.5 nM and 4.5 nM, respectively, with a linear 

range of 0.1-1 μM.   

Finally, the fabrication of fluorine-doped tin oxide (FTO) based miniaturized device 

using Cu nanorods (CuNRs) and Cu@Ag nanorods (Cu@AgNRs), which were used as 

electrocatalysts for the detection of Zn(II), Cd(II), Pb(II), and Hg(II) ions present in various 

environmental samples was performed. An automatic laser engraver-based patterning of the 

FTO sheet was carried out to draw an etched pattern providing a miniaturized three-electrode 

system (1.5×2.5 cm). A layer of Ag/AgCl ink was coated by doctor blading on a section of the 

FTO sheet to develop the reference electrode. CuNRs and Cu@AgNRs synthesized by using 

ascorbic acid (a major component in the bio-extract) were drop-casted to develop the working 

electrode section (CuNRs/FTO or Cu@AgNRs/FTO) on the patterned FTO sheet. The bare 

FTO surface worked as the counter electrode. Ag was deposited on CuNRs by partial galvanic 

displacement of Cu to form Cu@AgNRs. The electroactive surface areas of the prepared 
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devices were respectively 0.026, 0.093, and 0.125 cm2 for bare FTO, CuNRs/FTO, and 

Cu@AgNRs/FTO. The Cu@AgNRs/FTO showed the peak separation by 0.40, 0.25, and 0.51 

V between Zn(II)-Cd(II), Cd(II)-Pb(II), and Pb(II)-Hg(II), respectively. The limit of detection 

for Cu@AgNRs/FTO was found to be 0.005, 0.003, 0.002, and 0.0025 μM, respectively for 

Zn(II), Cd(II), Pb(II), and Hg(II), whereas CuNRs/FTO was unable to sense Zn(II) and Hg(II) 

ions till its initial concentration of 3 μM. It was observed that the current response for the 

devices remained invariant up to 4 consecutive cycles. 
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CHAPTER 1 

Introduction, Literature Review and Research Objectives 

 

This chapter presents the general introductory information about the metal 

nanoparticles, various synthesis approaches and catalytic properties. A 

concise review of the bioinspired approaches of metal nanoparticles synthesis 

and application in electrochemical sensing of various organic and inorganic 

pollutants is presented in this chapter. 
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1.1. Nanotechnology: History and background 

1.1.1  History of nanotechnology 

The use of Nanotechnology dates way back to 4th Century AD with the famous 

example of “The Lycurgus Cup” developed by the Romans. The cup was made up of glass 

embedded with gold and silver alloy nanoparticles that changed colours depending on the 

lighting conditions. During 9th-17th century, various coloured ceramics and glass panes 

have been found to contain nanoparticles like gold, silver, copper and alloys of them. In 

1857, Michel Faraday was the one who demonstrated the peculiar optical and electronic 

properties of gold colloids in one of his famous publications in the Philosophical 

transactions, that showed that gold colloids exhibited different coloured solutions at 

different lighting conditions (Faraday, 1857). In the Modern Era, Sir Richard Adolf 

Zsigmondy, an Austrian-Hungarian Chemist, one of the pioneers who worked exclusively 

on colloids proved the heterogeneous nature of colloidal solutions, for which he was 

awarded Nobel prize in chemistry in the year 1925. He coined the word ‘Nanometer’ 

explicitly to describe the size of the particles he observed in gold colloids using the slit-

ultra microscope which he developed in collaboration with Siedentopf in the 1900s. The 

concept of nanotechnology was first introduced by the American physicist and Nobel Prize 

laureate Richard Feynman in 1959 which was further elaborated by the eminent Japanese 

scientist Norio Taniguchi in the year 1974. He defined Nanotechnology as 

“Nanotechnology mainly consists of the processing, separation, consolidation, and 

deformation of materials by one atom or one molecule” (Bayda et al., 2020). 

 

1.1.2 Background of nanotechnology and nanomaterials 

Nanotechnology primarily focuses on the synthesis of nanostructured materials by 

manipulating individual atoms and molecules to build complicated structures as per the 

requirement for a specific application. The particles behave much differently when their 

size is close to the range of their constituent atomic dimensions. Nanotechnology could 

play an important role for the betterment of broad societal goals and improved 

understanding of nature, increased productivity, better healthcare, and extending the limits 

of sustainable development. Nanotechnology opens up a broad prospect in health, 

electronics, agriculture, energy and the environment.  

The particle sizes within 1 to 100 nm range by virtue of possessing a large surface to 

volume ratio come under the periphery of nanomaterials or nanoparticles. To harness the 
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potential of nanotechnology, we need to control the synthesis of nanoparticles, modify them 

as per our requirement and study their effect on the environment, health and largely on our 

society. 

Nanotechnology can play an essential role in addressing the challenges posed by the 

shortage of energy, potable water and agriculture. It has revolutionized the energy sectors 

with the development of photovoltaic cells (Günes et al., 2007) and organic light-emitting 

devices based on quantum dots (Pal et al., 2020) as well as carbon nanotubes in composite 

film coatings for solar cells, increasing their efficiency by two folds (Kongkanand et al., 

2007). In the area of hydrogen fuel, nanocatalysts for hydrogen generation (Jiang et al., 

2015), novel hydrogen storage systems based on carbon nanomaterials (Jordá-Beneyto et 

al., 2007) and other applications of nanotechnology have the potential to reduce the energy 

loads. The safe and efficient ways to store hydrogen, as well as improvements in batteries 

and supercapacitors, could also be made possible using nanomaterials (Darkrim et al., 

2002).  

The improvement of quality and carrying capacity of ecosystems, including water in 

surface bodies, aquifers and soil profile and arresting degradation of natural resources have 

been made one of the prime schemes incorporated into the Ministry of Rural Development 

(MoRD), Government of India, in the 12th five-year plan. 

In India, the introduction of National Rural Drinking Water Programme (NRDWP) 

in the 12th plan has proposed the availability of safe drinking water to 55% of rural 

households at 55 L per capita per day. This program also includes the monitoring and 

treatment of water to minimize contamination and ensure the potable water supply to all 

rural households (Greening Rural Development Report MoRD, 2012). It also emphasizes 

the use of sustainable and renewable methods and sources for water purification.  

The key pollutants deteriorating the water quality include microbial contaminants, 

heavy metals, salinity, endemic and anthropogenic contaminants. Nanotechnology could 

play an important role in evading these problems with the development and applications 

like nanomaterial-based sensors for the detection of various contaminants (Wang and Hu, 

2009), antimicrobial components based on nanoparticles (Pérez-Díaz et al., 2015), 

nanoporous catalysts for the degradation of micropollutants like pesticides (Shi et al., 

2015), herbicides (Santacruz-chávez et al., 2015) and nanoparticles in water purification 

systems (Kunduru et al., 2017). 

Agriculture in India plays an essential part in the economic wellbeing of our society. 

Nano fertilizers have been developed that slowly release the nutrients and help in the 
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efficient use of water and fertilizers by plants (Naderi and Danesh-Shahraki, 2013). 

Nanostructured pesticides for targeted release of anti-pest components without much 

affecting the environment have been developed and have shown greater efficiency than 

conventional pesticides (Kah, 2015). Nanosensors for soil quality detection and plant health 

monitoring have also been developed (Kar et al., 2012). 

To address the goals of achieving sustainable development of the society by using 

nanoparticles, it is vital to explore and devise techniques for their synthesis, 

characterization and applications. It is crucial to further study and design strategies for 

successfully implementing nanoparticles in the development of sensors, biological and 

medicinal applications, or applications in electrochemical catalysis. The following sections 

shall describe the various synthesis techniques of nanoparticles, their applications and 

strategies used by researchers to find out knowledge gaps and set objectives to further 

research. 

 

1.2. Nanoparticles and their classifications 

Nanoparticles are classified based on their size, morphology, chemical and physical 

properties. The various types of nanoparticles are briefly described in the following 

sections. 

 

1.2.1 Ceramic nanoparticles 

Ceramic nanoparticles are oxides, carbides, carbonates and phosphates of various 

inorganic elements. These nanoparticles are known to possess great thermal resistance and 

are inert against most chemicals. Ceramic nanoparticles have been applied in photocatalysis 

(Baaloudj et al., 2021), photo-degradation of dyes (Mortazavi-derazkola et al., 2015), drug 

delivery (Moreno-Vega et al., 2012), and imaging (Zako et al., 2015). They perform as a 

good drug delivery agent by slight tweaking of their size, morphology and surface to 

volume ratio (Moreno-Vega et al., 2012). These nanoparticles are used successfully in drug 

delivery systems for the treatment of diseases like cancer and bacterial infections, etc. 

Mesoporous silica nanoparticles decorated with magnetite nanoparticles are used for the 

targeted delivery of anticancer drug doxorubicin (J. E. Lee et al., 2010). However, the 

synthesis requires toxic chemicals and reagents and a few reports have shown concern on 

the cytotoxic properties of these nanoparticles (Singh et al., 2016). 
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1.2.2 Polymeric nanoparticles 

Polymers nanoparticles are organic nanoparticles forming nanocapsules or 

nanospheres by virtue of their synthesis processes. A nanosphere has a matrix-like form 

where the active compounds and the polymer are uniformly dispersed. Whereas in the case 

of nanocapsules, it possesses a core-shell structure with the active compounds bound 

within the polymer shell in the core. 

Polymeric nanoparticles have the advantages of controlled release and protection of 

drug molecules as compared to ceramic nanoparticles. The ability to combine therapy and 

imaging towards specific targeting makes polymer nanoparticles preferably more attractive 

than ceramic nanoparticles. The polymeric nanoparticles being biocompatible and 

biodegradable provides a sustainable alternative to ceramic nanoparticles towards drug 

delivery. These nanoparticles have limited applications confining specifically to drug and 

gene delivery (Li et al., 2013). A small change in temperature can trigger morphological 

changes in the polymeric nanoparticles and this property is harnessed for targeted drug 

delivery in a diseased body (Bawa et al., 2009). The disadvantages of these polymeric 

nanoparticles are the monomers are generally toxic, and the degradation of such polymers 

sometimes generates toxic end products (Lockman et al., 2002). 

 

1.2.3 Semiconductor nanoparticles 

Semiconductor nanoparticles having properties of both metals and non-metals can 

be found in groups II-VI, III-V or IV-VI of the periodic table.  The large bandgaps of these 

nanoparticles can be tuned easily to perform various applications based on our 

requirements. They are used in photocatalysis (Pascariu et al., 2018), photo-optics (Born et 

al., 2016) and water splitting applications (Sathish et al., 2006). Gallium nitride (GaN), 

gallium phosphide (GaP), indium phosphide (InP), indium arsenate (InAs) from Group III-

V, zinc oxide (ZnO), zinc sulphide (ZnS), cadmium sulphide (CdS), cadmium selenide 

(CdSe), cadmium telluride (CdTe) are II-VI semiconductors, and silicon and germanium 

from Group IV are few of the examples of semiconductor nanoparticles being used 

extensively. Organic semiconductor heterojunction nanoparticles have been used for 

photocatalytic hydrogen evolution reactions. The photocatalysts showed very high H2 

evolution rate of over 60,000 µmol․h−1․g−1 under visible light (Kosco et al., 2020). ZnS 

nanoparticles with amine functional groups on the surface have been synthesized and 

applied for the fluorescence sensing of 2,4,6-trinitrotoluene (TNT) (Wang et al., 2012). The 
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process of synthesis of these nanoparticles often requires costly, toxic reagents and harsh 

lab conditions. 

 

1.2.4 Lipid-based nanoparticles 

Lipid nanoparticles are usually spherical in shape with a diameter of between 10 

and 100 nm. It consists of a rigid centre composed of lipids and other soluble lipophilic 

molecules that constitute the nanoparticles matrix. This matrix is then stabilized by using 

suitable surfactants and emulsifiers for the intended use in the biomedical field as a drug 

transporter, transmission and release of RNA in cancer therapy and as a contrast enhancer 

in molecular imaging (García-Pinel et al., 2019; Li and Szoka, 2007; Mulder et al., 2006). 

Paclitaxel/Epigallocatechin gallate loaded lipid nanoparticles of average diameter 130 nm 

were used to deliver the drugs to the cancer cells (Ramadass et al., 2015). Similarly, 

Oliveira et al. (2018) developed magnetic solid lipid nanoparticles and demonstrated the 

triggered release of Paclitaxel at the affected location with the magnetic induction of 

hyperthermia at the affected location. 

These nanoparticles are highly unstable and a slight change in the surrounding may lead 

to particle aggregation and change in size (Hanumanaik et al., 2013). They are seldom used 

in electrochemical sensors due to mechanical instability and low tolerance to a dynamic 

environment.   

 

1.2.5 Carbon-based nanoparticles 

Carbon-based nanoparticles include carbon nanotubes (CNTs), fullerenes and 

carbon dots (CDs). CNTs are sheets of graphene folded into a tube. These materials being 

100 times stronger than steel, are most often used as structural supports. CNTs may be 

categorized as single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs). CNTs are thermally conductive along the length and non-

conductive around the tube. Fullerenes, on the other hand, are a hollow cage structure of 

sixty or more carbon atoms. They have commercial applications due to their high electrical 

conductivity and mechanical stability. The use of harmful reagents demands sophisticated 

lab installations for the synthesis of these materials.   

CDs, on the other hand, can be synthesized sustainably from organic biomass 

wastes (Zhou et al., 2012) and other sustainable sources and comparatively milder reaction 

conditions and do not require any harmful chemical for its synthesis (Silva et al., 2011). 

This has drawn the attention of researchers to explore the properties and applications of 
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CDs in various fields like bio-imaging (Sun et al., 2006), fluorescence sensors (Wang et 

al., 2009), etc. This special class of carbon structure presents a great potential to be used in 

electrochemical sensing applications. First, CDs can have a huge surface area providing 

ample active sites for analytes to adsorb. Second, CDs can be conveniently synthesized in 

a simple path, with cheap raw materials, and without the use of sophisticated equipment. 

More specifically, because the prepared CDs-based substance already has a mass of 

hydrophilic functional groups, no specific alteration is needed to impart hydrophilic 

properties to the CDs. This is a major benefit, since these functional groups may be the 

reason why CDs adsorb pollutants (Zhang et al., 2019). CDs modified GCE have shown 

successful electrochemical sensing of adrenaline with very high selectivity and sensitivity. 

They concluded the presence of hydroxyl functional groups imparted a negative charge to 

the electrode surface that allowed the adsorption of cationic adrenaline hence increasing 

the sensitivity of the sensor (Shankar et al., 2019). Similarly, screen-printed electrodes 

(SPEs) modified with CDs could successfully detect Fe(II) ions with an LoD of 0.44 mg/L 

(Tan et al., 2017). Ghorbani-Bidkorbeh et al. (2010) modified GCE with CDs to detect 

naltrexone (NAL) with an LoD of 0.1 μM by using differential pulse voltammetry (DPV). 

Though CDs are well known for their applications in fluorescence sensors, recentlys people 

are exploring the applicability of CDs in electrochemical sensing. 

 

1.2.6 Metal nanoparticles 

1.2.6.1 Catalytic activities of metal nanoparticles 

  Metal nanoparticles (MNPs) are known to function as catalysts for different types 

of chemical reactions. The catalytic sites are mostly situated on the surface atoms of MNPs. 

The ratio of surface atoms increases with the decreasing particle size.  In other words, the 

smaller the particle size greater is its catalytic activity of the MNPs (Zhou et al., 

2010).  MNPs need to be stabilized. Otherwise, they could coagulate easily and form 

aggregates that are less effective in catalyzing a reaction. Advantages of using MNPs as 

catalysts are the following: 

• MNPs dispersed in solution generally catalyze reactions at temperatures below the 

boiling point of the solvent. 

• MNPs are transparent to light; hence if dispersed in solutions can be used as 

photocatalysts effectively. 
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• A slight modification in the reaction conditions could produce MNPs with a plethora 

of sizes and shapes as per the catalytic requirements for a given reaction. 

• MNPs immobilized on solid supports could catalyze the reactions even involving the 

gaseous reactants.  

• Bimetallic and alloy MNPs also can be easily prepared by modifying the structures and 

compositions. 

 

1.2.6.2 Antimicrobial activity of MNPs 

Many metals and metal oxide nanoparticles possess antimicrobial activities. Silver 

exhibits excellent antimicrobial activities by inhibiting enzymatic systems of the 

respiratory chain and by altering the DNA replication process (Hernández-Sierra et al., 

2008). ZnO nanoparticles also show antibacterial effects against various types of bacteria. 

It has also been found that, in the presence of AgNPs, the antimicrobial activity of many 

commercially available antibiotics increases against both gram-positive and gram-negative 

bacteria (Hernández-Sierra et al., 2008). 

 Similarly, low-cost metal oxide nanoparticles of ZnO, SnO2, CuO, NiO, and Fe2O3 

have also been found to be potent for antimicrobial applications (Li et al., 2008; Meena 

Kumari and Philip, 2015; Talebian and Zavvare, 2014). Talebian and Zavvare (2014) 

showed the effectiveness of solvo-thermally synthesized SnO2 nanoparticles against E. coli 

at different lighting and ambient conditions. 

 Researchers have also shown the antimicrobial activity of bimetallic nanoparticles 

(Banerjee et al., 2011; Malika et al., 2016; Valodkar et al., 2011). Banerjee et al. (2011) 

synthesized bimetallic Au-Ag core-shell nanoparticles. They reported a better antimicrobial 

activity against both gram-positive and gram-negative bacteria as compared to the 

individual nanoparticles. However, basic research and exploration of antimicrobial activity 

of bimetallic or mixed metal oxide nanoparticles need to be done to obtain an effective 

formula of nanoparticles. The antibacterial activity of different metal and metal oxide 

nanoparticles is summarized in Table 1.1. 

Metals are highly toxic to many bacteria and fungus at low concentrations. Based 

on the nature and property of the metal, the antibacterial mechanism depends on its 

reducing potential and the metal donor atom selectivity (Palza, 2015). A metal could 

generate reactive oxygen species within the cell membrane that could damage the cell 

genomic material and hamper the protein synthesis. Some metal nanoparticles trigger the 
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Fenton reaction and produce reactive free hydroxyl radicals that interfere in the enzymatic 

process of the cell. Figure 1.1 describes the possible mechanisms of antimicrobial 

behaviour. In the case of CuO nanoparticles, the bactericidal activity mostly depends on 

the soluble ion release within the cell membrane that causes cytotoxicity by interacting with 

the metalloprotein complexes (Gunawan et al., 2011). 

Possible routes of antimicrobial activity of nanoparticles are adhesion of 

nanoparticles onto the bacterial cell surface and acting as catalytic cofactors in either 

generating or catalyzing reactive oxygen species (ROS). The formation of free radicals 

within the cell and the release of metal ions by nanoparticles within the cell acts by 

attacking the genomic DNA or by interfering with the activities of the signalling protein 

cascades, and metal oxides react by the release of metal ions or by forming complexes with 

polypeptides.  

 

 

Figure 1.1: Mechanism of antimicrobial activity of nanoparticles (adapted from Palza 

(2015) with permission from mdpi.com). 
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Table 1.1: Nanoparticles and their size-dependent antimicrobial activities. 

*Particles are usually spherical in nature except for the study by Al-Hazmi et al. (2012) 

 

From Table 1.1, it can be observed that the antimicrobial activity of different metal and 

metal oxide nanoparticles mainly depends on two factors that is the size of the nanoparticles 

and the reducing potential of the parent metal element in consideration.  

 

1.2.6.3 Medicinal and therapeutic uses of MNPs 

Nanoparticles are extensively tested in drug delivery because of their unique 

property of solubility, drug release capability and immunogenicity. Many materials ranging 

from biodegradable polymeric nanoparticles (Soppimath et al., 2001), mesoporous silica 

(Gary-Bobo et al., 2012; Slowing et al., 2008), noble metal nanoparticles (Ghosh et al., 

2008) and chitosan-based nanocarriers (Agnihotri et al., 2004) have successfully been used 

as the medium for drug delivery and cancer therapeutics. Silver nanoparticles synthesized 

by photocatalytic reduction of Ag+ ions have been used to formulate an antimicrobial and 

Nanoparticle Synthesis 

Technique 

*Size 

(nm) 

Antimicrobial stains Remarks Sources 

Ag Biosynthesis 13.4 E. coli, S. aureus MIC for E. coli is 6.6 nM and 

MIC for S. aureus is 33 nM 

Kim et al., 

2007 

Au Biosynthesis 18-56   E. coli, S. aureus, S. 

epidermidis  

21.51% inhibition at 0.2 mM 

AuNP and 52.98% inhibition 

at 1 mM concentration 

Sreekanth 

et al., 2014 

Pd Pyrolysis 2 - 3 E. coli, S. aureus 10-9 M of PdNPs shows 

microbial inhibition and more 

effective against S. aureus 

Adams et 

al., 2014 

Al2O3 Biosynthesis 34.5 P. aeruginosa 

(MDR strain) 

MIC at 1600 µg/mL and 

complete inhibition at >2000 

µg/mL 

Ansari et 

al., 2015 

ZnO Biosynthesis 25 E. coli, S. mutans 1 mm inhibition zone for E. 

coli and 3.2 mm for S. 

mutans (10 µg/mL) 

Issa et al., 

2015 

MgO Hydro-

thermal 

Nano

wires 

6-8 

nm 

dia 

E. coli, Basillus 

spp. 

Gram positive bacterial less 

susceptible than gram 

negative bacteria 

Al-Hazmi 

et al., 2012 

SnO2 Biosynthesis 2.1-

4.1 

E. coli Positive inhibitory effect on 

E. coli 

Vidhu and 

Philip, 

2015 

CuO Biosynthesis 6-8 E. coli, K. 

aerogenes, 

P. desmolyticum, 

S. aureus  

IC50 of CuO NP is 566 

µg/mL 

Udayabhan

u et al., 

2015 

Fe2O3 Biosynthesis 

(Fungus 

mediated) 

 

80 

D. congelesis MIC observed at >2000 

µg/mL 

Atef et al., 

2016 

TiO2 Enzyme 

assisted  

25-50 E. coli, S. aureus MIC for both strains 62.5 

µg/mL 

Ahmad et 

al., 2014 

TH-2726_146152008



Introduction, Literature Review and Research Objectives 

 
11 

antifungal gel (Jain et al., 2009). Kunjachan et al. (2015) developed Au nanoparticles 

modified with PEG and tagged with near-infrared imaging agent (AF647) that specifically 

attach themselves to tumor cells and, the affected area could be identified using IR imaging 

for radiation therapy. Yang et al. (2006) developed magnetic poly ethyl-2-cyanoacrylate 

(PECA) nanoparticles of size 250 ± 15 nm that could successfully deliver anticancer drug 

Ciplastin to a point target under controlled mobility induced by external magnetic fields. 

 

1.3 Approaches of MNPs synthesis 

Nanoparticles often show diverse physical, chemical and biochemical 

characteristics compared to their bulk counterparts (Vidhu and Philip, 2015). There are 

many established techniques for the fabrication of nanoparticles that are used based on the 

quality and characteristics required for their end applications. The size, stability, 

morphology and characteristics of nanoparticles strongly depend on the preparation 

methods and experimental conditions (Yin et al., 2003). The so-called techniques of 

nanoparticle fabrication are summarized in Figure 1.2. A brief description of the techniques 

commonly used to synthesize nanoparticles is described in the subsequent sections. 

 

 

Figure 1.2: Typical methods for the fabrication of nanoparticles. 
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1.3.1 Top-down approach 

1.3.1.1 Flame spray pyrolysis 

Liquid feed-flame spray pyrolysis (LF-FSP) is one of the most recent developments 

in flame spray pyrolysis (FSP) technology. In FSP, nano metal oxide powders could be 

produced by oxidizing highly volatile gaseous metal chlorides in an oxygen-hydrogen 

flame. FSP can be used to produce a wide array of high purity nano-powders ranging from 

single metal oxides such as alumina or titania to more complex mixed oxides and catalysts. 

The technique is first developed by a research group of Sotiris E. Pratsinis at ETH Zurich, 

Switzerland (Strobel and Pratsinis, 2007).  

There are two flame pyrolysis methods practiced in the laboratory scale, i.e., flame 

aerosol synthesis (FAS) and flame spray pyrolysis (FSP). In FAS, metal precursors are 

dissolved in an appropriate solvent, and the solvent vapour is carried into the flame 

environment by a carrier gas followed by gas to particle conversion. FSP, on the other hand, 

is more versatile as it uses liquid precursors producing particles of more complex 

compositions.  

Grossmann et al. (2015) synthesized Pt doped TiO2 particles by slight modification in 

the pyrolysis reactor using the double nozzle spray method, as shown in the image (Figure 

1.3a). They were also able to produce various heterogeneous nanoparticles by using this 

double spray pyrolysis method. Images of few synthesized nanoparticles by this method 

are depicted in Figures 1.3b to 1.3d. 

Many types of nanomaterials have successfully been synthesized by this process 

and also been reported for their applications in different fields like the use of copper oxide 

nanoparticles formed by FSP for the photo-electrochemical splitting of water to produce 

hydrogen (Chiang et al., 2012), calcium phosphate nanoparticles and their use in the 

enhancing the osteogenic differentiation in stem cells (Ataol et al., 2015), defluoridation of 

water using Al2O3 nanoparticles synthesized by FSP (Tangsir et al., 2016), and the use of 

titania nanoparticles in solar and photo-electrochemical catalysis (Tantis et al., 2016). This 

method though shows promising results in the large scale production of nanoparticles but, 

the method is fairly expensive and requires a lot of energy inputs. 
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Figure 1.3: (a) Image showing the experimental setup for the synthesis of the nanoparticles 

using double nozzle flame spray pyrolysis, and (b-d) TEM and High-angle annular dark-

field (HAADF) STEM images of Pt doped TiO2 nanoparticles. Reprinted from Grossmann 

et al. (2015) with prior permission. Copyright 2015 Springer Nature. 

 

1.3.1.2 Attrition  

It is a top-down process of synthesis of nanoparticles. In this process, the bulk 

material is taken and is crushed in high-energy ball mills to downsize the particles into 

nanostructures. The kinetic energy of the grinding medium like steel or tungsten carbide 

ball beads is transferred into the coarse particles whose nanomaterials are desired. The 

sample is placed in a drum with a controlled atmospheric environment which rotates at a 

very high rpm imparting its kinetic energy to the material through the grinding medium 

(Figure 1.4a). 

 

Figure 1.4: (a) Schematic diagram of attrition process, and (b & c) Hexagonal wrutzite 

ZnO nanoparticles of average size of 15 nm. Figures 1.4b & 1.4c reprinted from Chen et 

al. (2012) with prior permission. Copyright 2012 Elsevier.  

 

The bulk production of nanoparticles can easily be achieved through this approach. 

The process is comparatively more straightforward and can be used effectively where high 

purity of nanoparticles is not required. Chakka et al. (2006) fabricated Fe, Co and FeCo 

bimetallic nanoparticles using high energy ball milling with the assistance of surfactants to 

Horizontal section 

Steel 

balls 

Centrifugal 

force 

Rotation of the milling bowl 

a) 

(a) 

TH-2726_146152008



Bioinspired Engineering of Nanomaterials for Electrocatalytic Sensing of Heavy Metals and Organic Analytes 
 

 
14 

obtain 30 nm nanoparticles with a very narrow particle size distribution. Zhang et al. (2014) 

obtained Ni ferrite nanoparticles of wide size distribution. Chen et al. (2013) found 

MnFe2O4 nanoparticles with an average diameter of 20 nm using high-energy microwave-

assisted ball milling (Figures 1.4b-1.4c). Hexagonal wrutzite ZnO nanoparticles of an 

average size of 15 nm were prepared by microwave-assisted ball milling, and it was used 

in photocatalytic applications (Chen et al., 2012). 

This process has certain drawbacks, such as there could be a significant variation in 

the particle size distribution (Figure 1.5). There is a chance of contamination of the product 

with various components. During the ball milling process, severe plastic deformation of the 

sample material leads to the formation of defects and dislocations in the structure of 

nanoparticles as well (Valiev et al., 1996). 

  

Figure 1.5: (a) SEM image of starting graphite material, (b) Ball milled particles, and (c) 

Particle size distribution of nitrogen-doped carbon nanoparticles prepared by high energy 

attrition process showing a wide range of particle size distribution. Reprinted from Xing et 

al. (2013) with prior permission. 

 

1.3.1.3 Exploding wire 

In this process, high-density current is passed through the metal wire such that the 

energy exceeds the binding energy of the metal atoms, and the wire explodes, giving rise 

to a vapour of the metal wire. This method is highly productive, and nanoparticles up to 

200 g/h with particle sizes ranging from 20 to 100 nm have successfully been demonstrated 

(Kotov, 2003). This technique is employed for fabrications of Ag, Fe, Cu and Al metal 

nano-powders. Sato et al. (2015) showed the effect of carrier gases in the process while 

fabricating Pd nanoparticles. They found that Ar as a carrier gas produces the smallest 

particle with the size of 16 nm followed by N2 and He gases. Lerner et al. (2016) 

synthesized bimetallic nanoparticles of Ag-Cu, Al-Pb and Cu-Pb using twisted metal wires 

and obtained core-shell type bimetallic nanoparticles with different degrees of superheating 
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of wires. The images of nanoparticles obtained by the exploding of Pd/Cu wires aregiven 

in Figure 1.6. The main advantage of this technique is that high purity nanoparticles can be 

produced, but the process is highly energy extensive and requires energy as high as 25 

kWh/kg. The synthesized metal vapour is pyrophorous in nature and immediately oxidizes 

with a minute contact with air. Hence, it needs to be stored in an inert gas environment 

which adds to the running cost of the process (Kotov, 2003).  

Figure 1.6: Images showing the nanoparticles (Pb/Cu) size with different degree of 

superheating (Wm): (a) Wm=1.1 average particle size of 95 nm, (b) Wm=1.6 average particle 

size of 92 nm and, and (c) Wm=2.4 average particle size of 72 nm. Reprinted from Lerner 

et al. (2015) with prior permission. Copyright 2015 Elsevier. 

 

1.3.1.4   Laser ablation 

This is an alternative bottom-up approach for the synthesis of nanoparticles in 

which a bulk metal target is vaporized by using a high-intensity laser beam. The vapour is 

then condensed to obtain the nanoparticles. The target metal is immersed in a solvent, and 

it directly produces nano colloids. If the metal is placed in an inert air chamber, the process 

follows the principle of chemical vapour deposition (CVD). The rapid formation of Au 

colloids by the pulsed laser ablation method has been successfully demonstrated by 

Wagener et al. (2011). The experimental images, as depicted in Figure 1.7, show the 

progress of real-time nano gold formation. The effect of different solvents on the Pd 

nanoparticles produced by laser ablation has been studied by Cristoforetti et al. (2012). The 

nanoparticles obtained are smaller in the case of acetone and alcohol (3-5 nm) than that of 

water (6.7 nm). However, the nanoparticles produced in toluene and 2-propanol were 

unstable, and 50-60% of the nanoparticles were degraded within one month. The main 

advantage of this system is that it doesn’t require any metal precursor solution and produces 

bare nanoparticles without any surface ligands. The continuous gas phase laser ablation 
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process suffers from rapid agglomeration that limits its applications in many processes 

(Werner et al., 2008).  

 

Figure 1.7: Au nano-colloid synthesis by laser ablation method. Reprinted from 

Wagener et al. (2011) with prior permission. Copyright 2011 Royal Society of 

Chemistry. 

 

1.3.2 Bottom-up approach 

1.3.2.1 Co-precipitation technique 

Co-precipitation is a phenomenon where a solute typically remains dissolved, is 

precipitated out on a carrier and tends to bind together rather than remaining dispersed. The 

reaction also leads to agglomeration and crystalline growth during calcination (Vichery et 

al., 2013). Wang et al. (2002) synthesized NiO, ZnO and SnO2 nanoparticles via the co-

precipitation method using metal chloride salts in aqueous solutions.  Gaikwad et al. (2005) 

prepared pure ultrafine single-phase SrBi2Nb2O9 nanoparticles by co-precipitation method. 

Ammonium hydroxide and ammonium oxalate are used to precipitate Sr2+, Bi3+ and Nb5+ 

simultaneously. This method is used for the commercial production of various 

nanoparticles. Elhalil et al. (2016) demonstrated the efficiency of fluoride removal using 

double-layered magnesium and aluminium oxide nanoparticles prepared by the co-

precipitation method. They also confirmed that the enhanced adsorptive capacity shown by 

the use of sonication could assist the co-precipitation process. Oves et al. (2015) 

synthesized cobalt doped zinc oxide nanoparticles by this method using ZnCl2 and CoCl2 

as precursors at pH 1.5. They obtained the particles of size ranging between 20 and 55 nm 

(Figure 1.8). The size of the ZnO nanoparticles decreases with increased Co dosage and 

shows an increase in antimicrobial activity with increased cobalt dose.  

This is a simple technique where homogenous mixing of reactants is possible, and 

the reaction typically occurs at lower temperatures. Particles formed by this process are 

generally lower in purity and do not work well if the reactants have different solubility and 

precipitation rates (Xu et al., 2006). In most cases, the calcination of the prepared 

nanoparticles is required before using them. 
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Figure 1.8: Doped zinc oxide nanoparticles synthesized by co-precipitation method: (a) 

5% Co, and (b) 1% Co (scale 100 nm). Reprinted from Oves et al. (2015) with prior 

permission. Copyright 2015 Elsevier. 

 

1.3.2.2 Sol-gel process 

The sol-gel process can be defined as the hydrolysis and condensation of a liquid 

precursor on a solid support. This method is used for the production of metal oxides, mainly 

the oxides of silicon and titanium. It involves both physical and chemical processes, i.e., 

hydrolysis, polymerization, gelation, condensation, drying and densification (Brinker and 

Scherer, 1990).  

The sol-gel process is similar to that of co-precipitation. The main difference is the 

formation of a polymer precipitate instead of fine-grained powders obtained by co-

precipitation. As the pH of the solution increases, the repulsive force between particles 

reduces, which leads to spontaneous coagulation of particulate gels. The hydrolysis and 

condensation reactions are generally catalyzed by the addition of acids or bases like HCl, 

CH3COOH, HF, NH3, KOH, etc. 

The schematic representation of all available routes of nanoparticle synthesis by 

this process has been well described by Samiey et al. (2014) in their published review paper 

on different synthesis techniques of organic and inorganic hybrid polymers (Figure 1.9). 

Alagiri et al. (2012) published a paper describing the detailed procedure for the 

synthesis of NiO nanoparticles by using the sol-gel process with polysaccharide agarose as 

the gelling agent. NiO nanoparticles are of the size of around 3 nm. Other nanoparticles 

like magnetic oxide nanoparticles of homogenous size as low as 8 nm have successfully 

been synthesized by sol-gel method (Alagiri et al., 2012). The use of the non-hydrolytic the 

sol-gel process for the synthesis of TiO2 nanocrystals for the utilization of solar 

photocatalyst has been demonstrated by Leong et al. (2014). 2,4-Dichlorophenol is 
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degraded under natural sunlight using these synthesized nanoparticles. This process 

produces uniform-sized nanoparticles with lower size ranges at a lower calcination 

temperature. The main disadvantage of sol-gel routes is that the processes are costly with 

low yields. It also requires the use of surfactants and coordinating solvents as stabilizing 

ligands which prevents agglomeration of nanoparticles within themselves. The uses of 

ligands can also help in controlling the surface properties of the nanoparticles.  

 

Figure 1.9: Schematic representation of a typical sol-gel process (Samiey et al., 2014). 

 

1.3.2.3  Solvothermal method 

Typically, the solvothermal method uses solvents like ethanol, toluene and water 

for the synthesis of zeolites, inorganic open frame structures and other solid materials 

(Figure 1.10a). The synthesis reaction is carried out under moderate to high pressure 

ranging between 1 and 10,000 atm and temperature 100-1000ºC (Iwamoto and Inoue, 

2008). In hydrothermal synthesis, water is used a solvent, and the synthesis is usually 

performed below the supercritical temperature of water (374°C).  The properties of the 

solvent, such as density, viscosity and diffusion coefficient, is changed radically under 

solvo(hydro)thermal conditions with a little variation in the temperature or pressure, and 

the solvent behaves much differently from what is expected under ambient conditions. The 

process is used to prepare thin films, bulk nano-powders and single nanocrystals. Akhtar et 

al. (2010) have successfully fabricated PbS nanoparticles by solvothermal methods using 

oleyl amine as a solvent. The complex nanocomposite materials like copper indium gallium 
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diselenide (CGIS) of size ranging from 20 to 100 nm (Figure 1.10b) have also been 

synthesized at a faster rate as compared to other processes (Mousavi et al., 2016). Khayatian 

et al. (2016) successfully prepared Al-doped ZnO nanoparticles over graphene oxide 

nanoparticles. They found that there is a decrease in the ZnO nanoparticles size with an 

increase in Al concentration. 

  The main advantage of this process is that calcination is not required, and the 

starting material can be inexpensive oxides, hydroxides, chlorides or nitrates. The products 

obtained from this process are generally crystalline anhydrous with controlled particle size, 

shape and stoichiometry. The main disadvantages of this process is the use of stabilizing 

surfactants and maintaining a high temperature, often in the supercritical range of the 

solvent makes the process very tedious and expensive. 

 

Figure 1.10: (a) Schematic representation of solvothermal growth of nanoparticles, and (b) 

Image of CIGS nanoparticles synthesized by this process. Reprinted from Mousavi et al. 

(2016) with prior permission. Copyright 2016 Elsevier. 

 

1.3.2.4 Micro-emulsions mediated synthesis 

With the addition of surfactant to a mixture of water and oil, spherical aggregates 

with the polar heads orienting towards the center are formed known as ‘reverse micelles’ 

(Figure 1.11). These micelles could act as small reactors that are loaded with ionic metal 

salts solutions at the hydrophobic core. These micelles thus formed collide with each other 

due to Brownian motion and could fuse to exchange contents and the nanomaterial 

synthesis takes place within the core. Now the addition of organically soluble reagents 

could release the nanoparticles from the micelles and size control synthesis of nanoparticles 

depends on the intra micellar particle growth (Eastoe and Ellis, 2007).  

(b) (a) 
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 Pileni and Lisiecki (1993) successfully fabricated Cu and Ag nanoparticles using 

microemulsion techniques. It is comparatively a greener approach to produce nanoparticles. 

It is used for the production of a variety of metal and metal oxide nanoparticles and complex 

ceramic nanomaterials (Sanchez-dominguez et al., 2015). Micro-emulsion is a single phase 

of all three components, water, oil and surfactant. Sanchez-dominguez et al. (2015) 

fabricated Zn doped TiO2 nanoparticles of size less than 20 nm for the enhanced 

photocatalytic degradation of phenol.  

 

Figure 1.11: Schematic diagram for microemulsion techniques. Reprinted from Sanchez-

Dominguez et al. (2012) with prior permission. Copyright 2012 Elsevier. 

 

The maintenance of proper surfactant to water ratio is a crucial parameter in 

determining the nanoparticles’ size and quality (Granata et al., 2015). Hence, there is a 

control over the particle size and can easily be modified as per the requirements. Latsuzbaia 

et al. (2015) showed the effect of different surfactants on the particle size for Au and Pt 

nanoparticles. A typical example for micro-emulsions mediated synthesis of Au 

nanoparticles is depicted in Figure 1.12. It shows the HRTEM images and the particle size 

distribution of Au nanoparticles with various surfactants. In the case of Au nanoparticles, 

the reaction time controls the particle size, but for Pt nanoparticles, the surfactant type 

governs the particle size. The disadvantage of this process is productivity is quite low, and 

it is very difficult to separate out the nanoparticles from a biphasic system. 

 

TH-2726_146152008



Introduction, Literature Review and Research Objectives 

 
21 

 

Figure 1.12: Size dependence of Au nanoparticles on the surfactants used for the 

templating microemulsion: (a) Dioctyl sodium sulfosuccinate (AOT) mediated synthesis, 

(b) Dodecyl-dimethyl-ammonium bromide (DDAB), and (c) Cetyl trimethyl ammonium 

bromide (CTAB). Reprinted from Latsuzbaia et al. (2015) with prior permission. Copyright 

2015 Elsevier.  

 

1.3.2.5 Chemical vapour deposition 

The majority of chemical vapour deposition (CVD) applications involve coatings 

on solid thin-film surfaces. In this process, the thermal decomposition of a hydrocarbon 

vapour is carried out in the presence of a metal catalyst. A precursor gas or gases passes 

into a chamber over the heated object(s) to be coated. Chemical reactions occur on and near 

the hot surfaces depositing a thin film on the surface. The temperature typically ranges from 

200 to 1600°C. Iron nanotubes of diameter ranging from 9.5 to 31 nm supported on 

magnesia are produced by CVD by Barbinta-Patrascu et al. (2014). Colomer et al. (2000) 

showed the potential of this process in the large-scale production of single-walled carbon 

nanotubes by catalytic decomposition of methane gas at 1000ºC over well-dispersed metal 

(Fe, Co, Ni) supported on MgO particles. n-Type doping of thin layer graphene sheets was 

possible to produce electrically modified graphene sheets (Wei et al., 2009). Pure iron 

pyrite (FeS2) layers of nanoparticles are synthesized for application in solar panels as a non-

toxic semiconductor material (Samad et al., 2015). The experimental setup used in CVD of 

FeS2 is illustrated below in Figure 1.13. 
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Figure 1.13: Diagram of chemical vapour deposition setup for FeS2 nanofilms synthesis. 

Reprinted from Samad et al. (2015) with prior permission. Copyright 2015 American 

Chemical Society. 

 

The methodology employed in the bioinspired synthesis of nanoparticles comes 

under the genesis of bottom-up approaches. This work primarily focuses on the 

implications of bioinspired MNPs in electrochemical sensing of heavy metals ions and 

selected organic analytes. The state-of-the-art literature survey on the bioinspired synthesis 

of MNPs and their functionality is outlined in the following sections. 

 

1.4    Bioinspired synthesis of MNPs 

Physical and chemical methods mainly involve the use of toxic chemicals, and the 

process could be expensive as well (Narayanan and Sakthivel, 2010). On the other hand, 

the biological synthesis of stabilized metal nanoparticles could be achieved by simply 

utilizing electron-donor analytes present in plant and plant biomasses. 

The biosynthesis of nanoparticles can be both intracellular and extracellular. The 

intracellular synthesis of nanoparticles involves an additional step for the release of 

nanoparticles from the cell interior to the bulk solution so that they can be recovered for 

further applications. However, this additional step is not required in the case of extracellular 

synthesis of nanoparticles. The prerequisites for the bioinspired synthesis (extracellular 

synthesis) of nanoparticles are shown in Figure 1.14. 

A number of research initiatives have been put in the recent past to investigate the 

bio-reduction efficiency for the synthesis of a variety of metal nanoparticles (MNPs), 

namely, Ag, Au, Pd, and Pt. It mostly involves the exploration of the reduction capability 

of bio-chemicals and enzymes present in bacteria, fungi, plant and plant organs. Yong et 

al. (2002) showed that sulfate-reducing bacteria D. desulfuricans are able to synthesize Pd 

nanoparticles with the help of intracellular enzymes like the formate hydrogenaselyase 

complex. The nanoparticles they obtained were stable and could act as a catalyst for various 
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chemical reactions. Fungi-mediated nanoparticle synthesis was reported by Bhainsa and 

D’Souza (2006). They successfully synthesized extracellularly silver nanoparticles of size 

ranging from 5-25 nm using fungus Aspergillus fumigatus cell extract. Dujardin et al. 

(2003) used tobacco mosaic virus as organic templates to synthesize various noble metal 

nanoparticles of Au, Ag and Pt. In addition, the bio-extracts contain natural capping agents 

that could obstruct the aggregation of particles. Likewise, it could provide better size and 

shape control of the resulting metal nanoparticles (Shankar et al., 2004), an essential 

criterion for producing application-specific particles.    

 

Figure 1.14: Prerequisites for the bioinspired synthesis of stable nanoparticles.  

 

1.4.1 MNPs synthesis using bacteria 

Green synthesis of MNPs has stepped to be a reliable, cost-effective and 

environmentally friendly manufacturing method. Nanomaterial applications rely heavily 

on their particle size. The exploration of the underlying molecular mechanism of MNPs 

formation is important for controlling the synthesis process for specific applications. 

Although the underlying MNPs formulation mechanisms have been presented in many 

studies (Ali et al., 2019), nitrate reductase is typically seen as the primary agent for 

reduction. The function of catalytic proteins and stabilizers will undoubtedly play an 

important role in controlling the morphology and crystallinity of nanomaterials. 

MNPs can be produced by bacteria either intracellularly by utilizing various 

intracellular enzymes as reducing and stabilizing agents or extracellularly by releasing 
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various proteins and radicals to the reaction medium. Bacillus subtilis reduced water-

soluble Au(III) ions to Au0, which produced octahedral AuNPs of 5–25 nm inside the cell 

walls (Beveridge and Murray, 1980; Southam and Beveridge, 1994). Interestingly, 

heterotrophic sulfate-reducing bacterial (SRB) found in gold mines could efficiently form 

AuNPs (<10 nm) in which the reduction of the gold(I)-thiosulphate complex (Au(S2O3)2
3−) 

took place into the bacterial envelope. H2S is released as a metabolic byproduct during 

AuNPs formation (Lengke and Southam, 2006). It has been reported that Escherichia coli 

DH5α mediated bioreduction of chloroauric acid to AuNPs, which produced mainly 

spherical with a small portion being triangular and quasi-hexagon shape (Du et al., 2007). 

For the synthesis of more than one nanoparticle and bimetallic alloys, a few bacteria have 

been identified. Lactobacillus sp. was found by Nair and Pradeep (2002) to synthesize 

crystals of microscopic gold, silver and gold–silver alloy in   buttermilk without hampering 

their viability. They produced intracellular hexagonal and triangular shapes of AuNPs and 

AgNPs and clusters of gold crystals of size between 20 and 50 nm.  

Extracellular nanoparticle production has broader applications in optoelectronic, 

mechanical, bio-imaging and sensor technology in comparison to intracellular formation. 

Rhodopseudomonas capsulata, a prokaryotic cellular organism, was used successfully to 

reduce Au(III) to Au0, with spherical AuNPs mainly in size range of 10–20 nm at pH 7.0 

and room temperature (He et al., 2007). However, different types of particles and sizes 

could be created by adjusting the pH of the solution. Triangular nanoparticles and spherical 

nanoparticles appeared at pH 4.0. The triangular nanoparticles were 50–400 nm in size and 

spherical particles 10–50 nm in size. However, the mechanisms and pH-dependent shape 

and size variation of the synthesized nanoparticles could not be deciphered. 

Tedious purification processes and ambiguity of the mechanisms involved in the 

MNPs synthesis are the major disadvantages associated with the biosynthesis of NPs using 

bacteria. The key challenges in MNPs biosynthesis often lie in regulating the particle size 

and shape and in attaining the monodispersity of particles. It seems as if a range of 

significant technical problems have to be solved before a viable and competitive alternative 

to this green bio-based approach for industrial MNPs synthesis using bacteria as a tool.  

 

1.4.2 MNPs synthesis using Fungi 

Biosynthesis of nanoparticles using Fungi have a greater advantage due to their high 

tolerance to metal, greater metal-binding capabilities, and intracellular metal uptakes 

capabilities as compared with other microorganisms such as bacteria (Zhan et al., 2018). 
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They possess high growth rates and are easier to harvest with low production requirements. 

In comparison with other microorganisms nanoparticles that are synthesized by fungus are 

fairly monodispersed and stable (Feroze et al., 2020). Fungi have the ability to secrete large 

amounts of secondary metabolites, which have the ability to reduce metal ions to metal 

nanoparticles. Recently, vast fungal flora got the significant interest of research to 

synthesize biocompatible AgNPs are Trichoderma resei (Tomah et al., 2020), Aspergillus 

niger (Farrag et al., 2020), Fusarium oxysporum (Dutta et al., 2020). AgNPs were 

synthesized by using an endophytic fungus Botryosphaeria rhodina isolated from the 

medicinal plant, Catharanthus roseus (Linn.). The fungi could produce spherical AgNPs 

with a particle size distribution of 2-50 nm. These were successfully used as anti-cancer 

agent against A-549 cell line (Akther et al., 2019). 

 

1.4.3    MNPs synthesis using plant-based extracts 

Recent studies in plant-extract-based biosynthesis have excavated a new era of 

quick and sustainable methods for the manufacture of nanoparticles. MNPs synthesis using 

plant-based extracts present a plethora of advantages over the use of bacteria and fungi. 

The extracellularly synthesized nanoparticles using plant extracts are found to be more 

stable, and the rate of synthesis of nanoparticles is much quicker than that by the 

microorganisms (Iravani et al., 2011). 

Mishra et al. (2015) used Averrhoa carambola leaf extract for the formation of 

stable Ag nanoparticles of size 14 nm (Figure 1.15a). They compared the nanoparticle 

growth kinetics with dried and fresh leaf extracts, which showed the quicker formation of 

nanoparticles in fresh leaf extracts. SnO2 nanoparticles (Figure 1.15b), produced by S. 

indica flower extract exhibited an excellent antimicrobial and antioxidant activity against 

the particle size variation from 13.1 to 2.1 nm (Vidhu et al., 2015). Patra et al. (2015) 

demonstrated the production of Au nanoparticles using B. monosperma leaf extract (Figure 

1.15 c). They obtained a well-dispersed Au nanoparticle of various shapes and sizes (10- 

30 nm). The crystalline ZnO nanoparticles (Figure 1.15 d) have been synthesized using 

fresh aloe vera leaf extracts to obtain ZnO with an average particle size of 35 nm (Sangeetha 

et al., 2011). 

Though extensive works have been done in the field of bioinspired synthesis of 

nanoparticles using plant extracts, a few works have been reported on the synthesis of 

tailored MNPs. The potential of this method of producing tailored MNPs was demonstrated 

long back in the year of 2004. Bioinspired synthesis of Ag-Au core-shell nanoparticles 
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using neem leaves broth (A. indica) by co-reduction method was reported. This method 

produced spherical core-shell nanoparticles that remained stable in solution for 4 weeks. It 

was proposed that reducing sugars and terpenoids present in the neem leaves broth helped 

to reduce the Ag and Au precursor salts (Shankar et al., 2004). Similarly, silver nanorods 

(AgNRs) were successfully synthesized using Euphorbia prostrata leaves extract 

measuring 25-80 nm, with an average length of 52.4 nm (Zahir and Rahuman, 2012). Cubic 

AgNPs were synthesized by using Iresine herbstii leaves extract. However, the reaction 

took 7 days to complete at room temperature in the dark (Dipankar and Murugan, 2012). 

 

Figure 1.15: TEM micrographs of bioinspired metal and metal oxide nanoparticles: (a) Ag 

nanoparticles (Mishra et al., 2015), (b) SnO2 nanoparticles (Vidhu et al., 2015), (c) Au 

nanoparticles (Patra et al., 2015), and (d) ZnO nanoparticles (Sangeetha et al., 2011). 

Reprinted with prior permission. Copyright 2015 Elsevier (Figures 1.15a-1.15c) and 

Copyright 2011 Elsevier (Figure 1.15d). 

 

Though the bioinspired synthesis methods are very sustainable for the production 

of MNPs, the process is relatively slow and primarily produces polydispersed particles. 

Therefore, inherent improvements are desired to make the synthesis process faster and to 

produce nanoparticles with comparable quality as with the chemical counterparts. The 

parameters, such as pH and synthesis temperature, are tweaked to increase the rate of 

nanoparticles synthesis (Chelli and Golder, 2016). Microwave (MW) assisted synthesis of 

nanoparticles has been quite efficient in increasing nanoparticle synthesis rates while 

confirming with the eco-friendly synthesis strategies. 

Furthermore, with MW-assisted methods, the reaction mixture receives 

homogenous heating with a reduced thermal gradient. This creates a reliable nucleation and 

growth environment that leads to the formation of nanoparticles with a uniform 

size distribution (Kumar et al., 2020). Kumar et al. (2020) outlined the advantages of the 

use of MW in comparison to conventional heating. MW increases the reaction rates, 

product yield, less production of undesirable secondary compounds, high purity of 
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materials and high reproducibility. MW-assisted method to prepare silica-covered gold 

nanoparticles has been reported by Bahadur et al. (2011). In this method, colloidal AuNPs 

with a uniform SiO2 coating using the silane capping reagent were formed. Applying 

sodium citrate as a reducing agent, monodispersed AuNPs (average particle size of 16 nm) 

were first prepared that acted as the core. Silica was coated on 

them by using tetraethoxysilane (TEOS) to synthesize Au@SiO2 core-shell suspension 

under MW conditions. The development of a sustainable and clean MW-assisted 

bioinspired synthesis could be of low cost and high productivity method. This could take 

the advantages of both bioinspired and rapid MW synthesis, bridging the gap between 

chemical synthesis and bioinspired synthesis of nanoparticles. 

 

1.5 Synthesis of tailored MNPs 

Tailored MNPs are a special kind of nanoparticles. It can be synthesized in 

conventional as well as in bioinspired routes for targeted applications with enhanced 

functionalities. In comparison with their monometallic counterparts, bimetallic 

nanostructures could have well-defined morphology and distinct catalytic characteristics. 

In addition, to minimize the use of precious metals, bimetal electro catalysts can boost the 

functionality and durability of catalysts. In recent years, several bimetallic nanocrystals 

have been identified. The activity of tailored MNPs is researched for electrochemical 

catalytic reactions such as oxygen reduction reactions and alcohol oxidation (Santoveña-

Uribe et al., 2021; Yang et al., 2020; Zhang et al., 2017). Owing to their special structures, 

tailored nanoparticles have received extensive attention compared to monometallic. 

Tailored MNPs can be synthesized by pulverizing bulk metals (physical method) and 

particle growth from molecular precursors (chemical method). The chemical methods are 

better than the physical methods because the MNPs size and stability can easily be tailored 

according to the requirement.  

 The tailored MNPs have been synthesized by various methods, including the 

microwave (Cabello et al., 2017; Njoki et al., 2020), co-precipitation (de Mello et al., 2019), 

hydrothermal (Liao et al., 2006), ultrasonic (Ghanbari et al., 2017) and microemulsion 

(Zhang and Chan, 2003), etc. The microwave (MW) dielectric heating is very advantageous 

for the synthesis of MNPs as the structural aspect can be tailored by controlling the reaction 

conditions. The catalytic characteristics of the resulting nanoparticles can be greatly 

enhanced by bimetallization, which is not attainable by using monometallic catalysts. The 
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electronic effect plays an important role in bimetallic catalysts that defines the charge 

transfer.  The alloying of the constituent elements can lead to morphological modifications 

in bimetallic nanoparticles, which introduces an extra level of freedom as compared to 

their monometallic counterparts (Sharma et al., 2015). Yu and He (2015) have shown an 

enhanced catalytic activity using bimetallic Au-Ag dendritic nanoparticles by 

chemiluminescent detection of D-glucose through sensing of H2O2 produced by the 

enzymatic activity of glucose oxidase enzyme. Similarly, Ag@Pt core@shell bimetallic 

nanoparticles have shown an enhanced electrochemical detection of adenine as compared 

to its individual counterparts (Karthikeyan and Murugavelu, 2012). The incorporation of 

Sn (24% w/w) into Ni (75% w/w) to form bimetallic alloy nanoparticles shown an elevated 

chemical reduction of 2-nitroaniline even at mild ambient temperature conditions that was 

not possible by using Ni nanoparticles alone (Shah et al., 2015). 

 

1.6     Analytical tools and techniques   

1.6.1 Conventional techniques for detection of an analyte 

Agricultural waste production, industrial sewage, livestock and anthropogenic 

activities affect clean water, which leads to the reduction in the supply of potable water. 

Water ecology offers services such as food processing, nutrient cycling and improving soil 

quality. Infectious diseases are initiated mostly by biological and chemical pollutants 

present in tap and drinking water. Thus, it is important to develop fast and responsive 

detection techniques for timely detection and removal of contaminants. This section 

describes the conventional techniques that are available for the detection of water pollutants 

and other analytes.     

 

1.6.1.1 UV-vis spectrophotometric techniques 

Spectrophotometry is a method where a substance present in the sample is detected 

by comparing the colour change that arises due to some specific chemical reactions of the 

analytes or in the presence of some dyes. Generally, the colouration developed is compared 

with the sample standard to quantify the components. The change in the surface properties 

of nanomaterials could cause a noticeable change in their apparent colour due to the Surface 

plasmon resonance (SPR). Many metal ions can cause the aggregation and dispersion state 

transition of the nanogold probe solution. As a result, the absorbance and colour of the 

mixed solution can be changed by varying the metal ion concentration (Wu et al., 2015). 

TH-2726_146152008



Introduction, Literature Review and Research Objectives 

 
29 

The SPR peak position obtained from UV-vis analysis of nanoparticles basically depends 

on the size of the nanoparticles formed. Bhui et al. (2009) showed that the SPR band of 

AgNPs at 411 nm after 2 h of reaction is shifted to 460 nm after 6 h of reaction. The SPR 

peak of AgNPs was directly correlated with the nanoparticle sizes. In our work, UV-vis 

spectrophotometry was extensively used to study the formation of AgNPs, PtNPs and other 

MNPs described in various chapters based on their SPR response. 

 

1.6.1.2 Chromatographic techniques 

Chromatography is a separation technique in which the sample is separated into its 

individual components by distribution between two phases, i.e., a stationary phase 

(solid/liquid) and a mobile phase (liquid/gas). A continuous supply of the mobile phase 

helps to transport the sample through the stationary phase. As the sample passes through 

the mobile phase, individual components in the sample get separated based on the relative 

affinity, molecular structure and intramolecular forces. Chromatography is always done at 

a condition that is close to the equilibrium or rapid equilibrium. At these conditions, the 

distribution condition of the analytes solely depends on the molecular structure, the two 

phases and the temperature. It is a robust analytical tool that is used for the detection of 

various organic analytes such as toxic organophosphates (Sud et al., 2021), organic acids 

(Shui and Leong, 2002), pharmaceutical components (Pugajeva et al., 2017) and toxic 

heavy metal ions (Rekhi et al., 2017).  

The main drawback of this technique is that the separation and detection of 

individual components are possible only if the two components have a separate partition 

coefficient. In such cases, the desired degree of separation could be achieved by tweaking 

the mobile phase or the temperature by a trial and error approach. 

 

1.6.1.3 Mass spectrometric techniques 

Mass spectrometry (MS) is an effective analytical tool for quantifying known 

compounds and identifying unknown compounds in a specimen. The technique is also 

extremely useful in finding out the structure and chemical properties of various molecules. 

In this process, the samples are converted into gaseous ions, which are then characterized 

based on their mass-to-charge ratio (m/z) and relative abundances. A mass spectrometer 

produces several ions from the studied sample, separates them according to their particular 

m/z ratio, and records the relative abundance of each type of ion. The first step is the 

generation of gas-phase ions, primarily by electron ionization. The ions are isolated by a 
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mass spectrometer and detected in proportion to their m/z ratio. The combination of 

chromatography with mass spectroscopy is a great analytical tool that could detect 

individual components of analytes to the molecular level. Many emerging contaminants 

could be detected using the combination of liquid chromatography (LC) and MS systems 

like pesticides (Liu et al., 2020), polycyclic aromatic hydrocarbons (PAHs) (Baroudi et al., 

2020), pharmaceutical compounds (Kachhawaha et al., 2021), etc. However, these 

instruments are very costly and often involve pre-preparation of samples before analysis. 

This poses a great problem in the on-field applications of this equipment. 

 

1.6.1.4 Fluorescence techniques 

Fluorescence is caused by photons exciting a molecule and elevating it to an 

excited electronic configuration. In this process, high-energy photons are bombarded on a 

molecule, and electrons are transferred to the excited singlet states. The aroused molecule 

then emits a photon of different intensity, and the wavelength is longer than the absorbed 

photon. 

Fluorescence spectroscopy has been used for the detection of microbial 

contamination (Sorensen et al., 2018), pesticides (Lin et al., 2020) and other emerging 

pollutants (Ryu et al., 2020; Wasswa et al., 2019). If more than one excited electronic 

state is present, the only downside of this is often that the studied sample comprises a 

combination of fluorescing molecules. In addition, due to different local conditions or 

molecular transitions, different excited species could be produced, which makes the 

analysis more complicated as these analytes are difficult to interpret. 

 

1.6.2 Sensor-based techniques in analyte detection  

The unique optical, electrochemical, and other physical properties of nanoparticles 

have driven researchers to use nanoparticles for numerous applications like environmental 

pollutant detection (Chen et al., 2012; Kaur and Gupta, 2009; Wang and Yu, 2013), 

medicine (Fortina et al., 2007; Salata, 2004), fabrication of semiconductor devices (Schaadt 

et al., 2005) and photovoltaic or photocatalytic devices (Schaadt et al., 2005). Nanoparticles 

have several applications because of their unique properties that are quite different from 

their bulk metals, such as enhanced surface area and many enhanced biocidal properties 

such as antibacterial, antifungal and even antiviral properties (Bhuyan et al., 2015). This 

antibiotic property of some metal and metal oxide nanoparticles shows potential for their 

applications in the field of water and wastewater treatment. Nanoparticles are well known 
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for their applications in the fabrication of highly sensitive optical, biochemical and 

electrochemical sensors. 

 

1.6.2.1 Biochemical sensors 

Nanotechnology plays an important role in the development of biochemical sensors 

or simply biosensors by introducing a new group of materials with high stability and 

reproducibility. The biosensors mainly involve the use of biological entities such as DNA, 

peptides or proteins, enzymes, and other bio-components for the detection of low molecular 

weight compounds such as drug or risk chemicals with the nanomaterials acting as matrices 

for the immobilization of biomolecules and controlling the properties of transducers. 

Many biosensors have been developed for the determination of components in body 

fluids which have revolutionized the identification and treatment of various anomalies. 

Casero et al. (2014) developed a biochemical sensor-based on bio-nano composites using 

TiO2 and lactate oxidase enzyme on graphene oxide nanosheets to determine lactate, which 

showed a determination limit of 0.6 µM. Similarly, NiO-modified carbon paste electrodes 

have also been used for the determination of Nicotinamide adenine dinucleotide hydrogen 

(NADH), which imparts an improved sensitivity of 0.009 µM from 0.03 µM as in 

conventional carbon paste electrodes (Karimi-Maleh et al., 2014a). Nanomaterials have 

successfully been used in biosensors for the detection of organophosphorous based 

pesticides accumulated in the organisms (Zhang and Fang, 2010). Hence, the introduction 

of nanomaterials into the field of sensing has enabled us to develop better, low-cost and 

reliable sensors. 

 

1.6.2.2 Optical sensors 

Nanoparticles have an amazing property showing the Localized surface plasmon 

resonance (LSPR) and enhanced Raman effect by scattering light from surface known as 

Surface Enhanced Raman Scattering (SERS). The optical nanosensors utilize the LSPR that 

is unique for various metal nanoparticles, and the shift in the LSPR due to interaction with 

contaminants present in the test sample is detected (Haes et al., 2004). These properties of 

nanoparticles are exploited to fabricate various optical devices or sensors (Shipway et al., 

2000). Weissman et al. (1996) initially developed a crystalline colloidal array that could 

enable to sense Pb+ ions in a solution with a concentration as low as 40 µg/L to give a 

change in colour of solution that can be detected by the naked eye. ZnO and TiO2 

nanoparticles have the property to absorb UV light; hence they are used in cosmetics and 
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UV protecting films on glasses (Kruis et al., 1998). Optical detection of Hg2+ ions in liquid 

samples has successfully been demonstrated using silver nanoparticles with a limit of 

detection (LoD) of 10 µM (Roy et al., 2015). As shown in the images (Figure 1.16), Borase 

et al. (2015), with an objective to develop low-cost, rapid, sensitive and reliable optical 

sensors, have successfully used biosynthesized silver nanoparticles for the detection of 

cysteine in blood plasma, and few other biological samples. They obtained a selective LoD 

as low as 100 nM. 

 

Figure 1.16: Images showing reaction of silver nanoparticles towards different 

concentrations of cysteine. Reprinted from Borase et al. (2015) with prior permission. 

Copyright 2015 Springer-Nature. 

 

1.6.2.3 Electrochemical sensing catalyzed by MNPs 

The integration of nanotechnology with biology and electrochemistry can create 

wonders in the field of electrochemical sensors. Metal or semiconductor nanoparticles 

could be deposited on the working electrode surface by physical adsorption, electro-

deposition, or chemical covalent bonding. These modified electrodes help in the deposition 

of contaminants and lead to specific interactions with the substrate. The advantage of using 

nanomaterials as components for electrochemical sensors is that nanoparticles decrease the 

overpotential of some important reactions in the electrochemical analysis. It can also 

provide reversibility to redox reactions that are not possible in bulk electrodes (Katz and 

Wang, 2004). The main advantages are: (i) The high surface to volume ratio produces high 

roughened surface area after they are immobilized onto electrodes (Wang et al., 2010), (ii) 

Nanoparticles provide the flexibility of tailoring their surfaces according to the properties 

of the analytes and could be used in developing an electrochemical sensor (Guo and Wang, 

2007), (iii) Nanoparticles being structurally robust and highly conductive, enable the design 
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of electrochemical sensors with controlled electrochemical functions, and (iv) Finally, the 

specific target binding properties of nanoparticles act as an effective label for 

electrochemical analysis at infinitesimally low concentration of analytes making the system 

highly sensitive (Lee et al., 2007). 

Ju et al. (2002) used Au nanoparticles doped carbon paste electrodes as a 

microenvironment that could affect direct electron transfer in redox enzymes for the 

reduction of  H2O2 so that it can be detected. Wang and Lin (2005) devised Pt-Fe(III) 

nanoparticles film for the detection of NO gas without any effect in the presence of many 

cations and anions. The detection level is as low as 3.5×10-5 M NO. Hence, it can be used 

for NO detection in the field without much difficulty. Similarly, indium SnO2 films were 

successfully used as H2O2 detector with enzymes immobilized on Au-chitosan 

nanoparticles (J. Wang et al., 2009). Graphene-ZnO nanocomposites synthesized by rapid 

microwave irradiation were tested for the preparation of capacitors that show very high 

capacitance with a very high recycling capacity with a capacitance value of 146 F/g (Lu et 

al., 2011). Meng et al. (2015) constructed modified Glassy carbon electrodes (GCE) doped 

with SnO2 nanoparticles for the detection of Hg+ ions in the water samples with LOD of 

0.001µg/L. Radhakrishnan et al. (2014) tested the use of Fe2O3 nanoparticles doped onto 

graphene sheets to prepare a highly sensitive sensor that can be used for the rapid detection 

of nitrite from the raw field samples (Figure 1.17). 

The biosynthesized metal and metal oxide nanoparticles have also shown their 

potential in the fabrication of highly sensitive and selective electrochemical sensors. Wang 

et al. (2010) synthesized Se nanoparticles using Bacillus subtilis and obtained nanoparticles 

with sizes ranging from 50-400 nm. They used these nanoparticles for developing 

electrochemical sensors for the detection of H2O2. The LoD of the sensor was found to be   

8×10-8 M. Vidya et al. (2016) synthesized microwave-assisted AgNPs using Banyan leaf 

extract as reducing agents and used them to develop a sensor for the detection of dopamine 

in the presence of ascorbic acid and uric acid. The detection limits for dopamine was found 

to be 0.085 µM. 

Nanoparticles show great potential in their application in the field of 

electrochemical sensors that are more dependable and simple. Table 1.2 highlights the 

potential use of nanoparticles synthesized in various bottom-up approaches and tested them 

as sensor components. 
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Figure 1.17: Schematic representation of working of electrochemical sensor developed by 

Radhakrishnan et al. (2014). Reprinted with prior permission. Copyright 2015 Elsevier. 

 

Table 1.2: Use of metal nanoparticles as highly sensitive electrochemical sensors. 

Nanoparticles 
Synthesis 

technique 
Analytes Performance Analysis 

Dynamic range 

( µM) 

LoD 

( µM) 
Sources 

Au 
Co- 

precipitation 
H2O2 

• Stable after three weeks of 

storage at 4ºC, 

• Response time  <20 s  

50-30600 20 
Zhu et al., 

2006 

Ag Sol-gel H2O2 

• Linear range from 1 µM to 1 

mM  

• Signal to noise ratio 3  

• Michaelis-Menten constant of 

the sensor to H2O2 was 1.2 

mM, showing a high affinity 

1  - 1000 0.4 
Xu et al., 

2004 

Pd 
Electro-

deposition 
Glucose 

• Relative deviation of 

determination of glucose (5 

mM) was 5% after 14 days 

• Stability loss was 40% after 

50 days of storage 

12000 150 
Lim et al., 

2005 

Pt 
Co- 

precipitation 
Glucose 

• Response time of 3 s  

• Exhibited a linearity from 0.5 

to 5 mM  

• Sensitivity of 2.11 µA/mM 

of glucose 

0.5-5000 0.5 
Hrapovic 

et al., 2004 

Ni/NiO/Ni(OH)2 
Pyrolysis/ 

Sputtering 
Sugar 

• High sensitivity towards 

determination of both 

monosaccharides and di-

saccharides 

• Excellent electro-catalytic 

ability and stability at 0.8% 

Ni as compared to bulk Ni 

electrode  

• Good reproducibility for 40 

consecutive injections of 

sugar with standard deviation 

of 1.75% 

Glucose: 0.05-

500 

Fructose: 0.05-

500 Sucrose: 

0.10-250 

Lactose: 0.08-

250 

Glucose: 

20 

Fructose: 

25  

Sucrose: 

50  

Lactose: 

37 

You et al., 

2003 
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It is evident from the above studies that the size of the nanoparticles and their 

distribution over the medium is one of the most important characteristics of the 

nanoparticles in designing electrochemical sensors. The nature of the voltammetric 

responses depends on the particle size, and by controlling the particle size, the sensing 

response can be tuned. Table 1.3 describes the functionality of metal and metal oxide 

nanoparticles with their sizes and shapes for electrochemical sensing of various heavy 

metal ions (HMIs). The shift in using mercury drop electrodes for HMIs sensing 

encouraged the use of the less toxic bismuth nanoparticles (BiNPs) modified working 

electrodes. BiNPs were used for the detection of a wide range of HMIs in different 

environmental samples. Gold nanoparticles (AuNPs) of different sizes are generally used 

for the electrochemical sensing of Hg(II) owing to the property of Hg forming amalgam 

with Au (Tang et al., 2016). The use of AuNPs modified electrodes also helped in reducing 

the memory effects and enhanced the sensitivity and repeatability of the electrodes (Tonelli 

et al., 2019). Other noble metal nanoparticles were also successfully used for the 

electrochemical sensing of HMIs. Biosynthesized silver nanoparticles (AgNPs) were found 

Cu 
Electro-

deposition 
Nitrate 

• Linear range of 10-200 µM  

• Sensitivity of 0.085 per M 

• Loses its activity if exposed to 

air, (might be due to 

formation of oxide layer of 

copper that inhibits the nitrate 

detection) 

10-200 1.5 
Welch et 

al., 2005 

ZnO/CNT 
Co- 

precipitation 

Hydrazin

e and 

Phenol 

• Sensitivity towards the 

oxidation of hydrazine in the 

absence of phenol was 

18.4860 μA/μM  

• In the presence of phenol 

was18.5210  

μA/ μM  

• Sensitivity of electrode 

towards the oxidation of 

phenol in the of hydrazine 

0.0565  

• In presence of hydrazine was 

0.0567 μA/μM  

Hydrazine:  

0.02-0.7 

 

 

Phenol: 

1.0 -750 

Hydrazine

: 0.009 

Phenol:      

0.5 

Karimi-

Maleh et 

al., 2014b 

SnO2/ 

Graphene 

oxide 

Wet 

chemical 

synthesis 

Cu, Hg, 

Pb and 

Cd 

• Simultaneous and selective 

detection of analytes could be 

achieved 

• Minimum response time was 

20 s but the optimum was kept 

at 120 s 

• Sensitivity was better during 

simultaneous determination 

as compared to individual 

determination of analytes 

ND 

Cu:  

0.00011                 

Hg: 

0.000034 

Pb: 

0.00018 

Cd: 

0.000010 

Wei et al., 

2012 
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to be effective against Pb(II), Cd(II), As(III), Hg(II), etc. Spherical AgNPs with size ranges 

between 20 and 50 nm have shown better sensing ability due to increased surface area and 

uniform coverage on the working electrode surface (Table 1.3).  

The nanoparticles can also aggregate to increase the effective particle size. It is a well-

known fact that larger particles tend to have less catalytic activity compared to smaller 

monodispersed nanoparticles (Kempahanumakkagari et al., 2017). Therefore, it is desirable 

to minimize aggregation via functionalization of the NPs, which, in turn, also provides 

stability to the NPs dispersions. Improved sensitivity and selectivity were shown in the Bi 

nanoparticle-modified electrode with the decrease in particle size for the electrochemical 

sensing of Pb(II), Cd(II) and Zn(II), which was attributed to a higher electroactive surface 

area (G. J. Lee et al., 2010). 

A short introduction and literature survey emphasizing the functionality of bioinspired 

metal nanoparticles for sensing applications is also provided in Chapter 3.   

Quantum dots (QDs) have been known to be applied in optical methods of HMIs 

sensing for few decades (Chini et al., 2019; Liu et al., 2019; Raj et al., 2020). Recently, 

QDs have also attracted attention towards electrochemical sensing owing to their ability to 

interact with different HMIs because of their innate ability to surface and edge adsorptions 

(Li et al., 2018). The high sensitivity and specificity of QDs have attracted attention for 

HMIs detection. QDs with specific modifications could function for targeted sensing of 

HMIs. Carbon dots have shown enhanced adsorption of hydrated Cd(II) and Pb(II) ions 

with the unsaturated carbon atoms at the edges (Subramaniam et al., 2019). This enhanced 

adsorption of HMIs onto QDs can be harnessed to pre-concentrate HMIs on the electrode 

surface for an enhanced electrochemical response. The direct use of QDs as electrochemical 

sensors is limited. However, the use of QDs as signal enhancers has been reported in 

numerous electrochemical and electroluminescence biosensors (Li et al., 2018; Zhang et 

al., 2014). Recently, nitrogen-doped graphene QDs (NGQDs) decorated indium tin oxide 

(ITO) glass substrate was used successfully for the direct electrochemical sensing of Hg(II) 

ion and obtained an LoD of 10 µg/L  (Fu et al., 2020). A concise survey of literature on the 

synthesis of carbon dots for electrochemical sensing of Chlorpyrifos (CHL) is also added 

in Chapter 6. 
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Table 1.3: Nanomaterials of varying sizes and shapes and their effects on electrochemical 

sensing of HMIs. 

 

*SWASV: Squarewave anode stripping Voltammetry; ASV: Anode stripping voltammetry; DPASV: 

Differential pulse anode stripping voltammetry  

 

1.6.3 Tailoring MNPs in bioinspired routes and electrocatalytic activity 

Many forms of nanoparticles have been used extensively in electrochemical sensors 

and bio-sensors, including metal nanoparticles, oxide nanoparticles, semiconductor 

nanoparticles, and even composite nanoparticles. Although these nanoparticles play 

various roles based on their special properties, the fundamental features of nanoparticles 

NPs 

Particle 

size 

(nm) 

Particle 

shape 
Analytes 

LOD 

( μg.L−1 ) 

Electrochemical 

technique 
Reference 

 

 

BiNPs 

 

 

100 Spherical 

Pb(II) 

Cd(II) 

Ni(II) 

0.81 

0.65 

5.47 

*SWASV 

(pH 4.5) 

Niu et al., 

2015 

50 Spherical 
Pb(II) 

Cd(II) 

0.07  

0.15  

*ASV 

(pH 5.0) 

Lee et al., 

2007 

 

 

AuNPs 

20-30 Spherical Cr(VI) 103.9 Cyclic voltammetry 
Tsai and 

Chen, 2008 

30 Spherical Hg 0.008 
SWASV 

(pH 5.0) 

Gong et al., 

2010a 

41 Star 

Pb(II) 

Hg(II) 

As(III) 

20.55  

11.08  

3.57  

SWASV 
Dutta et al., 

2019 

 

 

AgNPs 

 

12.2 Spherical 
Pb(II) 

Cd(II) 

3.3  

3.7  

*DPASV 

(pH 4.5) 

Torres-

Rivero et al., 

2019 

20.4 Prism 
Pb(II) 

Cd(II) 

3.4  

2.1  

DPASV 

(pH 4.5) 

Torres-

Rivero et al., 

2019 

25.7 Spherical Pb(II) 2.6  
SWASV 

(pH 5.0) 

Dash et al., 

2020 

51.1 Spherical As(III) 0.06 
SWASV 

(pH 5.3) 

Dar et al., 

2014 

100-300 
Oval 

(nano-nuts) 

Pb(II) 

Cd(II) 

0.15  

0.10  
DPASV 

Prakash and 

Shahi, 2011 

 

PtNPs 

 

 Spherical As(III) 5.68  Cyclic voltammetry 

Sanllorente-

Méndez et 

al., 2009 

4.55 Spherical 
Pb(II) 

 
0.45 

SWASV 

(pH 5.0) 

Dash et al., 

2020 

 

Fe3O4NPs 

 

10-12 Spherical Hg(II) 20.1 SWASV 

(pH 5.0) 

 

Deshmukh et 

al., 2017 

 

10-12 Spherical Pb(II) 10.4 

10-12 Spherical Cd(II) 1.1 

Ag@PtNPs 24.5 
Spherical 

(Core-shell) 

Pb(II) 

 
0.16 

SWASV 

(pH 5.0) 

Dash et al., 

2020 

BiSn@C 20 Spherical Cd(II) 0.33 
SWASV 

(pH 4.5) 

Chen et al., 

2019 

AuNPs/TiO2 10 Spherical Cr(Vi) 1.6 Amperometry 
Jin et al., 

2014 

AuPtNPs 120 Spherical Hg(II) 0.1 SWASV 
Gong et al., 

2010b 
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are primarily classified as (1) biomolecules immobilization-improves sensor stability, (2) 

electrochemical reaction catalysis-improves sensitivity and selectivity, (3) increased 

electron transfers kinetics-improves sensitivity, (4) biomolecules labeling-improves 

sensitivity by indirect detection of electrochemically inert analytes, and (5) acting as an 

efficient reactant by providing an increased surface area and new reaction mechanism. 

Tailoring a structure of MNPs mostly falls into the following categories for bimetallic: (i) 

core-shell nanoparticles, (ii) movable core-shell nanoparticles, (iii) alloy nanoparticles, etc. 

Figure 1.18 shows various tailored nanoparticles. 

 

Figure 1.18: Schematic pictures of the different structures of core-shell nanoparticles: (A) 

Core-shell nanoparticles, (B) Core double-shell particles or core multi-shell nanoparticle, 

(C) Polyhedral core/shell nanoparticles, (D) Core porous-shell nanoparticles, (E) Hollow-

core shell nanoparticles or single-shell nanoparticles, (F) Hollow-core double-shell 

nanoparticles, (G) Moveable core-shell nanoparticles, (H) Multi-core shell nanoparticles, 

(I) Irregular shape core shell nanoparticles, and (J) Rod core-shell nanoparticles. Reprinted 

from Khatami et al. (2018) with permission from mdpi.com. 

 

Bimetallic nanoparticles are expected to exhibit enhanced optical, electronic and 

chemical or biological properties due to the bi-functional or synergistic effects of both metal 

constituents. Bimetallic Au@Ag core-shell nanoparticles of 10-60 nm were synthesized 

using Antigonon leptopus extract (Ganaie et al., 2016). Similarly, Stigmaphyllon ovatum 

leaf extract, and Dovyalis caffra fruit extract, could successfully synthesize bimetallic Au-

Ag nanoparticles that showed effective anticancer effects (Adeyemi et al., 2019; Elemike 

et al., 2019). Devi and Ahmaruzzaman (2017) used Momordica charantia leaves extract to 
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successfully synthesize complex spherical Au@Ag@AgCl core@double shell 

nanoparticles and used them to degrade ibuprofen and clofibric acid present in water. 

Though the bioinspired methods are reported in the literature for the synthesis of 

tailor-made nanoparticles, the reports on their performance in electrochemical sensing are 

scanty. A brief introduction and underlying literature reviews on the synthesis of tailor-

made nanoparticles and composite nanostructures are included at the beginning of Chapter 

4 and Chapter 5.  

 

1.7 Fabrication of MNPs based miniaturized sensing device 

The analytical techniques, namely, atomic absorption spectrometry (AAS), mass 

spectrometry (MS), inductively coupled plasma MS (ICP-MS), atomic emission 

spectrometry (AES), X-ray fluorescence (XRF), etc. are used widely for contaminants 

analyses and assays. However, there is a need for in-situ analysis of contaminants for better 

and reproducible results. For example, currently, commercially available heavy metal ions 

(HMIs) detector kits provide high sensitivity but require image processing (colourimetric 

analysis using microfluidic paper-based devices) (Morbioli et al., 2017) or the use of 

molecular recognition probes (Ullah et al., 2018). The sophistication and expense of these 

commercial kits make them incompetent for in-situ environmental monitoring on a global 

scale in real-time. On the other hand, the electrochemical methods can be considered as 

one of the most appropriate methods for in-situ analyses of HMIs primarily due to small 

instrument size, quick operation, low cost, convenient sample preparation, and ability to 

perform multi-element detection. There has been much growth in recent years in 

miniaturization and improved portability of potentiostat units. Beach et al. (2005) 

developed an implantable and dynamically configurable potentiostat for remote 

monitoring. Ainla et al. (2018) have recently rationalized potentiostat by developing an 

open-source universal battery-powered and Bluetooth-connected potentiostat (UWED) 

capable of providing ample potential ranges for most electrochemical analysis in aqueous 

solutions. With the availability of portable potentiostats, it is now necessary to develop 

miniaturized three-electrode electrochemical sensing platforms to detect various water 

contaminants such as HMIs ions and analytes. 

Disposable screen-printed electrodes (SPEs) integrates conventional three 

electrodes on a non-conducting substrate (like polyethylene terephthalate,  

polyvinylchloride  and ceramic),  making it portable, inexpensive, and easy to operate 
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(Dorledo de Faria et al., 2019). Conductive ink such as graphene (Randviir et al., 2014), 

gold ink (Määttänen et al., 2012), conductive carbon ink (Liao et al., 2019), silver ink 

(Ghosale et al., 2018), etc. is used to screenprint precisely controlling the layer thickness 

and the desired computer-generated design of the electrodes to obtain the screen printed 

electrodes. Various SPEs and other chemically modified SPEs are discussed in detail in the 

review by Barton et al. (2016). Figures 1.19A and 1.19B describe the process of the 

fabrication of SPE for HMIs sensing applications. The controlled electrode size enables the 

use of small sample volumes, and the precise placing of electrodes reduces the signal-to-

noise ratio and improves the mass transfer of ions during the deposition phase by using 

Anodic stripping voltammetry (ASV) for HMIs analysis. SPEs allow fast detection and do 

not require pretreatment steps like electrode polishing which is usually required in the 

traditional three-electrode system.  

The use of carbon fibre-based SPEs has been extensively used in the determination 

of HMIs. Figure 1.19C describes the use of various modified SPEs to simultaneously detect 

an array of HMIs present in a complex matrix. The SPEs were modified with cysteine, 

antimony and glutathione to detect different HMIs like Pb((II), Cd(II), Tl(I), Bi(II), In(III) 

and Zn(II). The antimony modified SPEs gave the best results for Zn(II), Cd(II), and Bi(II) 

with the limit of detection (LoD) of 4.5, 3.2 and 5.2 μg/L, respectively. Similarly, LoD of 

3.1 μg/L was obtained for Pb(II) using cysteine modified SPEs. However, In(III) and Tl(I) 

showed the best results with the unmodified commercially available carbon fibre-based 

SPEs. The obtained LoDs were 3.0 and 6.5 μg/L, respectively (Pérez-Ràfols et al., 2017). 

The method is a very innovative method, but it generates a lot of used SPEs as waste. 
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Figure 1.19: (A) Scheme for screen-printing of silver/carbon screen-printed electrode 

(S/C-SPE)- (a) polyester substrate, (b) silver track, (c) carbon layer, (d) silver/silver 

chloride track and (e) insulating layer; (B) Screen-printed silver/carbon screen-printed 

electrode(S/C-SPE); and (C) Modified screen printed electrodes as electrochemical tongue 

for simultaneous detection of HMIs in a mixed matrix of 4 HMIs and two interferences. 

Herein (i) denotes connectors to potentiostat, (ii) are three working electrodes, (iii) is the 

Ag/AgCl electrode and (iv) a blank SPE working as counter electrode. Figures 1.19A and 

B are reprinted from Jadav et al. (2018) with prior permission. Copyright 2018 Elsevier; 

Figure 1.19C is reprinted from Pérez-Ràfols et al. (2017) with prior permission. Copyright 

2017 Elsevier. 

 The use of various MNPs modified miniaturized three-electrode systems are known 

to be successfully used for contaminant detections. MNPs are also capable of tracking other 

analytes, paving the way for new applications. PtNPs are capable of catalyzing the 

degradation of small organic molecules, such as ethanol and formaldehyde. Hence PtNPs 

based SPEs were used for a successful sensing platform for evaluating the quality of wines 

and beers (Pereira Silva Neves et al., 2017). The affinity of sulfur towards gold provides 

the prospect of direct identification of sulfur compounds, acquisition of instruments capable 

of detecting sulfite in beverages (Chen et al., 2016) and free sulfide in tap water (Molinero-

Abad et al., 2013), carbofuran in food materials (Jirasirichote et al., 2017), or trazodone 

(Salama et al., 2018). 

The majority of the studies found in the literature provide sensing platforms capable 

of reaching the permissible LoDs. However, expensive electrode materials are required that 

can only be found in a research laboratory and it also suffers from multi-elemental 

interference. Another major problem with the commercial SPEs is that they are generally 

single-use devices and can produce huge amounts of solid wastes during an extensive in-

(C) 
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situ application. It is therefore essential that research should concentrate on developing 

portable and cost-effective electrochemical sensing devices to allow for easy, cheap and 

fast in-field contaminant detection and allowing a fair bit of reusability of the substrate and 

repeatability of the device. 

An introductory section and also a short literature review by emphasizing the 

fabrication of miniaturized electrochemical sensing devices for MHIs sensing is provided 

in Chapter 7.  

 

1.8 Indian scenario for synthesis and implications of bioinspired MNPs 

The geographical location and favourable climatic conditions have bestowed India 

with vivid biodiversity. The tropical plants that thrive in India are a rich source of organic 

acids, polyphenols, flavonoids, amino, vitamins, etc. The availability of these biomolecules 

in plenty unlocks the hidden potential of them being harnessed for the bioinspired synthesis 

of various MNPs and other carbon-based nanomaterials like carbon dots that can be 

synthesized from biomass or biomass wastes. The advantages of plant extract-mediated 

synthesis of MNPs in India was quickly realized following the first demonstration of 

synthesis of AuNPs back in the year 1999 using the extract from alfalfa biomass (Gardea-

Torresdey et al., 1999). Prof. Murali Sastry and group in National Chemical Laboratory, 

Pune got themselves involved in the plant-mediated bioinspired synthesis of noble MNPs 

like AuNPs and AgNPs between the year 2003-2006 using plant extracts like geranium 

leaves (Shankar et al., 2003) and Emblica officinalis fruit extracts (Ankamwar et al., 2005). 

Further, they could successfully demonstrate the synthesis of Ag-Au bimetallic 

nanoparticles synthesis and AuNPs with various shapes (Ankamwar et al., 2005; Chandran 

et al., 2006; Shankar et al., 2005). They also proved that the yield of Au nanotriangles was 

superior using lemongrass extract compared to chemical synthesis (Shankar et al., 2005). 

These early demonstrations in India further escalated the bioinspired synthesis of MNPs, 

and reports of various tailor-made bioinspired nanoparticles started to pop up at various 

research laboratories in India. AuNPs of triangular, spherical, truncated triangular shapes 

were reported using coriander leaves extract (Narayanan and Sakthivel, 2008). Au-Ag Bi-

metallic alloy nanoparticles using Spirulina extract (Govindaraju et al., 2008). Apart from 

Ag and Au NPs, researchers now started to venture into the synthesis of other MNPs. The 

synthesis of PdNPs using coffee and tea extracts was reported by Nadagouda and Varma 

(2008). Similarly, bioinspired synthesis using plant extract has traveled a long way, and 
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now a synthesis of complex and tailored nanomaterials like core-shell nanoparticles can be 

achieved possible (Kaur et al., 2018).  

 

1.9 Knowledge gap and thesis objectives    

In India, with 1.3 billion people, the demand for clean drinking water is always 

increasing. Limited availability of clean drinking water and increased industrialization has 

led to increased ecological demand for the environment. Depletion of groundwater, 

degradation of the environment and pollution of water bodies due to increased 

industrialization has created a crisis for the supply of contaminant-free clean water. The 

increasing population and increased demand for food have led to the excessive use of 

chemical pesticides, insecticides, and fertilizers that end up in the water bodies and 

contaminate them with heavy metals like Hg, Cd, Pb, Cu, etc. This creates a threat to the 

guaranteed availability of safe drinking water to the people. According to a study conducted 

by the Ministry of Water Resource, India (River Data Directorate Planning & Development 

Organisation, 2018), 57 stations out of 414 stations at important river basins were identified 

to contain two or more toxic metals beyond the permissible limit. Water collected from 

168, 19, 4, 7 and 63 monitoring stations were considered to be unfit for drinking purposes 

due to the presence of, respectively, Fe, Cd, Cu, Cr, and Pb beyond the permissible limit. 

Therefore, it is high time to develop and promote low-cost heavy metal sensing devices 

that could be used directly by the people to monitor the in-situ water quality and educate 

the authorities to take proper actions. 

The abundance of nanoparticles currently used in electrochemical sensing of 

contaminants is clear from the available library of reports. However, more focuses need to 

be drawn towards novel and sustainable approaches for the fabrication of these 

nanoparticles. A number of studies are reported on the physicochemical and mechanical 

processes of nanoparticle synthesis and their applications in electrochemical sensing. 

However, very few approaches show the use of bio-synthesized metal nanoparticles and 

their applications in electrochemical sensors. The application of such particles in 

developing electrochemical sensing devices will become increasingly predominant as the 

pollution control criteria are becoming stringent day by day. The functionalized 

nanoparticles create an excellent tool in electroanalytical applications for the sensing of the 

majority of the contaminants. It is vital to capture the analytes of interest before catalyzing 

its detection. The main challenges faced in electro-analysis are developing a procedure for 
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the production of nanoparticles in a sustainable way and decorating the working electrode 

uniformly with those nanoparticles for efficient activity, reproducibility and stability, and 

must have practical applicability. Herein, this is proposed to be achieved using 

biosynthesized nanoparticles for the development of electrochemical sensors for quick and 

effective detection of organic and inorganic analytes.   

There are several tropical plants in the Northeastern states of India.  The organs of 

many of such plants are known to have loads of ascorbic acid, polyphenols, flavonoids and 

other enzymes that could help in reducing the metal ions to their corresponding 

nanoparticles (Chelli and Golder, 2016; Rao and Golder, 2016; Chakraborty et al., 2017; 

Das and Golder, 2017). Therefore, the following objectives are taken into consideration in 

this doctoral work. 

• Microwave irradiation to synergize the rate of bioinspired synthesis of silver 

nanoparticles using Psidium guajava leaves extract and electrocatalytic sensing of 

ascorbic acid  

• Bioinspired tailoring toward the synthesis of Ag@Pt core-shell nanoparticles and 

sensing of Pb(II) with high selectivity  

• One-pot bioinspired synthesis of platinum-nanoparticles/graphene nanocomposites 

and sensing of dipyrone and its metabolic compounds 

• Hydrothermal synthesis of carbon dots using Psidium guajava leaves biomass for 

enhanced electrocatalytic sensing of chlorpyrifos organophosphate insecticide 

• Fabrication of a miniaturized electrocatalytic sensing platform by depositing silver-

coated copper nanorods on fluorine-doped tin oxide for the quantification of heavy 

metals 

 

1.10  Organization of the thesis 

CHAPTER 1: Introduction and background of the work 

This chapter presents the general introductory information about the metal 

nanoparticles, various approaches of their synthesis, catalytic properties, and a review on 

the bioinspired approaches of metal nanoparticles synthesis and their application in 

electrochemical sensing of various organic and inorganic pollutants and analytes. 
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CHAPTER 2: Materials and methodology 

This chapter describes the experimental methods, the reagents used, and the 

equipment employed to characterize and analyze the catalysts and the target analytes, 

respectively. This chapter also describes the general theory and detailed instructions of all 

the electrochemical experiments involved in this study.  

 

CHAPTER 3: Synergizing AgNPs synthesis in a bioinspired route using microwave 

and studies on electrocatalytic sensing of ascorbic acid from biological entities 

In this chapter, one-pot synthesis of AgNPs is carried out by using the analytes 

present in the aqueous extract of Psidium guajava leaves. The synthesis reaction was 

synergized by microwave (MW). The synergy between the MW input powers and the 

disintegration of capping agents leading to particle aggregation was explored. A fast and 

reliable method for the bioinspired synthesis of AgNPs was developed to electrocatalyze 

the sensing of ascorbic acid (AA) found in different biological entities like Zizhipus 

marituana leaves extract and Sechium edule fruit extracts. 

 

CHAPTER 4: Bioinspired synthesis of highly structured spherical Ag@Pt core-shell 

nanoparticles for electrocatalytic Pb(II) sensing 

This chapter focuses on the synthesis of highly crystalline and ordered Ag@PtNPs 

core-shell nanoparticles (NPs) under a short exposure of microwave using the analytes 

present in the aqueous extract of Psidium guajava leaves. The nanoparticles were used for 

the electrochemical sensing of Pb(II). In the presence of co-ions (Cd(II), Cu(II) and Hg(II) 

from 0.25-10 μM), it could effectively determine Pb(II) (with and without spiking) from 

environmental water samples collected from the river, domestic supply and sewage 

treatment plant. The effectiveness of the core-shell nanoparticle was compared with their 

individual counterparts. 

 

CHAPTER 5: Bioinspired synthesis of PtNPs/graphene nanocomposites for 

electrocatalytic sensing of metabolites of dipyrone 

Facile bioinspired synthesis of PtNPs/graphene nanocomposites is performed in this 

chapter. Graphene used in nanocomposite formulation was synthesized by exfoliation of 

graphite in water/acetone mixture followed by mechanical shearing using ultrasonication 

and microwave irradiation. A procedure for the one-pot bioinspired synthesis of 
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PtNPs/graphene nanocomposites was developed, and the sensing of metabolites of 

dipyrone was conducted in this chapter. 

 

CHAPTER 6: Electrocatalytic sensing of chlorpyrifos using carbon dots derived from 

waste Psidium guajava leaves biomass  

Chlorpyrifos is an organophosphate pesticide. In this study, biocompatible carbon 

dots (CDs) were synthesized using the hydrothermal method and decorated on the glassy 

carbon electrode (GCE) for the electrochemical sensing of chlorpyrifos in an aqueous 

ethanolic solution. A square-wave voltammetric technique was employed for the sensing 

and quantification of chlorpyrifos, and the fundamental electro-kinetic parameters were 

determined. The effectiveness of the sensor was tested in various environmental water 

samples collected from sewage treatment plants and river beds. 

 

CHAPTER 7: Fabrication of a miniaturized electrochemical sensing device using Cu 

and Cu@Ag nanorods for heavy metals sensing 

Chapter 7 reports on the fabrication of fluorine-doped tin oxide (FTO) based 

miniaturized device using Cu nanorods (CuNRs) and Cu@Ag nanorods (Cu@AgNRs), 

which were used as electrocatalysts for the detection of Zn(II), Cd(II), Pb(II), and Hg(II) 

ions present in various environmental samples. The performance of the device was 

reproducible, and the LoDs were well within the permissible limits. 

 

CHAPTER 8: Conclusions and scopes for future studies 

This chapter outlines the salient outcomes of the overall work. The suggestion and 

recommendations of future work direction are also included based on the experience from 

the present study. 
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CHAPTER 2 

MATERIALS AND METHODOLOGY 

 

This chapter describes the experimental methods, the reagents used, and 

the equipment employed to characterize and analyze the catalysts and the 

target analytes. This chapter also describes the general theory and detailed 

instructions of all the electrochemical experiments involved in this study. Any 

specific change or deviation from what is outlined herein is mentioned in the 

respective Chapter. 
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2.1 Reagents and chemicals 

2.1.1 Analytical reagents 

Chemicals, reagents, and materials were used as received without further 

purification unless otherwise mentioned. All solutions were prepared using Milli-Q water 

(resistance ≥18.2 MΩ.cm at 25°C) (Millipore, USA).   

 

Table 2.1: List of chemicals and reagents used in this doctoral work. 

Reagents/chemicals Purity (%) Grade 

CAS/ 

Catalogue 

no. 

Make 

Ethanol (C2H5OH) 99.9 AR GB678-90 

TEDIA 

High Purity 

Solvents, 

USA 

Nafion D-521® (dispersion in 

water and 1-propanol) 
5% w/w - - 

Alfa Aesar, 

USA Hexaammineruthenium(III) 

chloride 
>98 AR 14282-91-8 

L(+)-Ascorbic acid (C6H8O6) 99.8 AR 50-81-7 

SRL, India 
Acetic acid 99.9 HPLC 64-19-7 

2,2-diphenyl-1-picrylhydrazyl ( 

DPPH) (C18H12N5O6) 
99 AR 1898-66-4 

Acetonitrile (C2H3N)  99 HPLC 75-05-8 

Merck 

(India/UK) 

 

 

 

 

 

 

 

  

Acetone (C3H6O) 99 HPLC 67-64-1 

Boric Acid (H3BO3) 99 AR 10043-35-3 

Cadmium chloride (CdCl2),  99.9 AR 233-296-7 

Copper sulfate (CuSO4.5H2O) 99 AR 7758-98-7 

Copper chloride anhydrous 

(CuCl2) 
99 AR 7447-39-4 

Hydrochloric acid 36.5  AR 7647-01-0 

Isopropyl alcohol (C3H8O) 99.5 AR 71-23-8 

Lead nitrate (Pb(NO3)2  99 EMSURE 10099-74-8 

Mercuric nitrate (HgNO3) 98.5 AR 7783-34-8 

Nitric acid (HNO3) 69 EMSURE 7697-37-2 

Phosphoric acid (H3PO4) 85 EMSURE 7664-38-2 

Potassium bromide (KBr) 99.5 GR 03-02-7758 

Potassium chloride (KCl) 99.5 AR 7447-40-7 

Potassium ferricyanide 

(K₃[Fe(CN)₆]) 
99 AR 13746-66-2 

Polyvinylpyrollidone (PVP-

40000) (C6H9NO)n 
99 AR 9003-39-8 

Paraffin wax 99.95 AR 7778-50-9 

Sodium acetate (CH3COONa) 99 AR 6131-90-4 

Sodium chloride (NaCl) 99.5 GR 7647-14-5 
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2.1.2 Preparation of buffer solutions 

2.1.2.1 Phosphate buffer solution  

For the preparation of phosphate buffer solution (PBS) of 0.1 M ionic strength of 

pH 7.2, 0.1 M of sodium dihydrogen phosphate dihydrate (purity 99% AR grade) and 0.1 

M of disodium hydrogen phosphate (purity 99%, AR grade) were mixed in a volumetric 

ratio of 28:72 (v/v). PBS of required strength was freshly prepared before the experiments 

by diluting 1 M stock solutions of the above reagents. PBS was used as a supporting 

electrolyte for the electrochemical sensing of ascorbic acid (Chapter 3). 

 

2.1.2.2 Acetate buffer  

Acetate buffer of ionic strength 0.1 M pH 5.0 was used as an electrolyte for all 

heavy metal sensing experiments. The concentration of 0.1 M of acetic acid (HPLC grade) 

and sodium acetate (purity 99% AR grade) was made by mixing an appropriate amount of 

the reagents in deionized (DI) water. A volume of 141 mL of 0.1 M sodium acetate and 59 

mL of acetic acid were mixed together to obtain the buffer of required strength and pH. It 

was used as a supporting electrolyte for the electrochemical sensing of heavy metal ions 

(Chapter 4 and Chapter 7). 

 

 

 

Sodium citrate tribasic 

(Na3C6H5O7) 
99 AR 6132-04-3 

Sodium dihydrogen phosphate 

dihydrate (NaH2PO4.2H2O) 
99 AR 7558-80-7 

Sodium hydroxide (NaOH) 97 AR 1310-73-2 

Disodium hydrogen phosphate 

(Na2HPO4) 
99 AR 7558-79-4 

Silver nitrate (AgNO3) 99 AR 7761-88-8 

Sulphuric acid (H2SO4) 98 AR 7664-93-9 

Zinc nitrate (ZnNO3.6H2O) 99 AR 19154-63-3 

Chloroplatinic acid (H2PtCl6) 8 AR 16941-12-1 

Sigma 

Aldrich 

(Bangalore, 

India) 

Dipyrone (C13H17N3O4S) 99.8 HPLC 68-89-3 

Chlorpyrifos (C9H11Cl3NO3PS) 99 AR 69-52-3 

Graphite powder (spherical <20 

µm size) 
99.9 Synthetic 7782-42-5 

Uric acid (C5H4N4O3)  ≥99 AR 69-93-2 

Dopamine hydrochloride 

((HO)2C6H3CH2CH2NH2·HCl)) 
≥98 AR 62-31-7 
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2.1.2.3 Britton-Robinson (B-R) buffer solution 

The buffer was prepared by mixing equal volumes of 0.04 M H3BO3 (2.04 g / 100 

mL), 0.04 M H3PO4 (2.8 mL of 85% H3PO4 / 100 mL) and 0.04 M CH3COOH (2.3 mL of 

glacial CH3COOH / 100 mL). The pH of this solution was adjusted to the desired value 

using 0.2 M NaOH. A required amount of KCl was added to obtain an effective ionic 

strength of 0.1 M, which was taken from the buffer table prepared by Mongay and Cerdrá, 

1974. B-R buffer was used as a supporting electrolyte for the electrochemical sensing of 

chlorpyrifos (Chapter-6).  

 

2.1.3 Target analytes for electrochemical sensing 

Ascorbic acid (purity > 99.8 %), Dipyrone drug (purity > 99.8 % w/w) and 

Chlorpyrifos PESTANAL® (Organophosphate pesticide) (purity > 99 % w/w) were 

procured from Sigma-Aldrich, Bangalore, India. The chemical structures of the targeted 

organic analytes are depicted in Figure 2.1. Apart from the organic analytes, the 

electrochemical sensing of heavy metals ions (HMIs) such as Pb(II) (Pb(NO3)2), Cd(II) 

(CdCl2), Hg(II) (HgNO3), Cu(II) (CuNO3) and Zn(II) (ZnNO3) was also conducted. All 

precursor salts mentioned above were of analytical grade obtained from Merck, Mumbai, 

India, or Merck, Gillingham, UK. 

                                                                                     

Figure 2.1: Chemical structures: (a) Ascorbic acid [(R)-3,4-Dihydroxy-5-((S)- 1,2-

dihydroxyethyl)furan-2(5H)-one], (b) Dipyrone drug [(2,3-dihydro- 1,5-dimethyl- 3-oxo- 

2-phenyl-1-pyrazol-4-yl) methyl amino], and (c) Chlorpyrifos [O,O-Diethyl O-3,5,6-

trichloropyridin-2-yl phosphorothioate]. 

2.2 Biomass and bio-extract 

2.2.1 Selection of Psidium guajava leaves extract  

The fresh and mature Psidium guajava (mentioned as P. guajava afterward) leaves 

(Figure 2.2a) were collected from the plants naturally grown at Indian Institute Technology 

TH-2726_146152008



Materials and Methodology

 
77 

Guwahati Campus, Assam, India. The abundance of active chemical compounds present in 

P. guajava leaves from different geographical locations and also identified in the mass 

spectra. P. guajava leaf is a rich source of various potential reducing analytes such as 

quercetin (10.15 mg/g), catechin (4.94 mg/g), caffeic acid (4.30 mg/g), chlorogenic acid 

(4.23 mg/g), rutin (3.52 mg/g), and ascorbic acid (AA) (0.9 mg/g) (Barbalho, 2012). Citric 

acid, a common capping agent is also abundant in P. guajava leaves along with other 

organic acids like maleic acid, malonic acid, and acetic acid (Kim et al., 2012).  

Three group of plants were initially investigated for their suitability for 

nanoparticles synthesis. One is a shrub (S. trilobata), second is a fern (D. esculentum) and 

third is a group of two higher plants (Z. marituana and P. guajava). The detailed work and 

the results are presented in Annexure I of the thesis. 

 

2.2.2 Preparation of Psidium guajava leaves extract 

An amount 20 g of Psidium guajava (P. guajava) leaves (Figure 2.2a) were washed 

several times with running tap water followed by deionized (DI) water to get rid of any dust 

particles or contaminants. The cleaned leaves were chopped into small pieces (Figure 2.2b) 

and a paste was made (Figure 2.2c) with 100 mL water (5 mL DI water per g fresh leaves) 

using a mortar and pestle. The paste was squeezed manually using a muslin cloth to obtain 

the (crude) extract from the leaves (Figure 2.2d). This extract was then centrifuged at 10000 

rpm (R-24, REMI, Mumbai, India) for 15 min to obtain the clear bio-extract (pH 5.86) 

(Figure 2.2e), which was used in the synthesis of various nanomaterials. 

 

Figure 2.2: Preparation of P. guajava leaf extract: (a) P. guajava leaves at the source, (b) 

Chopped leaves, (c) Ground leaves with required amount of water (20 g leaves per 100 mL 

deionized water), (d) Bio-extract after filtration using a muslin cloth, and (e) Clarified bio-

extract after centrifugation at 10000 rpm for 15 min.  
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2.2.3    DPPH assay of bio-extract 

 For the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, 200 μM (7.9 mg DPPH in 100 

mL ethanol) reagent was prepared and stored in a refrigerator in dark condition. A standard 

calibration curve of ascorbic acid (AA) was prepared by mixing 1 mL of AA of known 

concentration to 1 mL of DPPH reagent and was allowed to react for 30 min at room 

temperature in dark condition. The absorbance of the reaction mixture was taken at 517 nm 

against 1:1 (v/v) ethanol: water as the blank and plotted against the [AA] to obtain the 

calibration curve (Figure 2.3). A control reaction was made by replacing AA with DI water. 

Similarly, the absorbance value of the bio-extract was determined and the AA equivalent 

of the sample was estimated from the straight line (Thaipong et al., 2006; Ramaley and 

Krause, 1969). 

  

 

Figure 2.3: Determination of ascorbic acid equivalent of prepared P. guajava leaf extract 

using DPPH assay. 

 

2.3 Methodologies of electrocatalysts syntheses 

2.3.1 Microwave-assisted bioinspired synthesis of AgNPs   

A reaction volume of 250 mL was maintained with 2.5 mL of as-prepared bio-

extract and the remnant amount of 0.3 mM AgNO3 solution. The ratio of AgNO3 solution 

and bio-extract was selected based on the trial runs to maximize the yield of AgNPs. The 

silver nanoparticles (AgNPs) synthesis pH was maintained either at 9.5 or 11 which was 

adopted from the results obtained in the earlier studies (Chelli and Golder, 2016; Rao and 

Golder, 2016). pH of the precursor solution was adjusted using 1 M NaOH before the 

addition of bio-extract as it could not alter the pH of the reaction mixture (only 2.5 mL bio-
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extract/ 250 mL precursor solution). It was then subjected to microwave irradiation up to 

300 s at different power inputs of 240, 480, 720, 960 and 1200 W. UV-Vis spectra of the 

intermediate samples were recorded to study the kinetics and nature of AgNPs formed. 

AgNPs thus formed were centrifuged at 14000 rpm for 20 min and washed with an ethanol-

water mixture (1:1 v/v) followed by DI water. AgNPs were then dried in a hot air oven at 

106ºC and, it was used for the detailed characterizations and fabrication of modified 

electrode. These AgNPs were used to modify graphite paste electrodes for the 

electrochemical sensing of ascorbic acid (Chapter 3) and Pb(II) ions (Chapter 4). 

 

2.3.2 Microwave-assisted bioinspired synthesis of PtNPs  

A reaction volume of 250 mL was maintained with 2.5 mL of as-prepared bio-

extract and the remnant amount of 0.3 mM chloroplatinic acid solution. The platinum 

nanoparticles (PtNPs) synthesis pH was maintained at 9.5. The pH of the precursor solution 

was adjusted using 1 M NaOH before the addition of bio-extract as it could not alter the 

pH of the reaction mixture (only 2.5 mL bio-extract/ 250 mL precursor solution). It was 

then subjected to microwave irradiation up to 300 s at 960 W. PtNPs thus formed was 

centrifuged at 14000 rpm for 20 min and washed with an ethanol-water mixture (1:1 v/v) 

followed by DI water. PtNPs were then dried in a hot air oven at 106ºC and, it was used for 

the detailed characterizations and fabrication of modified electrode. The PtNPs thus 

synthesized were used for electrochemical sensing of Pb (II) ions (Chapter 4).  

 

2.3.3 Bio-inspired synthesis of Ag@PtNPs 

A two-step seed-mediated method was employed for the synthesis of bimetallic 

Ag@Pt core-shell NPs (Figure 2.4). The formation of seed/Ag-core was carried out at pH 

9.5. Briefly, a volume of 50 mL of 0.3 mM of AgNO3 and bio-extract (water to leaves ratio 

50) were subjected to 300 s microwave (MW) irradiation at 960 W. The so formed Ag-

core/AgNPs were centrifuged at 14000 rpm for 15 min to separate the nanoparticles from 

the reaction media. The AgNPs thus obtained were washed twice using ethanol and 

deionized water (1:1 v/v at pH 9.5 adjusted using 1 M NaOH) to remove any un-

coordinated compounds. It was again re-dispersed in 50 mL water (0.8 mg/mL) at pH 9.5. 

The suspension was sonicated for 10 min to disperse AgNPs aggregate, if any. This Ag-

core was then used for the synthesis of Ag@PtNPs. 
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The formation of the Pt-shell on the Ag-core was also facilitated by the use of 

microwave but a lower input power. This was done by reducing 1 mM H2PtCl6 (2.5 mL of 

20 mM stock) at pH 9.5 in the presence of 50 mL Ag-core suspension and P. guajava leaf 

extract (5 mL/ 250 mL). The reaction was carried out for 240 s at 760 W of microwave 

power with an off period of 10 s after every 30 s of irradiation. These bio-inspired 

Ag@PtNPs were used for the electrochemical sensing of Pb(II) ions in various 

environmental water samples (Chapter 4), and the results were compared with individual 

AgNPs and PtNPs as described in previous sections (Sections 2.3.1 and 2.3.2) (Chapter 2). 

 

 

Figure 2.4: Schematic diagram depicting the steps of the bioinspired synthesis of Ag@Pt 

core@shell NPs. 

 

2.3.4 Bioinspired synthesis of PtNPs/graphene nanocomposite  

2.3.4.1 Synthesis of graphene  

Graphene was synthesized following the method, an alternative to modified 

Hummer’s method, as described by Yi and coworkers (Yi et al., 2013) with a little 

modification. Briefly, an amount of 300 mg of graphite powder (<20 μm) was taken in 100 

mL acetone: water (75:25 v/v) and kept under ultrasonication (40 Hz) for 4 h. The 

temperature of the sonicator bath was maintained at ~25°C through icy water circulation. 

The obtained solution was centrifuged at 1000 rpm for 20 min to separate the larger 

graphitic particles from graphene. The yield of graphene was about 0.8 mg/mL of acetone-
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water solution. It was further subjected to microwave irradiation for 3 min at 700 W to 

exfoliate graphene layers and re-sonicated for 1 h in the acetone-water mixture. The final 

solution with a concentration of 0.5 mg/mL (prepared by diluting using the required amount 

of DI water) was used for further experiments. The steps involved in the synthesis of 

graphene are schematized in Figure 2.5.  

 

 

Figure 2.5: Schematic representation of the preparation of graphene solution. 

 

2.3.4.2 Synthesis of PtNPs/graphene nanocomposite  

In the preparation of P. guajava leaves extract, an amount of 20 g of fresh matured 

leaves were crushed in 150 mL of distilled water using a mortar and pestle, and a slurry 

was formed. The slurry was then vacuum filtered through a 0.2 µm nylon filter paper to get 

a clarified bio-extract, and it was then stored at 4 ºC. A reaction mix containing 750 µL of 

20 mM stock of H2PtCl6 (final concentration 0.3 mM), graphene (0.5 mg/mL) and 6.5 mL 

of bio-extract (water to leaves ratio 50) with a total volume of 50 mL was taken in a 250 

mL borosilicate glass beaker. The pH of the reaction mixture was maintained at 9.5 using 

1M NaOH (200 µL). The mixture was then exposed to the microwave (MW) irradiation at 

900 W for a duration of 300 s. By that time, the colour of the mixture was turned from 

yellowish-brown to dark brown (Figure 2.6). After that, it was allowed to cool to room 

temperature, and the PtNPs/graphene mixture was collected by centrifugation (14000 rpm, 

30 min). The supernatant containing bio-residuals was discarded. The PtNPs/graphene 
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nanocomposites obtained in this way were re-dispersed in 1:1 ethanol-water (v/v) and 

collected further by centrifugation. The rinsed PtNPs/graphene nanocomposite was dried 

and re-dispersed in DI water with a concentration of 0.5 mg/mL for further use. The step-

by-step method for the synthesis of PtNPs/graphene nanocomposites is depicted in Figure 

2.6. The synthesized PtNPs/graphene nanocomposites were used for the electrochemical 

sensing of dipyrone drug (Chapter 5). 

 

 

Figure 2.6: Digital images showing different stages of preparation of bioinspired 

PtNPs/graphene nanocomposite. 

 

2.3.5  Synthesis of carbon dots (CDs) from P. guajava waste biomass 

The carbon dots (CDs) were synthesized by hydrothermal degradation of dried P. 

guajava leaves powder. The fresh P. guajava leaves were first cut into small pieces and 

made into a paste using 150 mL of DI water per 20 g of leaves (Figure 2.2). The paste was 

then squeezed through a muslin cloth to separate the bio-extract from the leaves biomass 

that was used in the bioinspired synthesis of PtNPs, AgNPs and Ag@PtNPs core-shell 

nanoparticles in my previous studies (Sections 2.3.1-2.3.4, Chapter 2). The leaves residue 

left behind after the bio-extract separation was dried overnight at 80ºC in a hot air oven. 

The dried powder was then pulverized using a domestic blender and used for further 

reactions. 
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An amount of 1 g of the prepared P. guajava leaves powder was taken in 60 mL DI 

water in a Teflon lined hydrothermal reactor of 100 mL capacity and was put in a hot air 

oven for 10 h (Yuan et al., 2015; Zhang et al., 2019; Lai et al., 2020) at different 

temperatures (160-200 ºC). The obtained brownish-yellow liquid was then vacuum filtered 

through a 0.2 μm Nylon filter, and the filtrate containing CDs was stored for further use. 

Figure 2.7 gives a schematic description of the processes involved in CDs synthesis. CDs 

thus synthesized were used to modify the glassy carbon electrode (GCE) for the 

electrochemical sensing of Chlorpyrifos (Chapter 6). 

 

 

Figure 2.7: Schematic representation of the synthesis of CDs from P. guajava leaves using 

hydrothermal method.  

 

2.3.6 Synthesis of Cu and Cu@Ag nanorods 

This work was initiated at the University of Strathclyde, Glasgow (UK) under the 

Commonwealth Slit-Fellowship Programme, and it was completed at my parent Institution 

(IIT Guwahati). Copper nanorods (CuNRs) were synthesized using a method previously 

described with slight modifications (Yokoyama et al., 2018). All chemicals used in this 

study were of analytical grade obtained from Sigma Aldrich/Merck, UK. Deionized water 

(18.2 MΩ) obtained from a Milli Q water purifier system (Make: Millipore Ltd., model: IQ 

7000, Watford, UK) was used in all experiments. CuNRs were synthesized using CuCl2 as 

the source of Cu, sodium chloride (NaCl) as an additive, polyvinylpyrrolidone (PVP K40) 

as a capping agent, and L(+)-ascorbic acid as a reducing agent. CuCl2 and AA solutions 

were prepared separately by dissolving 0.806 g anhydrous CuCl2 (0.1 M) and AA (1.5 M) 
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in deionized water under ultrasonication for 0.5 h. PVP K40 1.44 g (2.4 wt %) and NaCl 

1.22 g (0.35 M) were also added into the AA solution in a glass vial (100 mL capacity) 

under stirring. The CuCl2 solution was then poured into the glass vial. The solution pH was 

adjusted to 3.5 by adding 4 M NaOH (~2 mL), and the final reaction volume was adjusted 

to 60 mL. The solution was equally divided into two identical vials of 30 mL each. The 

reaction temperature was controlled at 80°C using a water bath (Make: Clifton, model: 

NE4-HT, North Somerset, UK) with intermittent shaking, and the reaction was continued 

for 24 h. The prepared nanomaterials were washed thrice using 1:1 (v/v) ethanol and water, 

and it was stored in a storage solution comprising of 1 M AA and 2.4 wt% PVP K40 in 

water with a nanomaterial concentration of 1 mg/mL. Before further using the synthesized 

CuNRs, it was thoroughly washed with DI water to remove the AA and PVP K40 in the 

storage solution (Stewart et al., 2015). For the synthesis of Cu@AgNRs, 0.5 mL of 0.025 

M AgNO3 solution was pipetted into the CuNRs solution (1 mg/mL) stored in the storage 

solution of 10 mL and vigorously shaken to get a uniform mixture. It was then allowed to 

stand undisturbed for 2 h for the reaction to complete (Stewart et al., 2015). Figure 2.8 

shows the schematic of the step-by-step method for the synthesis of CuNRs and 

Cu@AgNRs. These synthesized nanorods were used for the fabrication of miniaturized 

Fluorine-doped tin oxide (FTO) based sensing device for the determination of heavy metal 

ions (HMIs), namely Zn(II), Hg(II), Cd(II) and Pb(II) (Chapter 7). 

 

Figure 2.8: Schematic representation of the step-by-step synthesis of CuNRs and 

Cu@AgNRs. 
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2.4 Characterizations of electrocatalysts 

2.4.1 UV-vis spectroscopy 

The optical absorbance spectra of AgNPs and PtNPs dispersions formed at different 

experimental conditions were recorded using a UV-Vis spectrophotometer (Cary-100, 

Agilent, USA) with 10 mm quartz cuvettes. It was used to detect the Surface plasmon 

resonance (SPR) in typical nanoparticles that could tentatively provide us with the 

structural and morphological details. The absorbance was recorded by scanning the 

wavelength of the incident light from 350-800 nm depending on the experiments. 

 

2.4.2  High performance liquid chromatography 

High performance liquid chromatography (HPLC) was performed using a 1200 

series HPLC from Agilent Technologies, Sunnyvale (CA) equipped with a C18 analytical 

column of dimensions 250 mm × 4.6 mm. A UV detector at the required wavelength was 

used for the detection of various analytes. The solution was first passed through a syringe 

filter of pore size 0.22 μm to clear out any suspended particles. It was then transferred into 

HPLC vial of 2 mL capacity for the analysis. The sample injection volume was kept 

constant at 20 μL.  

For the detection of ascorbic acid (AA), the mobile phase used was acetic acid 

(0.05%) and acetonitrile (99.9%) at a ratio of 80:20 (v/v). A flow rate of 1 mL․min−1 was 

applied. The detection was done using a UV detector at 254 nm wavelength (Chapter 3). 

The analysis of dipyrone (DIP) was done using the mobile phase of a mixture of 

15:85 (v/v) orthophosphoric acid (0.0 M, 15%) and acetonitrile (85%). The mobile phase 

was clarified using a 0.2 µm filter paper and degassed for 1 h using a sonicator (Chemtech; 

40 Hz). The flow rate was maintained at 1.0 mL․min−1, and the detection was done at 214 

nm using a UV detector (Belal et al., 2014) (Chapter 5). 

HPLC analysis for chlorpyrifos (CHL) was done by the method described in 

literature with slight modifications (Mauldin et al., 2006). The agriculture grade samples 

were briefly diluted using acetonitrile (HPLC grade, ≥99.9 %) to the required 

concentrations by vigorous shaking using the vortex shaker to obtain a clear pale yellow 

solution. The mobile phase (a mixture of acetonitrile (90%) and phosphate buffer (10% v/v 

pH 4.5)) was set at a flow rate of 0.7 mL․min−1. The detection was done at 230 nm using a 

UV detector (Chapter 6). 
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2.4.3  Fourier transform infrared spectroscopy 

Infrared (IR spectrum) emission or absorption of samples was recorded using 

Fourier transform infrared (FTIR) spectroscopy. The sample absorbs a certain amount of 

infrared radiation and transmits a certain amount of radiation based on the types of 

functional groups present in the sample. The FTIR spectra of the bioinspired nanoparticles 

and bio-extract were captured to determine the presence of various surface functional 

groups in the specimens. The samples were properly mixed with approximately 10-15 mg 

KBr to create the pellet. The background spectrum was taken first, and the percentage of 

the transmission in the presence of the sample was recorded by comparing it with the 

background spectrum. The FTIR analysis of the sample was conducted in a Fourier 

transform infrared spectrometer (Make: Perkin Elmer, model: Spectrum two, Waltham, 

USA) to detect the functional groups present in the synthesized electrocatalysts. The FTIR 

analysis of the liquid samples such as bio-extract was done using a demountable liquid cell 

made up of KBr. These cells were equipped with thin Teflon spacers to create a minute gap 

for the liquid samples to form a thin film over the KBr. This cell was then placed in the 

instrument perpendicular to the incident IR beam using a cell holder provided by the 

manufacturer. The transmission spectra of the electrocatalysts were recorded in the spectral 

range of 400-4000 cm−1. 

 

2.4.4  High resolution mass spectrometry  

Mass spectrometry (MS) is an analytical technique that is used to detect the 

chemical identity or structure of various molecules. During the analysis, the samples are 

transformed into gaseous ions by bombarding them with electrons. These will help the 

molecules either become charged or break into charged ions which can then be detected 

with the use of a magnetic field according to their mass to charge (m/z) ratio and finally 

provide the spectral peaks. In this study, the mass spectra of the solid samples were 

recorded. The samples were at first solubilized in acetonitrile and then it was injected into 

the mass analyzer. The mass spectra of the analyte wereobtained through the high-

resolution mass spectrometer (HR-MS) (Make: Agilent, model: 6520, Santa Clara, USA). 

The obtained peaks were used to identify the molecular mass of the sample. This helped us 

in deriving various electrochemical reaction mechanisms. The active anti-oxidants present 

in the P. guajava leaves extract were analyzed using this technique (Chapter 3), reaction 

mechanism and analysis of various electro-oxidation products of Dipyrone (Chapter 5) and 

Chlorpyrifos (Chapter 6). 

TH-2726_146152008



Materials and Methodology

 
87 

2.4.5  X-ray diffraction 

X-ray diffraction (XRD) analysis is an analytical technique that is used to identify 

the phase of the crystalline materials. X-ray diffraction results from the constructive 

interference between X-rays and electrons of the sample materials. X-rays generated from 

a cathode ray tube are filtered and monochromatic radiation is produced, which is then 

assimilated to concentrate before pointing on the sample. The diffraction occurs only when 

the Bragg’s law is satisfied with the constructive interference from the crystal planes with 

spacing d (Eq. 2.1). 

nλ = 2d sinθ       (2.1) 

Where, λ is the wavelength, d is the spacing between the two crystal planes, and θ 

is the Bragg’s angle, which is the angle between the incident and reflected beam. After that, 

the diffracted X-rays are detected, processed and recorded. This phenomenon helps to 

identify the substance present in the sample, and the bioinspired nanocatalysts and 

nanocomposites were characterized by using this method. Briefly, 20 mg of dried sample 

was placed in the sample holder and then the XRD patterns were recorded between 10 and 

90° 2θ angle. The X-ray diffraction analysis was carried out in an advanced X-ray 

diffractometer (Make: Bruker, model: D8 Advance, Karlsruhe, Germany) with λ = 0.15406 

nm of CuKα radiation at 5° per min scan rate. 

 

2.4.6  Field emission scanning electron microscopy 

Field emission scanning electron microscopy (FESEM) is used to study the surface 

topography and morphology of a specimen. This technique helps researchers to examine 

minute structures on a nanometer scale. FESEM’s high electron energy beam is generated 

using a field emission cathode. FESEM can magnify the samples higher than the 10 KX 

range. At first, the synthesized catalysts were dispersed properly in an appropriate solvent 

(HPLC grade ethanol) and sonicated to make complete homogenized dispersion. A glass 

slide covered with aluminum foil was used as the base in which a drop of the prepared 

dispersion was poured and dried in the oven. After drying, the glass slide was then kept on 

the metal stub covered with conductive carbon tape in an electron microscope. In this work, 

FESEM (Make: Zeiss, model: Sigma, Jena, Germany) was done to study the morphology 

of the nanoparticles, dispersion of the nanocatalysts and nanocomposites on the working 

electrode surface, and decoration of PtNPs on the prepared graphene nanosheets. 
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2.4.7  Field emission transmission electron microscopy 

In Field emission transmission electron microscopy (FETEM), the electron beam is 

projected on the sample and the transmitted electrons from the samples are then used to 

generate two-dimensional images. In the case of FETEM, as the electrons pass through the 

samples, the internal structure of the sample could be distinguished based on the contrast 

due to the variation in atomic densities. The sample was prepared by dispersing about 1 mg 

sample in 1 mL ethanol-water solution (1:1). Then the sample was drop cast over a TEM 

grid made of copper. The sample was then dried in an oven and the grid was placed in the 

sample holder and the TEM analysis was carried out (Make: JEOL, model: JEM 2100F, 

Tokyo, Japan). The TEM analysis provided us minute details and insights of the 

nanocatalysts like its fringe width, crystallinity (from SAED data) and Inverse Fast Fourier 

Transform (IFFT) images that helped in establishing the proper synthesis of the 

nanomaterials. 

2.4.8  Energy-dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for 

the elemental analysis or chemical characterization of a sample. In this technique, a beam 

of X-rays is focused and penetrates on the sample and after interacting with it, the X-rays 

are emitted. The emitted X-rays are then detected by the energy dispersive detector. The 

preparation of the sample is similar to that of the preparation in FESEM/FETEM analyses 

depending on the parent equipment used. The EDX spectra, elemental mapping of the 

electrocatalysts and electrodes coated with the nanoparticles/catalysts, and the percentage 

elemental compositions of the catalysts were investigated. The EDX spectra of the catalysts 

were obtained either using FESEM (Make: Zeiss, model: Sigma, Jena, Germany) or TEM 

(Make: JEOL, model: JEM 2100F, Tokyo, Japan). 

 

2.4.9  Atomic absorption spectroscopy 

Atomic absorption spectroscopy (AAS) is a spectroscopic method that determines 

the percentage of chemical elements using the absorption of optical radiation (light) by the 

free atoms in those elements in a gaseous state. At first, the molecules are exposed to a high 

temperature in a flame or graphite furnace. This is done using an atomizer and the role of 

it is to separate the particles into various individual molecules and then into atoms. The free 

atoms generated in the atomizer can absorb the radiation at a specific frequency and thus 

makes transitions to higher electronic energy levels. The concentration is then calculated 

from the amount of spectral absorption. In this study, AAS was used to compare the results 
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obtained from the electrochemical sensing of HMIs. (Make: Varian, model: AA240FS, 

Mulgrave, Australia). The calibration curve was obtained in the range of 1 to 10 mg⸳L−1 for 

all metal ions separately, and calibration samples were prepared each time before the 

analyses.  

 

2.4.10  Raman spectroscopy 

The Raman spectra were done to characterize the synthesized graphene 

nanocomposites (Chapter 5). The analysis was done by Laser Micro Raman System (Make: 

Horiba Jobin, model: LabRam HR, Vyon, USA) in the Raman shift range of 100-3000 

cm−1. 

 

2.4.11  Thermogravimetric analysis 

The mass losses of bioinspired AgNPs with the temperature were studied by the 

Thermogravimetric analysis (TGA) (Make: Netzsch, model: TG 209 F1 Libra, Selb, 

Germany). A 10 mg sample was used for the analysis at the temperature range of 30 to 

800°C. A heating rate of 10°C/min with an N2 flow rate of 20 mL/min was applied (Rao 

and Golder, 2016b). 

 

2.5 Electroanalytical techniques of sensing 

2.5.1    Three-electrode system for electrochemical sensing studies 

The three-electrode electrochemical sensor system comprises the working electrode 

(WE) or sensing electrode, the counter electrode (CE) or auxiliary electrode and the 

reference electrode (RE). The WE is the one on which the intended electrochemical 

reaction takes place. The WE surface is generally modified, and the electrode material is 

chosen based on the application of the electrochemical sensor.  

All electrochemical sensors require an external potential difference between the 

electrodes. Hence, it is expected to have a fluctuating potential at the sensing electrode due 

to the continuous electrochemical reaction-taking place at the surface, which could lead to 

a continuous change at the electrode surface. So, to maintain a stable electrode performance 

of the sensor over extended periods, it becomes quite necessary to have a stable and 

constant potential at the sensing electrode. A reference electrode is placed at close 

proximity with the sensing electrode to maintain the applied value of the voltage to the 

actual voltage at the sensing electrode (Chauliya and Prasad, 2016). No current flows to or 
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from the reference electrode. The analytes react at the sensing electrode and the current 

flow between the sensing and the counter electrode is measured. The value of the voltage 

applied to the sensing electrode makes the sensor specific to the target HMIs or analytes. 

Various reference electrodes like standard hydrogen electrode (SHE) or normal hydrogen 

electrode (NHE), standard calomel electrode (SCE), Fe3+/Fe2+, Ag/AgCl electrode with 

varying KCl concentrations as supporting electrolytes are used for this purpose. The 

potential applied can easily be converted from one reference to another to enable uniformity 

in all the reactions irrespective of the reference electrodes used. A conversion table from 

one reference electrode to another is provided in Figure 2.9. 

 

Figure 2.9: Conversion graph between different reference electrodes. 

 

The surface area of a working electrode plays a paramount role in enhancing the 

electrochemical signal towards the sensing of target analytes or MHIs. High surface 

provides plenty of active sites for the docking of analytes. This helps in pre-concentrating 

the analytes onto the electrode surface and thereby providing a chance of increased 

electrochemical reactions.   

 In a three-electrode system, the counter electrode and the working electrodes 

provide a circuit over which either oxidation or reduction occurs depending on the positive 

or negative applied potential to the working electrode. The counter electrode generally 

supplies the electrochemical system with electrons during oxidation reactions or acts as an 

electron quencher during reduction reactions. Therefore, it is necessary that the counter 

electrode can suffice the electron neutrality to the electrochemical cell. The uninterrupted 

electrochemical reaction is assured by providing a large surface area of the counter 

electrode.  

  In order to avoid the iR drop across the electrodes, it is vital to align the electrodes 

correctly. In a three-electrode system, it is preferred to place the reference electrode as close 
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as possible to the working electrode and the counter electrode with a maximum distance of 

twice that of the diameter of the capillary tube of the reference electrode to avoid the drop 

in the iRcell. The effect of the iR drop is depicted in Figure 2.10. The uncompensated 

resistance (iRu) between the WE and RE is difficult to remove; hence, it is necessary to 

confirm that RE is always at constant potential and no current passes through it to avoid 

potential shifts (Britz and Brocke, 1975). 

 All electrochemical experiments in this work were conducted using 

Potentiostat/Galvanostat (Make: Metrohm Model: PGSTAT 302 N, Kanaalweg, The 

Neatherlands). The three-electrode system included a platinum wire (1 mm dia) as the 

counter electrode (CE), Ag/AgCl/3 M KCl) as the reference electrode (RE), and the 

fabricated graphite paste electrode (GPE, bare or modified) as the working electrode (WE) 

(Chapters 3 and 4), modified Glassy carbon electrode (3 mm dia) (Chapters 5 and 6). The 

image of the electrochemical setup with all the working electrodes is provided in (Figure 

2.11). A miniaturized three-electrode system was also fabricated based on FTO for 

electrochemical sensing of HMIs. The detailed fabrication process of all the WEs is 

provided in the following sections. 

 

 

Figure 2.10: Effect of the positioning of the electrodes on resistances in a three-electrode 

system. 
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Figure 2.11: Experimental setup for the three-electrode electrochemical system used for 

electrochemical sensing of various analytes displaying all the major components for 

conducting the experiments. 

 

2.5.2 Fabrication of working electrodes 

An amount of 650 mg graphite powder and 350 mg paraffin wax mixed thoroughly 

and heated at about 60 °C to obtain a homogeneous mixture of about 1 g (Jayasri and 

Narayanan, 2007). The resulting mixture was packed into a Teflon tube of 6 mm in diameter 

and 50 mm in length. A copper wire of 18 gauge (1.02 mm) was inserted at one end for the 

electrical connection. The electrode was kept in a dust-free container and allowed to 

gradually cool to room temperature for solidification. The support electrode surface was 

smoothed by polishing on a piece of 75 gsm A4 sheet before use. It was carefully cleaned 

using 5% nitric acid solution followed by profuse washing with DI water and dried at room 

temperature in a vacuum desiccator (150 mm diameter). This support electrode is 

mentioned as the graphite paste electrode (GPE) (Figure 2.12). The as-prepared GPE was 

drop-coated (40 µL) with a mixture containing the required amount of nanomaterials in 1 

mL 0.5% Nafion solution and allowed to dry at room temperature in the vacuum desiccator. 

This process was repeated two times to obtain the modified GPE. This GPE modified with 

AgNPs was used for the electrochemical sensing of ascorbic acid (Chapter 3) and modified 

with Ag@PtNPs, PtNPs and AgNPs for the electrochemical sensing of Pb(II) ions (Chapter 

4) 
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The commercial glassy carbon electrodes (GCEs) were modified with nanomaterials by 

drop-casting 40-60 µL of nanomaterials + Nafion solution (0.5%) and used as the WEs for 

the sensing of Dipyrone (Chapter 5) and Chlorpyrifos (Chapter 6). The GCE (3 mm dia) 

was first polished with 0.5 μm alumina powder to get a shiny mirror finish. It was after that 

dip-washed by using 5% nitric acid (v/v) and ultrasonic cleaner (40 Hz) for 5 min followed 

by a thorough rinse with a profuse amount of acetone and DI water. GCE was then dried at 

25±2ºC in a vacuum desiccator. PtNPs/graphene (0.5 mg․mL−1) was dispersed in 0.5% 

Nafion solution in isopropanol (0.5 mg PtNPs/graphene added to 1 mL Nafion dispersion), 

and 40 μL of the prepared mixture (2 mL) was then drop-casted onto the polished and clean 

GCE. The modified electrode (denoted as PtNPs/graphene/GCE) was allowed to dry at 

room temperature. This was used for the electrocatalytic sensing of dipyrone (DIP) 

(Chapter 5).  

Similarly, carbon dots (CDs 0.35 mg․mL−1) was dispersed in 0.5% Nafion solution in 

isopropanol, and 60 μL of the prepared mixture (2 mL) was then drop-casted onto the 

polished and clean GCE. The modified electrode (GCE/CDs) was allowed to dry at room 

temperature and used in the electrochemical sensing of chlorpyrifos (CHL) (Chapter 6). 

 

 

 

Figure 2.12: Step by step method for the preparation of the working electrode. 

 

TH-2726_146152008



Bioinspired Engineering of Nanomaterials for Electrocatalytic Sensing of Heavy Metals and Organic Analytes 

 
94 

2.5.3 Cyclic voltammetry 

Cyclic voltammetry (CV) is a typical electroanalytical measurement technique. In 

this technique, the working electrode potential is ramped linearly with time. When the set 

potential is reached in a CV experiment, the working electrode potential is ramped in the 

opposite direction to return to the initial potential. These cycles of possible ramps can be 

done as many times as required. The current (I) at the working electrode is plotted against 

the applied voltage (E) (that is, the working electrode’s potential) to map the cyclic 

voltammogram. CV is a flexible tool for scientific investigation and advancement due to 

the fact that most chemical processes involve electron transfer, which allows them to be 

analyzed by this technique. CV has long been important in many areas facilitating research 

as an analytical method. The technique provides scientists with an insight into various 

electrochemical processes, reaction mechanism, quantitative analyses and electron transfer 

process. The manner in which the analyte passes its electrical responses to the surrounding 

environment allows scientists to observe the behavior, thus determining their 

characteristics. In addition, due to the ease of operation, the technique is convenient and 

cheaper.  

In this work, CV has been extensively used for the determination of electrochemical 

behavior of various analytes, determination of reaction mechanisms, deduction of 

electrochemical kinetics and electrochemical characterization of the working electrodes 

(Section 2.5.8). In Chapter 3, the CV tests were performed at room temperature. The 

scanning rate of AA was varied from 10 to 100 mV․s−1 and 1 to 2000 μM, respectively. 

Phosphate buffer solution (PBS 0. 1 M, pH 7.2) of 100 mL in a 150 mL capacity 

electrochemical cell (Metrohm, cat. no. 6.1418.250) was used as the supporting electrolyte 

to avoid AA decomposition at higher pH. Similarly, in Chapters 5, CV was performed using 

PtNPs/graphene/GCE at different scan rates (5-200 mV․s−1) from 0-1.2 V vs. Ag/AgCl and 

KCl as the supporting electrolyte (pH 7) to derive the fundamental electrokinetic 

parameters and also to understand the redox pathway of Dipyrone (DIP) sensing. 

 

2.5.4  Chronoamperometry 

Chronoamperometry is a versatile technique that, in conjugation with the CV 

technique, is an excellent tool to investigate any electrochemical reactions. In this 

technique, the potential of the working electrode is stepped based on the redox peaks 

obtained from the CV experiments. The functional relationship between the current 

response and time is measured after applying a single or double potential step to the 
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working electrode of the electrochemical system. The current generated (I) at the working 

electrode (at the set potential E) is plotted against time (t). This technique is used by the 

researchers to track the Faradaic current of an electrochemical reaction and let them know 

the live status of an ongoing reaction. This technique is used for electrochemical conversion 

reactions in detecting any side reactions that are taking place, determining 

electrode/catalyst stability and sensitivity of an electrocatalyst for a specific analyte.  

In this doctoral work, this technique is used for preparing calibration curves, 

interfering agent detection and the sensitivity of the working electrodes. The 

chronoamperometry tests were performed at 0.380 V vs. Ag/AgCl using AgNPs/GPE as 

the working electrode with the successive addition of AA from 25 to 100 μM in an interval 

of 30 s up to the AA concentration of 2000 μM, and the variation in current was recorded 

(Chapter 3). In Chapter 5, chronoamperometry was utilized to evaluate the selectivity of 

the PtNPs/graphene/GCE towards DIP sensing. The experiment was conducted through 

sequential addition of DIP, and the current response was recorded at 0.51 V vs. Ag/AgCl. 

A probable interference of different organic molecules, including a pharmaceutical drug, 

on DIP sensing, was done by adding 1 μM of each of the interfering molecules at an interval 

of 10 s. 

 

2.5.5 Square wave voltammetry 

In square-wave voltammetry (SWV), the current at a (usually stationary) WE is 

determined while the potential between the WE and the RE is measured linearly over time. 

The potential waveform can be seen as a superposition of a regular square wave on the 

underlying staircase; in this sense, SWV can be considered a modification of the 

voltammetry of the staircase voltammetry (Ramaley and Krause, 1969). 

The current is sampled at two points - once at the end of the forward potential pulse 

and again at the end of the reverse potential pulse just before the potential direction is 

reversed. As a result of this current sampling technique, the contribution to the current 

signal from the non-Faradaic current is minimized. Two current waveforms are collected 

because of having current sampling at two different instances per square-wave cycle 

resembling the forward and reverse current waveforms of a cyclic voltammogram. In SWV, 

the potentiostat software plots the differential current waveform derived by subtracting the 

reverse current waveform from the forward current waveform against the applied potential. 

The peaks in the plot are indicative of redox processes involved in the electrochemical 
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reaction, and the magnitudes of the peaks in this plot are proportional to the concentrations 

of the various redox-active species. 

In this study, SWV was used extensively to study various redox processes involved 

during the electrochemical sensing of various analytes and in deriving various 

electrochemical reaction mechanisms. In Chapter 3, SWV was performed to evaluate the 

interference of uric acid and dopamine at a concentration of 50 μM during sensing of AA. 

The wave frequency of 25 Hz, amplitude of 0.02 V and the scan rate of 50 mV․s−1 was used 

for this experiment. For the electrochemical sensing of DIP, SWV tests were conducted 

using PtNPs/graphene/GCE in 0.5 M KCl solution with a potential range of 0 to 1.2 V vs. 

Ag/AgCl/3 M KCl. The step potential and the pulse amplitude were maintained at 4 mV 

and 25 mV, respectively. The frequency was kept at 15 Hz providing a scan rate of 60 

mV․s−1 (Chapter 5). Similarly, in Chapter 6 for the sensing of chlorpyrifos, SWV 

experiments were done at a frequency of 20 Hz. The step amplitude and potential were 

maintained at 25 mV and 5 mV, respectively. The effective scan rate obtained was 100 

mV․s−1. A deposition period of 60 s at −0.40 V vs. Ag/AgCl was provided before each run 

to allow the interaction of functional groups on CDs surfaces with CHL molecules.  

 

2.5.6  Square wave anode stripping voltammetry 

Square wave anode stripping voltammetry (SWASV) is a modified version of the 

square wave voltammetry analysis. It is normally used for the electrochemical sensing of 

non-complex and inorganic analytes, such as ultra-trace amounts of heavy metal ions 

(HMIs). In this case, the deposition/accumulation/pre-concentration potential labeled ‘a’ in 

Figure 2.12 is applied at a more negative potential than the E0 of the target HMIs. If the 

analysis is done for a mixture of HMIs, the applied deposition potential should be more 

negative than the reduction potential obtained from cyclic voltammetry of the mixture. The 

reduction reaction, indicating the deposition of metal ions (denoted by M) on the WE, is 

shown below (Eq. 2.2). 

M2+(aq) + 2e−→ M0(s) (WE)     (2.2) 

  The duration of the deposition step should be longer for a low concentration of 

analytes to enable proper deposition on the WE. The solution containing the analyte is kept 

in continuous stirring during this step to ensure faster mass transport to the electrode by 

breaking the hydrodynamic barrier. The interval indicated by ‘b’ Figure 2.13 is the quiet 

time. During this period, the potential is still applied but the stirring is stopped for few 

seconds prior to stripping analysis so that the agitated electrolyte can be stabilized and 
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ensure a noise-free stripping potential. In the region (labeled ‘c’ in Figure 2.13), the 

potential is scanned towards more positive potentials to oxidize the metal back to its ionic 

state. The following electrode reactions take place at the WE (Eq. 2.3). 

M0(WE)→M2+(aq) + 2e−     (2.3) 

The resulting plot of current versus the potential for this oxidation process is called 

a voltammogram. The observed peak current is proportional to the analyte concentration, 

and the peak position depends on the oxidation potential of the analytes present in the 

sample as in SWV analysis.  

SWASV tests were performed at room temperature at a fixed scan rate of 

60 mV․s−1. The deposition potential and deposition time were first optimized, and the WE 

was conditioned for 60 s before every run at +1.0 V to ensure the removal of the residual 

effect of HMIs from previous runs (Chapter 4). The stripping potential was varied from 

−1.2 to +0.75 V with a step potential of 4 mV and pulse amplitude of 25 mV at a frequency 

of 15 Hz. The solution was mixed (stirring at 500 rpm) throughout the conditioning and 

deposition processes to overcome the bulk diffusion resistance of the analytes. N2 purging 

(1.2 L․min−1) was continued from 5 min before the start of voltammetry experiments to 

eliminate dissolved oxygen from the electrolyte. In Chapter 7, the electrochemical sensing 

of Zn(II), Cd(II), Pb(II), and Hg(II) ions were performed using SWASV in the potential 

range of −1.4 to 0.5 V vs. Ag/AgCl/3M KCl (ink) with an amplitude of 0.02 V and pulse 

width of 0.05 s. The CuNRs and Cu@AgNRs modified FTO was flooded with 250 μL of 

0.1 M acetate buffer solution at pH 5 and the target metal ions at the desired concentrations. 

These were then pre-concentrated onto the WE surface at −0.4 V for 90 s and subsequently 

stripped off from the electrode surface into the electrolytic solution by varying the potential 

in the opposite direction within the said potential range. 
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Figure 2.13: Potential vs. time waveform for an anodic stripping voltammetry experiment 

displaying ‘a’ constant potential applied during deposition step, ‘b’ quiescence stage, and 

‘c’ ramping applied potential during stripping phase. 

 

2.5.7 Electrochemical impedance spectroscopy 

A Randles circuit is an equivalent electrical circuit that consists of an active 

electrolyte resistance (RS) in series with the parallel combination of the double-layer 

capacitance (Cdl) and an impedance of a Faradaic reaction. It is commonly used in 

Electrochemical impedance spectroscopy (EIS) for interpretation of impedance spectra, 

often with a Constant phase element (CPE) replacing the double layer capacitance, Cdl. The 

Randles equivalent circuit is one of the simplest possible models describing the processes 

at the electrochemical interface. In this doctoral work, EIS was used to find out the effect 

of WE modification on the electrode resistances and determining the proper parameters for 

the fabrication of the WEs. Figure 2.14a shows a typical Nyquist plot using a modified 

glassy carbon electrode (GCE) simulated at the parameters given in Figure 2.14b. The 

Warburg element (W) manifests itself in EIS spectra by a line with an angle of 45 degrees 

in the low-frequency region. The values of the charge transfer resistance and Warburg 

coefficient depend on the physicochemical parameters of a system under investigation. The 

charge transfer resistance (denoted as Rct or Rp) provides the actual resistance generated at 

the WE and electrolyte interface. 

In order to study the effect of electrode modifications on the charge transfer rate, 

EIS was conducted in the presence of 100 mL of 0.5 mM K3[FeCN]6 as an analyte probe in 
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0.1 M KCl solution at room temperature. The electrode spacing between the working and 

counter electrodes was fixed at 20 mm and that of between the working and reference 

electrodes was fixed at 10 mm (centre to centre). The frequency was varied from 10−2 to 

106 Hz, and the reading was captured at an open circuit potential of the electrodes. 
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Figure 2.14: (a) Sample Nyquist plot showing the resistance developed at the fabricated 

device, and (b) Corresponding equivalent circuit diagram of working electrode. 

 

2.5.8 Determination of electrochemical surface area 

It is important to determine the physical parameter of the WE before the sensing 

experiments. The effective area of the WE (Aeff) was calculated for determining the 

sensitivity of the WE towards a given analyte. This area is often different from the 

geometrical surface area of the electrode. A known standard redox probe such as 

K2[Fe(CN6)] or [Ru(NH3)6]Cl3 of known concentration is generally used, which have a 

known diffusion coefficient (D). CV experiments were conducted at various scan rates, and 

the peak currents were obtained. Then, Aeff of the prepared/modified WEs is calculated 

using the Randles-Sevcik equation (Eq. 2.4) (Bin Hamzah et al., 2018).  

IPa= (2.69 × 105) n0.66Aeff D 0.5 ʋ0.5 C0    (2.4) 

Where, n, ʋ, D and C0 are the number of electrons involved in the electrochemical 

reaction, scan rate in V․s−1, diffusion coefficient in cm․s−1 and bulk concentration in M of 

the redox probe K3[Fe(CN6)] or [Ru(NH3)6]Cl3, respectively. From the plot of IPa vs. 

ʋ0.5 and equating the slope values by considering D for K2[Fe(CN6)] as 7.6 × 10−6 cm2․s−1 or 

D for [Ru(NH3)6]Cl3 as 8.43 × 10 −6 cm2․s−1  (n = 1), Aeff was calculated. 

 

 

 

(b) 
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2.5.9 Fabrication of miniaturized three-electrode sensing device 

A miniaturized three-electrode sensing device was fabricated at the later stage of 

this doctoral work. To start with, a laser engraver (Make: Epilog Laser engraver, model: 

Helix Clavedon, UK) was used for the patterning of the Fluorine-doped tin oxide (FTO) 

sheet with a square resistance of 7 Ω (TEC 7). The etching was done based on the pattern 

and parameters developed using AutoCAD software (Figure 2.15). The etching parameters 

were set at 85% laser power with a frequency of 5000 Hz. The scanning speed was 

maintained at 20% of the maximum capacity. A layer of Ag/AgCl ink (≈ 0.5 mm thick) 

(ASL Co., Japan) was coated by the doctor blading method on one of the sections of the 

FTO that acts as the reference electrode. The other part of the electrodes was masked using 

two layers of scotch that prevent the smudging of the Ag/AgCl ink onto other sections of 

the patterned FTO. It also acts as a guide for the layer thickness for the coating. Similarly, 

in the next step, the nanocatalyst (washed and suspended in DI water) was added by drop 

casting of 60 μL of nanocatalysts solution and dried at 60ºC in a hot air oven. A layer of 

Nafion 0.5% solution (in iso-propanaol) of 100 μL was added on the top of it and dried to 

prepare the required modified miniature three-electrode system.   

 

Figure 2.15:  Step by step method to fabricate the compact three-electrode system for 

targeted sensing of HMIs. 
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2.6    Electrochemical sensing of analytes 

2.6.1 Electrochemical studies and AA determination 

In order to study the effect of electrode modifications on the charge transfer 

rate, electrochemical impedance spectroscopy was conducted using GPE and 

AgNPs/GPE as the working electrodes with 100 mL of 0.5 mM K3[FeCN]6 as an 

analyte probe in 1M KCl solution at room temperature (Mamuru et al., 2010). The 

electrode spacing between the working and counter electrodes was fixed at 20 mm 

and that of between the working and reference electrodes was fixed at 10 mm (centre 

to centre). The frequency was varied from 10−2 to 106 Hz and, the reading was 

captured at an open circuit potential of 0.079 V.  

The cyclic voltammetry (CV) and square wave voltammetry (SWV) tests 

were also performed with the same electrochemical system at room temperature. The 

scanning rate and the analyte concentration (here AA) were varied from 10 to 100 

mV․s−1 and 1 to 2000 µM, respectively. Phosphate buffer solution (PBS 0. 1M, pH 

7.2) of 100 mL in a 150 mL capacity electrochemical cell was used as the supporting 

electrolyte to avoid AA decomposition at higher pH.  

The chronoamperometric test was performed at Eanode=0.380 V vs. Ag/AgCl 

using AgNPs/GPE as the working electrode with the successive addition of AA from 

25 to 100 µM in an interval of 30 s up to the AA concentration of 2000 µM. Two 

close-electroactive species, namely, UA and DA are generally found in biological 

entities along with AA (Dinesh et al., 2017). They also could interfere with the 

selectivity of AA during the chronoamperometric analysis. The interference of both 

the compounds at a concentration of 50 µM was studied by SWV with a frequency 

of 25 Hz, amplitude of 0.02 V, and scan rate of 50 mV․s−1. 

 

2.6.2 Electrochemical studies and HMIs detection 

SWASV tests were performed at room temperature at a fixed scan rate of 60 

mV․s−1. The deposition potential and deposition time were first optimized, and the working 

electrode was conditioned for 60 s before every run at +1.0 V to ensure the removal of 

residual effect of HMIs (also denoted as MHs) from previous runs. The stripping potential 

was varied from −1.2 to +0.75 V with a step potential of 4 mV and pulse amplitude of 25 

mV at a frequency of 15 Hz. The solution was mixed (stirring at 500 rpm) throughout the 

conditioning and deposition processes to overcome the bulk diffusion resistance of the 
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analytes. N2 purging (1.2 L․min−1) was continued from 5 min before the start of 

voltammetry experiments to eliminate dissolved oxygen from the electrolyte. The data was 

recorded in a desktop PC using NOVA 1.11 software. The analyte concentration (here 

HMIs) was varied from 0.1 to 10 µM in an acetate buffer at pH 5 to generate a calibration 

curve as the highest peak current (−425 mV vs. Ag/AgCl/3 M KCl) of Pb(II) sensing was 

noted at pH 5. The quantum of analyte was 100 mL in a 150 mL capacity electrochemical 

cell. 

 

2.6.3 Electrocatalytic sensing of DIP and its metabolites 

To study the electrochemical interactions and surface reactions of the analyte (DIP) 

molecules, EIS spectra were recorded using 100 μM DIP (100 mL) in 0.5M KCl solution. 

The scanning frequency was ranged from 10−2 to 106 Hz in the case of all three working 

electrodes (GCE, PtNPs/GCE, and PtNPs/graphene/GCE). The charge transfers resistance 

(Rp) of the electrodes were determined by fitting the experimental frequency response 

analysis (FRA) data with the Randles equivalent circuit diagram using NOVA 1.11 

software. The effective surface area (Aeff) of the prepared electrodes was also determined 

using the Randles-Sevcik equation by using K3[FeCN]6 as a standard analyte probe. KCl 

of 0.1M was used as the electrolyte solution. The detailed experimental procedure is 

described in Section 2.5.8 of this chapter.  

Square wave voltammetry (SWV) tests were conducted using PtNPs/graphene/GCE 

in 0.5M KCl solution with a potential range of 0 to 1.2 V vs. Ag/AgCl/3 M KCl. The step 

potential and the pulse amplitude were maintained at 4 mV and 25 mV, respectively. The 

frequency was kept at 15 Hz providing a scan rate of 60 mV․s−1. The pH of the electrolyte 

medium was optimized by conducting the SWV tests at different pH values from 3 to 11. 

The calibration curve was generated by varying the concentration of the analyte from 0.1 

to 300 µM (pH 7.0). The total volume of electrolyte was 100 mL in a 150 mL 

electrochemical cell. 

Cyclic voltammetry was performed using PtNPs/graphene/GCE at different scan 

rates (5-200 mV․s−1) from 0-1.2 V vs. Ag/AgCl and KCl as the supporting electrolyte (pH 

7) to derive the fundamental electrokinetic parameters and also to understand the redox 

pathway of DIP sensing.  

To study the stability of the PtNPs/graphene/GCE and reproducibility of DIP 

sensing, three fresh PtNPs/graphene/GCEs were fabricated following the same procedure 

stated earlier and applied for DIP sensing. SWV runs were conducted between the potential 

TH-2726_146152008



Materials and Methodology

 
103 

window of 0-1.2 V vs. Ag/AgCl, and the peak current responses were analyzed for 10 

consecutive cycles in the presence of 15 µM DIP. Similarly, SWV was conducted with the 

environmental samples replacing the DI water in the electrolyte at the optimized condition. 

It is highly likely that DIP is present in real water samples in association with other 

interfering redox compounds. Therefore, the interference studies were conducted using 

close electroactive molecules such as glucose (GLU), dopamine (DA), uric acid (UA), and 

ciprofloxacin (CIP) using chronoamperometric tests at 0.51 V vs. Ag/AgCl in the presence 

of 1 μM of each interfering substance to the electrolyte at the optimized condition. The 

required amount of interfering agents was injected in a chronological manner to check for 

the spike in current at the testing potential. An intermittent injection of DIP was also done 

to observe any change in the current response.  

In order to check the performance of the PtNPs/graphene/GCE for the sensing of 

DIP present in real samples, DIP (1-100 µM) was spiked with the effluent samples of the 

sewage treatment plant and domestic tap-water available at Indian Institute of Technology 

Guwahati Campus. The effluent samples were filtered through a 0.2 µm Nylon filter to 

remove suspended materials. KCl at 0.5 M was added as the supporting electrolyte at pH 

7, which was adjusted using 0.1 M HCl/NaOH before conducting the SWV experiments in 

the potential range of 0-1.2V.  

 

2.6.4 Electrochemical studies and chlorpyrifos sensing 

Square wave voltammetry (SWV) experiments were done at a frequency of 20 Hz. 

The step amplitude and potential were maintained at 25 mV and 5 mV, respectively. The 

effective scan rate obtained was 100 mV․s−1. A deposition period of 60 s at −0.40 V vs. 

Ag/AgCl was provided before each run to allow the surface interaction of functional groups 

on CDs surface with chlorpyrifos (CHL) molecules. The electro-kinetics studies were done 

by varying the scan rate, and the Laviron equation was used to deduce the formal potential 

(E˚) and heterogeneous electron transfer rate constant kº (Ghiasi et al., 2021). The 

calibration curve was generated by varying the concentration of CHL from 0.1-10 μM, and 

the detection and quantification limits were calculated. All electrochemical experiments 

were conducted with a volume of 100 mL electrolyte at ambient temperature. The working 

electrode and the Ag/AgCl reference electrode were placed at a proximity of 5 mm, and the 

counter electrode was placed at a distance of 10 mm from the working electrode. 
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2.6.5 Sensing of heavy metal ions using miniaturized device 

All electrochemical measurements were performed on PGSTAT 302N Potentiostat/ 

Galvanostat (Metrohm, Herisau, Switzerland) at room temperature using the fabricated 

miniaturized three-electrode system where CuNRs and Cu@AgNRs modified FTO served 

as a working electrode, bare FTO as an auxiliary electrode and Ag/AgCl ink as a reference 

electrode (Figure 2.15). The connecting wires are modified to work with the FTO based 

devices. A pictorial view of the sensing system is provided in Figure 2.16. 

Electrochemical sensing of Zn(II), Cd(II), Pb(II), and Hg(II) ions were performed 

using square wave anodic stripping voltammetry (SWASV) in the potential range of −1.4 

to 0.5 V vs. Ag/AgCl (ink) with an amplitude of 0.02 V and pulse width of 0.05 s. The 

CuNRs and Cu@AgNRs modified FTO was flooded with 250 μL of 0.1 M acetate buffer 

solution at pH 5 and the target metal ions at the desired concentrations. These were then 

pre-concentrated onto working electrode surface at −0.4 V for 90 s and subsequently 

stripped off from the electrode surface into the electrolytic solution by varying the potential 

in the opposite direction within the predetermined potential range. 

The investigation of the viability of the fabricated electrochemical sensing system, 

HMIs analysis was done on environmental samples collected from Clyde River, Glasgow 

(UK) and supplied tap water from the University of Strathclyde Campus. The collected 

water samples were stored in a refrigerator at 4°C to preserve the characteristics of the 

collected water samples and were used without any pretreatment. The anions (chloride, 

fluoride, nitrate, sulphate and phosphate) concentrations in the collected samples were 

determined. The effect of the presence of these anions on the simultaneous electrochemical 

sensing of HMIs was determined by preparing the electrolyte using the collected water 

samples instead of DI water. It was then spiked with the required concentration of HMIs, 

and the sensing performance was evaluated by obtaining the square wave voltammograms 

with the optimized sensing parameters. 
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Figure 2.16: Image of the fabricated miniaturized FTO based three-electrode sensing 

device. The black connector corresponds to the counter electrode, the red connector 

corresponds to the working electrode and the blue connector refers to the reference 

electrode (Ag/AgCl). 
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CHAPTER 3 

Synergizing AgNPs Synthesis in a Bioinspired Route using 

Microwave and Studies on Electrocatalytic Sensing of  

Ascorbic Acid from Biological Entities 

 

 

 

 

Highlights 

 Microwave irradiation decreased AgNPs synthesis time to 90 s from 

10 h at pH 9.5 using Psidium guajava leaves extract 

 Microwave overexposure led to AgNPs aggregation with 5 times 

particle size increase 

 AgNPs electrocatalyzed selective ascorbic acid sensing in phosphate 

media with a low detection limit (14.63 μM) 

 AgNPs catalyzed ascorbic acid sensing in biological entities was 

comparable with HPLC (variation ≤5%) 
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3.1  Background and executive motivation 

Silver nanoparticles (AgNPs) possess several important properties such as 

chemical stability, good conductivity, excellent catalytic activity and unique 

optoelectronic properties in comparison to the bulk materials and, further these 

properties could be improved through the alteration of its size and shape at the 

nanoscale (Khan et al., 2017). AgNPs have found many important applications in 

catalysis (Joshi et al., 2016), sensor development (Sun et al., 2015), drug delivery 

(Sridhar et al., 2015), optics (Haes et al., 2004), etc. The chemical processes are the 

most popular for the synthesis of AgNPs because of its simplicity in operation and 

easy to control the size and morphology (Abbasi et al., 2016). The rate of the 

synthesis reaction is also quite fast and could be completed within a couple of 

minutes (Lokanathan et al., 2014). This process involves the use of many 

environmentally aggressive reducing agents such as sodium borohydride (1-5 mM) 

(Agnihotri et al., 2004), hydrazine hydrate (2-12 mM) (Lee et al., 2010),  ethylene 

glycol as a solvent (99%) (Shambharkar and Chowdhury, 2016), and capping agents 

such as tri-sodium citrate (1-4.28 mM) (Agnihotri et al., 2004), poly vinyl 

pyrrolidone (8 mM) (Mitzel and Tufenkji, 2014) and dodecyl amine (0.08 mM) 

(Mathew and Kuriakose, 2013), etc.  

Therefore, it is necessary to develop environmentally sustainable processes 

for the synthesis of AgNPs, especially on a large scale within a shorter reaction time 

(<5 min). The biological and bio-mediated methods could eliminate the use of such 

chemicals (both reducing and capping agents) for the synthesis of noble metal 

(Chelli and Golder, 2016; Dauthal and Mukhopadhyay, 2016) and transition metal 

nanoparticles (Das and Golder, 2017). Though the stability of particles (up to 4 

months at 25°C) can be achieved in this method, the rate of synthesis is slow, and it 

can take from 30 min even up to 124 h (Thakkar et al., 2010). The time of AgNPs 

synthesis can be reduced by 20 folds by performing the reaction at an elevated 

temperature of 90°C from 20°C (Khan et al., 2013). pH of the synthesis medium also 

could help for the faster synthesis, but it could degrade the (bio-) analytes and 

deteriorate the nanoparticles quality and purity (Chelli et al., 2017). The microwave-

assisted processes are considered as the less energy intensive processes than 

conventional convecting heating methods. It also offers a rapid and uniform heating 

which helps for the uniform nucleation and growth of nanoparticles (Liu et al., 2011). 
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Therefore, the first objective of this doctoral work is framed as “Microwave 

irradiation to synergize the rate of bioinspired synthesis of silver nanoparticles using 

Psidium guajava leaves extract and electrocatalytic sensing of ascorbic acid”. P. 

guajava (common name is guava) leaves was used as the source of the (bio-) analytes 

rich in quercetin, D-glucose, rutin, chlorogenic acid, ascorbic acid (AA), etc. (Güçlü 

et al., 2005; Liu et al., 2016) for AgNPs synthesis in the absence of (external) 

capping agents which need to be spiked in a chemical synthesis process. The possible 

mechanistic routes for the formation of AgNPs were elucidated which is one of the 

serious shortcomings of most of the earlier studies on the bio-inspired processes for 

the synthesis of metal nanostructures. The physiochemical attributes of synthesised 

AgNPs were investigated and, then these nanoparticles were tested in catalysing the 

electrochemical analysis of AA present in the synthetic medium and also in the (real) 

bio-extracts along with other analytes which is a step forward for designing of a 

miniaturised electrochemical sensor catalysed by AgNPs. The selectivity of AA 

determination was also investigated by the square wave voltammetry (SWV) 

through the addition of dopamine (DA) hydrochloride and uric acid (UA) 

(Lykkesfeldt, 2000). The high purity graphite was employed as the electrode support 

and AgNPs were decorated over it using Nafion (5% w/w) as a binder. The 

performance of the amperometric method determining AA at graphite/AgNPs anode 

was also compared with the high-performance liquid chromatography (HPLC). 

AA is an essential vitamin for humans, and it is known to be effective for the 

prevention and treatment of the common cold, mental illness, infertility, and diseases 

like scurvy and cancer (Lee et al., 1997). Several techniques like spectroscopic 

(Bagheri et al., 2017), chromatographic (Filik et al., 2016), enzymatic (Tashkhourian 

et al., 2009), and electrochemical (Morais-Braga et al., 2016) are in use for the 

determination of AA. The advantages of the electrochemical technique are the high 

sensitivity (0.25-0.5 µA․mM−1 of AA) and selectivity for the detection and 

determination of AA even at a low concentration (1-5 µg․L−1) even in the presence 

of close electro-active species like dopamine, uric acid, tryptophan, etc. (Iamjud et 

al., 2014). In particular, AgNPs modified electrodes exhibit high electrocatalytic 

activities towards the compounds such as AA which have a slow redox process and 

higher overpotential (0.4 V) at the bare electrodes (Barbalho, 2012). 
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3.2     Results and Discussions 

3.2.1  Physiochemical attributes of AgNPs 

3.2.1.1 AgNPs synthesis kinetics and particles sizes  

The optimum bio-extract and precursor ratio was first determined by varying the 

volume of bio-extract from 0.5-5.0 mL in 250 mL of reaction volume. The precursor 

concentration was kept constant at 0.3 mM. It was observed from the preliminary study that 

the spectral absorbance peak due to the localized surface plasma resonance effect of AgNPs 

was maximum with a water to leaves ratio (w/w) of 500 in 300 s of microwave (MW) 

irradiation (Figure 3.1).  Therefore, the water to leaves ratio of 500 was selected for further 

studies. 

The progress of the formation of AgNPs was monitored by acquiring the change in 

the spectral absorbance during the reaction. The optimal MW power requirement for the 

synthesis of AgNPs was determined at two different values of pH of 9.5 and 11. The 

variation of the colour of the reaction mixture is also indicative of the progress of formation 

of AgNPs (Figure 3.2). On exposure to MW, the initially translucent reaction mixture was 

gradually turned to intense yellow coloration. The formation of AgNPs was almost 

instantaneous irrespective of the MW power input and reaction pH (Figures 3.3 and 3.4). 

An absorbance peak in the visible wavelength (406-420 nm) was identified due to the 

resonance between the electromagnetic field and coherent electron motion of AgNPs which 

is known as surface plasmon resonance (SPR) effect (Dinesh et al., 2017). The peak 

intensity was significant even within 60 s of MW irradiation at 240 W at pH 9.5 and, it 

increased gradually with the synthesis time (Figure 3.4). The rate of reaction was faster at 

a higher MW power (≤1200 W) and, the formation of AgNPs was complete within 300, 

240, 180, 150, and 120 s for an input MW power starting from 240 to 1200 W at pH 9.5 as 

there was no appreciable change in the peak intensities (Figure 3.4).  The rate of AgNPs 

formation seems to be even faster at a higher pH of 11 and, the AgNPs formation was 

completed by 180, 150, 120, 90, and 60 s (Figure 3.3) at the same MW power as at pH 9.5.  
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Figure 3.1: UV-vis spectra of AgNPs dispersed in the reaction mixture at different bio-

extract concentrations with a total reaction volume of 250 mL (remenant 0.3 mM AgNO3). 

Reaction conditions: pH 9.5, microwave power 1200W, Ag+ concentration 0.3 mM and 

reaction time 300 s. 

 

 

Figure 3.2: Digital image of showing the formation of AgNPs at different irrdiation time 

at MW power of 960 W. Experimental conditions: reaction volume 250 mL, water to leaves 

ratio 500, initial Ag+ concentration 0.3 mM and pH 9.5.  
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Figure 3.3: UV-vis spectra of AgNPs at different time of irradiation and MW power at pH 

11. Experimental conditions: reaction volume 250 mL, water to leaves ratio 50 and initial 

Ag+ concentration 0.3 mM. 
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Figure 3.4: UV-vis absorption spectra of AgNPs at different time of irradiation and MW 

power at pH 9.5. Experimental conditions: reaction volume 250 mL, water to leaves ratio 

50 and initial Ag+ concentration 0.3 mM. 
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It was noticed that there was a blue shift up to a certain period of MW 

irradiation followed by a redshift. For an example, a blue shift was observed up to 

180 s at 240 W and pH 9.5 indicating the formation of small size stabilised AgNPs. 

The corresponding peak position was skewed from 420 to 402 nm and, it was then 

moved to a slightly higher wavelength (402 to 405 nm at >180 s) (Figure 3.5a). A 

faster nucleation rate could hinder the capping process at a higher temperature. So, 

larger particles were produced due to aggregation. Further, the agglomeration of 

AgNPs may also occur due to the removal of the capping materials at a higher 

exposure time by forming localised hotspots from the differential MW heating for 

Ag+ ions and H2O molecule (Irfan et al., 2017).The frictional stress developed on 

the AgNPs surface due to the constant alignment of the polar H2O molecules to the 

alternating electric field generated by MW may also wear away the capping 

molecules out of the AgNPs surface inducing agglomeration. Similar results were 

obtained at pH 11 with the variation of MW power, but in a shorter reaction time 

(Figure 3.5b). 
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Figure 3.5: Transition from blue shift to red shift at peak position (λmax) from optical 

absorbance with time of irradiation at different MW power and (a) pH 9.5 and (b) pH 11. 

Experimental conditions: reaction volume 250 mL, water to leaves ratio 500 and initial Ag+ 

concentration 0.3 mM.  

 

The size of AgNPs was determined at the end of the reaction (Figures 3.3 and 

3.4) and, the results both at pH 9.5 and 11 are shown in Figures 3.6a and 3.6b. The 

hydrodynamic particle size distributions revealed a gradual decrease in average 
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diameter with the increase in MW power up to 960 W at the end of the reaction. It 

can be observed that at both pH 9.5 and 11, a very narrow particle size distribution 

between 20-50 nm and 10-18 nm were obtained at 960 W. A high localised 

temperature induced rapid nucleation and reduction of Ag+ ions at a rate faster than 

the rate of stabilisation of AgNPs leading to the formation of larger particles at 1200 

W (Irfan et al., 2017). 

 

 

Figure 3.6: Particle size distribution of AgNPs obtained after 300 s of MW irradiation at 

varying input power at (a) pH 9.5 and (b) pH 11. 

 

Thermogravimetric analysis (TGA) would provide a gross determination of 

the quantity of organic constituents adsorbed on AgNPs. Figure 3.7 shows the 

thermograms of AgNPs formed at 90 and 300 s of MW irradiation at 960 W with an 

incremental heating from 25 to 700°C. It can be observed that mass losses mostly 

took place in three-step. For AgNPs obtained at 90 s, moisture was first removed and 

only 0.5 % mass loss was found up to 100°C. The mass loss of 7.5% was for the 

decomposition of organic constituents like carbohydrates and lignin molecules 

between 100 and 300°C (Gan et al., 2012). A steady mass loss of 8% was observed 

at ≥300°C. The degradation of carbonates and thermos-resistive organic compounds 

usually occurred at a higher temperature (Carballo et al., 2008). But in comparison 
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to AgNPs synthesised at 90 s, there was a steady decrease in the mass loss less for 

AgNPs produced at 300 s of MW irradiation (Figure 3.7).  So, it is highly likely that 

the decrease in the mass loss found with the prolonged irradiation time was for the 

disintegration of organic constituents/capping agents.  

 

Figure 3.7: TGA analysis of AgNPs. Experimental conditions of AgNPs synthesis: pH 9.5, 

reaction volume 250 mL and MW 960 W.  

 

Zeta-potential has a significant role in maintaining the size of AgNPs. Even 

though the synthesis reaction was carried out at the same pH but there was a gradual 

decrease in zeta-potential. At pH 9.5, it decreased from −31.3 mV at 240 W to −33.3 

mV at 1200 W. It was even lower at pH 11 (−33.5 mV at 240 W and −34.2 mV at 

1200 W). The adsorbed biomolecules usually helped for the intense negative charge 

development on the surface by forming an organic layer (Chelli et al., 2017) and, it 

was likely disintegrated at a higher MW heating rate (Darmanin et al., 2012). So, it 

lowered the particle size (Figure 3.6) at a higher negative zeta-potential (Figure 3.8).  
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Figure 3.8: Zeta-potential obtained after 300 s of irradiation at varying MW power. 

Experimental conditions: reaction volume 250 mL, water to leaves ratio 500 and Ag+ 

concentration 0.3 mM. 

 

A control experiment without MW was conducted at room temperature by 

varying the solution pH from 4 to 12. Rate retardation for the formation of AgNPs 

was observed at pH≤7. About 88-90% AgNPs formation was complete by 10 h of 

reaction both at pH 9.5 and 12 (Figure 3.9) which was determined by analysing the 

residual Ag+ ion concentration. However, a higher pH (>9.5) is usually avoided as 

the resulting AgNPs could be laden with Ag2O (Rao and Golder, 2016). The 

deprotonated forms (pH<10.5) of polyphenolic compounds (Table 3.1) usually had 

a higher affinity towards Ag+ ions and accelerated the formation of smaller sized 

AgNPs due to a faster nucleation rate (Iravani and Zolfaghari, 2013). The mass 

spectra (Figure 3.10) and the detailed components identified in the bio-extract from 

the mass spectra analysis are summarized in Table 3.1. For chayote fruit extract, the 

room temperature formation of AgNPs took 12 h at pH 12.5 to achieve the similar 

extent of AgNPs yield (Rao and Golder, 2016). AgNPs synthesis was complete for 

the fresh A. carambola leaves within 6 h (Mishra et al., 2015) and even a prolonged 

reaction time was usually needed for a bio-inspired process of AgNPs synthesis 

(Ahmed et al., 2016). 

TH-2726_146152008



Bioinspired Engineering of Nanomaterials for Electrocatalytic Sensing of Heavy Metals and Organic Analytes 

 

 
120 

 

Figure 3.9: Control experiment at 25±5°C without irradiation showing variation of spectral 

absorbance (λmax = 410 nm) with the time of reaction at different pH.  

 

For MW assisted AgNPs synthesis, the variation of SPR peak intensity with 

irradiation is illustrated in Figure 3.11. Both localised and bulk heating is faster at a 

higher MW power leading to a quick AgNPs formation. Ag2O particles were 

identified at pH 11 (Figure 3.12). The irreversible degradation of polyphenolic 

compounds (Table 3.1) also took place at pH>10.5 (Friedman and Jürgens, 2000). 

 

 

Figure 3.10: Mass spectra of P. guajava leaf extract showing different bio-constituents 

present in the extract. 
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Figure 3.11: UV-vis spectral absorbance at λmax of AgNPs at different time of irradiation 

and microwave power at (a) pH 11 and (b) pH 9.5. Experimental conditions: reaction 

volume 250 mL, water to leaves ratio 500 and initial Ag+ concentration 0.3 mM. 

 

Table 3.1: Abundance of active compounds/analytes present in fresh P. guajava leaves. 

 

Compounds Chemical structure 

Identified 

in mass 

spectra, 

m/z 

Abundance 

(mg/g 

leaves) 

Source 

Rutin 

 

610.17 3.52 

Morais-

Braga et al., 

2016 

Quercitin 

 

303.03 10.15 

Chlorogenic acid 

(derivatives) 

 

381.04 4.23 

Caffeic acid 

 

187.12 4.30 

Naringenin 

 

477.21 0.941  

Díaz-de-

Cerio et al., 

2016 

Ascorbic acid 

 

177.05 0.90  
 Iamjud et 

al., 2014 
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3.2.1.2 Crystalline nature of AgNPs 

The XRD pattern obtained AgNPs at pH 9.5 and 11 are shown in Figure 3.12. 

The dominant peaks at 38, 44, 65, 78, and 82° 2θ angles were the characteristics for 

face-centred cubic (fcc) AgNPs crystal for the diffraction from the (111), (200), 

(220), (311), and (222) planes, respectively (Jayaprakash et al., 2017). However, at 

pH 11, two distinct peaks corresponding to the presence of Ag2O (110) and Ag2O 

(111) were identified at 2θ = 29 and 32°, respectively (Rao and Golder, 2016). It 

implies that too high pH was detrimental for the formation AgNPs in such a bio-

inspired route as the synthesised particles could be laden with Ag2O impurities.  

Hence, AgNPs synthesis was performed at pH 9.5 and are used to decorate GPE 

(AgNPs(9.5)/GPE) to be used as the working electrode. Here, GPE denotes graphite 

paste electrode.   

The crystalline size of AgNPs was calculated using the Scherrer’s formula 

(Eq. 3.1) for crystalline powder materials (Sandeep et al., 2016). 

D = kλ/(βcos(θ))      (3.1) 

Where, D is the average crystallite size perpendicular to the refraction plane, 

k is a shape factor (0.94 for spherical nanoparticles), λ is the wavelength of X-ray 

used (0.154 nm), θ is the diffraction angle (2θ/2), and β is the full-width half maxima 

(FWHM, radian). The results are summarised in Table 3.2. The average crystallite 

size was found to be 15.67 nm. 

 

Table 3.2: XRD parameters of AgNPs synthesized at pH 9.5. 

 

Sl. No 
2θ 

(degrees) 

Miller indices  

(hkl) 
FWHM 

Crystallite size  

D (nm) 

Average crystallite  

D (nm) 

1 38.33 111 0.4259 18.38 

15.67 

2 44.48 200 0.5182 14.80 

3 64.64 220 0.4468 15.68 

4 77.63 311 0.5058 12.77 

5 81.77 222 0.3750 16.71 
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Figure 3.12: XRD patterns of AgNPs synthesized at (a) pH 9.5 and (b) pH 11. 

 

P. guajava leaves are laden with Ag+ reducing analytes (Figure 3.10) such as 

chlorogenic acid derivative (dimethoxy cinnamoylquinic acid), D-glucose, quercetin, and 

AA (Gu et al., 2009). Ag+ is reduced to Ag0 forming silver nuclei (Figure 3.13) which 

coalesce and AgNPs are formed. Quercetin and chlorogenic acid were oxidised to 

carboxylic derivatives and quinic acid (Figure 3.10) during the reduction Ag+. Epoxide 

derivatives and dehydroascorbic acid appeared in the mass spectra after the formation of 

AgNPs which were most likely formed from glucose and AA (Figure 3.10). The detailed 

mechanisms are outlined in Figures 3.14a to 3.14c.  
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Figure 3.13: Schematic diagram showing the participation of various significant reducing 

agents for the bio-mediated AgNPs formation along with their important oxidation 

products. 

 

3.2.1.3 Proposed mechanism of AgNPs formation using P. guajava leaves extract 

Chlorogenic acid could reduce Ag+ to Ag0, and itself is oxidised forming P1 to P4 

products with a mass number of 191.17, 149.25, 177.11, and 279.06, respectively (Figure 

3.14). All these four fragments were formed through protonation, followed by ester 

hydrolysis (Figure 3.14a). P2 compound is originated by decarboxylation (-CO2) reaction 

from P1. Both the ester linkage (-COOR) cleavage and CO2 removal are facilitated in the 

acidic media (Sykes, 2005). P3 is formed from chlorogenic acid by acid catalysed ester 

hydrolysis reaction and forms a coordinate complex with Ag+ ions, which is reduced to Ag0 

along with the formation of P4 molecules (279.06). An intermediate Ag+-complex with a 

mass number of 211.08 (didn’t appear in mass spectra) reduces Ag+ and increases the rate 

of formation of AgNPs at a higher pH. 

Glucose molecule (Mw = 180.00) also could take part in the formation of AgNPs, 

and P5 (118.20) is formed (Figure 3.14b). Ag+ forms a complex with a molar mass of 283.09 

with deprotonated glucose molecule (β-D-glucopyranoside) in an alkaline medium (pH = 

9.5) (Chakraborty et al., 2017), and it is oxidised to an acid (197.03) which forms P5 

molecule through a decarboxylation reaction. Quercetin (Mw = 302.23) is identified in the 

mass spectra and reduces Ag+ forming AgNPs.  In these reactions, P6 and P7 molecules are 
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originated (Figure 3.14c). P6 molecule is formed due to protonation followed by 

neucleophilic addition of water molecule at more electrophilic carbonyl centre -C=O group 

in quercetin molecule. The carbonyl centre acts as an electron deficient hole having a 

significant difference in electronegetivity between carbon and oxygen atoms (Sykes, 2005). 

P7 is yielded from Ag+-complex which is formed from an intermediate with a mass number 

of 146.07. The mechanism of Ag+ reduction forming AgNPs using AA present in the bio-

extract is already outlined by the authors in the earlier study (Chelli and Golder, 2016).   
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(b) Reduction of Ag+ by Glucose
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Figure 3.14:  Proposed mechanism for the synthesis of AgNPs using P. guajava leaves 

extract. Reactions involved in Ag+ reduction forming AgNPs by (a) Chlorogenic acid, (b) 

D-glucose and (c) Quercetin are shown.  
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3.2.1.4 Transmission electron micrographs of AgNPs 

The TEM micrographs illustrate the structural morphology, shape, and size 

of AgNPs. The particles were found to be irregular in shape at 90 s of irradiation 

(Figure 3.15a). The d-spacing was 0.234 nm from the HRTEM micrograph (Figure 

3.15b) which is a characteristic dimension of AgNPs (Parveen et al., 2016). Four 

distinct diffraction rings from the SAED pattern indicated the reflection from the 

(111), (200), (220), and (311) planes of fcc AgNPs crystals (Inset of Figure 3.15b). 

The diameter of AgNPs ranged from 1 to 9 nm with an average size of 4.36 ± 1.6 

nm (Figure 3.15c). The particles were grown big with the irradiation time and, the 

distinct irregular shapes were seen (Figure 3.15d). The particles were aggregated 

with the extended irradiation which is in accordance with the transition from blue 

shift to a redshift at 90 s for 960 W input power (Figure 3.5b). But, the crystallinity 

of particles was unaffected by the irradiation time (Figure 3.15e). The particle sizes 

were varied from 10 to 65 nm and, there was a 5-times increase in mean diameter 

after 300 s of MW heating (Figure 3.15f) (Parveen et al., 2016). 

 

 

Figure 3.15: FETEM, HRTEM/SAED micrographic results, and particle size distribution 

of AgNPs at 960 W and pH 9.5 (a, b, c: for AgNPs formed at 90 s of MW irradiation and 

d, e, f: for AgNPs formed at 300 s of MW irradiation). 
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 3.2.1.5 FTIR spectrum of AgNPs 

The FTIR spectrum of AgNPs is illustrated in Figure 3.16. The intense broad 

absorption band around 3435 cm−1 is the typical characteristic of the -OH groups which is 

existent in different phenolic compounds such as quercitin, catechin, kaempferol, etc. The 

presence of a sharp peak at 2918 cm−1 was for the C-H stretching vibration. The strong 

absorption peak at 1638 cm−1 could be assigned to the stretching vibration of -C=O groups 

(El-naggar et al., 2017) and amide groups (e.g. -CONH2) in the protein molecules that bind 

to AgNPs and help them stabilised. The absorption peak at 1381 cm−1 is attributable to C-

C and C-N stretching bonds. The peak appeared at 1083 cm−1 was for the ether linkages 

(C-O-C) that are easily adsorbed on the surface of AgNPs (Shankar et al., 2004).  
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Figure 3.16: FTIR spectrum of AgNPs synthesised at pH 9.5. Experimental conditions: 

reaction volume 250 mL, water to leaves ratio 500, Ag+ concentration 0.3 mM, MW power 

960 W and irradiation time 300 s.   

 

3.2.1.6  Characterizations of AgNPs(pH9.5)/GPE nanocomposite  

The XRD pattern of AgNPs(pH9.5)/GPE) and bare GPE are presented in 

Figure 3.17. A dominant peak at 2θ = 26.5° for the reflection from the (002) plane 

was for the existent of bulk graphite (Shankar et al., 2004) which was consistent with 

the XRD pattern of bare GPE (Figure 3.17b). Two lean peaks at 2θ = 38 and 44° 

corresponded for the diffraction from (111) and (200) planes for AgNPs traces in 
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nanocomposite (Figure 3.17a) (Rao and Golder, 2016). The peaks at 2θ values lower 

than C-002 are attributed to the C-110 and C-200 of carbon in paraffin wax that was 

used in the manufacture of the GPE (Rao and Zhang, 2011). 
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Figure 3.17: XRD patterns of (a) AgNPs(pH9.5)/GPE, and (b) bare GPE.  

 

The fabricated AgNPs(pH9.5)/GPE electrode was polished by a plain A4 

sheet. A digital image of the cross section of this electrode is depicted in Figure 3.18a 

and Figure 3.18b after coating. The electrode surface seemed to be smooth on the 

macroscopic scale. AgNPs(pH9.5)/GPE nanocomposite contained about 7.6% Ag 

(Figure 3.18c). The source of carbon (45.2%), fluorine (46%), and sulphur (1.2%) 

was the graphite and Nafion used as a binder of AgNPs on the bare GPE. A low 

magnification SEM micrograph of the electrode surface clearly revealed the 

formation of a Nafion film on the GPE (Figure 3.18d). A high dispersity of Ag on 

the electrode surface was also evident from the elemental image-mapping (green 

dots for Ag, (Figure 3.18) which was highly desirable for an increased sensitivity for 

AA detection. 
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Figure 3.18: Morphology and EDX analysis of AgNPs(pH9.5)/GPE: (a) Cross-sectional 

view showing the active surface area of bare GPE, (b) Cross-sectional view showing the 

active surface area of AgNP(pH9.5)/GPE, (c) Elemental analysis of AgNPs(pH9.5)/GPE 

nanocomposite, (d) FESEM micrograph of drop coated AgNPs(pH9.5)/GPE and (e) 

Elemental EDX mapping of AgNPs(pH9.5)/GPE nanocomposite. 

 

3.2.2 Electrochemical behaviour of AgNPs(pH9.5)/GPE 

3.2.2.1 Electrochemical impedance spectroscopy (EIS)  

The EIS spectra obtained with the bare GPE and AgNPs(pH9.5)/GPE are 

illustrated in Figure 3.19a. A truncated semicircle with a large diameter was 

observed for the GPE in the frequency range from 10−2 to 106 Hz and, the diameter 

of the semicircle was lower for AgNPs(pH9.5)/GPE. The charge transfers resistance 

(RP) values for K3[Fe(CN)]6/K4[Fe(CN)]6 (0.5 mM) at the GPE and 

AgNPs(pH9.5)/GPE were found as 3.2 and 0.453 KΩ, respectively, which was 

obtained from the fitting and simulation of experiment data using NOVA 1.11 

software against the values of solution resistance (RS) and constant phase elements 

(CPE) as depicted in Figures 3.19b and 3.19c. The results implied that the charge 

transfer resistance of the electrode decreased with the AgNPs(pH9.5) decoration on 

the GPE and made it more sensitive towards the analyte. Similar results were also 

obtained using AgNPs for the modification of the glassy carbon electrode by drop 

coating of AgNPs/carbon nanotubes (Chen et al., 2012). Baek et al. (2016) also 
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showed a reduction in charge transfer resistance from 60 to 30 ohms in silicon 

nanowires by the introduction of AgNPs on its surface(Baek et al., 2016)(Baek et 

al., 2016). The reduction in charge transfer resistance was for the increase in the 

active surface area of the electrode and electrical conductivity in the presence of 

AgNPs. 

 

Figure 3.19: Nyquist plots for EIS measurements (0.5 mM K3[Fe(CN)]6) at (a) bare GPE 

and AgNPs(pH9.5)/GPE, (b) equivalent circuit diagram of GPE and (c) equivalent circuit 

diagram of AgNPs(pH9.5)/GPE showing resistance of working electrodes.  

 

3.2.2.2 Cyclic voltammetric and amperometric responses  

The cyclic voltammograms (CVs) with the GPE and AgNPs(pH9.5)/GPE are 

illustrated in Figure 3.20a. In the presence of 700 µM AA, no oxidation peak was 

observed at GPE. AgNPs(pH9.5)/GPE showed a sharp peak at Eanode = 0.402 V vs. 

Ag/AgCl with a peak current of 90 µA at the same analyte concentration 

(Khalilzadeh and Borzoo, 2016). The maximum current density of 387.09 µA․cm−2 

was found with 1000 µM AA and 0.282 cm2 working electrode area. 

The CVs at variant AA concentration at AgNPs(pH9.5)/GPE is also depicted 

in Figure 3.20a. The peak potential was gradually shifted to a higher value with 

increasing AA concentration. The peak potential, Eanode = 0.380 V vs. Ag/AgCl at 25 

µM AA was increased to 0.406 V at 1000 µM with a scan rate of 25 mV․s−1. At a 

lower analyte concentration, diffusion occurred in an uninterrupted way 

(Khalilzadeh and Borzoo, 2016). However, the analyte flux to the electrode surface 

was more at its higher concentration. Hence, a layer of dehydroascorbic acid was 
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formed at the onset of oxidation of AA which disrupted the mass transfer process. It 

implied that AgNPs catalysed a favourable AA oxidation at its lower concentration.  

The scan rate with the AgNPs(pH9.5)/GPE was varied from 10 to 100 mV․s−1 

for the kinetic studies. The results obtained are shown in Figure 3.20b. A faster scan 

rate (ʋ) increased the oxidation peak current (IP) due to a higher analyte flux toward 

the electrode (Hsu et al., 2017; Khalilzadeh and Borzoo, 2016; Rasappa et al., 2015). 

A linear variant (R2 = 0.989) between IP and ʋ1/2 was observed (Figure 3.20c). It 

indicated that AA oxidation at AgNPs(pH9.5)/GPE was in the diffusion controlled 

range with an AA concentration of 100 μM (Malinauskas et al., 2004). Figure 3.20d 

shows the variation of EP vs. Ag/AgCl with log(ʋ) and, the slope of the best fit line 

was related to the equation (Eq. 3.2) Laviron equation for a diffusion controlled 

process (Kaur et al., 2013). 

EP = Eo +
2.303RT

αnF
log

RT𝑘𝑜

αnF
+

2.303RT

αnF
logν    (3.2) 

Where, α is the anodic charge transfer coefficient, n is the number of electrons 

transferred, R is the universal gas constant (8.314 J․mol−1.K−1), F is Faraday’s 

constant (96485 C․mol−1), T is the temperature in K and ν is the scan rate in V․s−1. 

The value of the Tafel slope (Figure 3.20c) was found as 103 mV․decade−1. It 

implied only a single-step one electron transfer reaction which determined the rate 

of AA oxidation (Hsu et al., 2017). First and second deprotonation of AA exhibits 

the pKa values of 4.17 and 11.57, respectively. AA existed as dehydro-AA in the 

PBS of pH 7.2 (Ensafi et al., 2016). So, the overall reaction involved a single-step 

single-electron transfer process as evident from the Tafel plot. The value of α was 

found as 0.57 with n = 1 which was close to the theoretical value of 0.5 for a 

completely irreversible process (Ensafi et al., 2016). 
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Figure 3.20: (a) Cyclic voltamograms recorded with AgNPs(pH9.5)/GPE at different AA 

concentration (25 to 1000 µM). Inset: CV obtained with similar experimental conditions 

using 700 µM AA and GPE in place of AgNPs(pH9.5)/GPE, (b) Cyclic voltamograms 

recorded at different scan rates at AgNPs(pH9.5)/GPE, (c) Variation of peak current (IP) 

with ʋ1/2 (ʋ: 10 to 100 mV․s−1), (d) Variation of Ep and log(ʋ) (ʋ: 10 to 100 mV․s−1) with 

100 µM AA in 0.1 M. 

 

The chronoamperometric experiment was performed with the addition of a 

different quantity of AA starting from 25 to 2000 µM at 0.380 V vs. Ag/AgCl with 

a signal to noise ratio of 3. Momentarily, there was a jump in the response current 

(Figure 3.21) after AA addition as AA having a strong affinity to be adsorbed on the 

AgNPs/graphite nanocomposite (Nguyen et al., 2016). The cell current with the AA 

addition was stabilised very quickly and, a steady current was reached by 5 s. 

During the chronoamperometric test, the intermediate addition of DA and UA 

as interferants did not show an appreciable change in the response current (Figure 

3.22). The calibration plot (Inset of Figure 3.21) shows that AgNPs(pH9.5)/GPE 

displayed a fairly linear relationship between AA and current response on the 

successive addition of AA. The influence of DA and UA during AA detection was 
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further studied by SWV with 1000 µM AA and 500 µM of each of DA and UA by 

varying the square wave potential from 0.5 to 1.25 V vs. Ag/AgCl. Three distinct 

peaks appeared at 0.397, 0.669, and 1.511 V vs. Ag/AgCl (Figure 3.22) for the 

oxidation AA, DA, and UA, respectively. So, it gave decent AA-DA and AA-UA 

separation (peak) potentials of 0.272 and 1.114 V, respectively. It implied a high 

selectivity of AgNPs(pH9.5)/GPE for the AA detection in the PBS. Shankar et al. 

obtained a separation potential of 0.196 V for AA-DA using tetraoctyl ammonium 

bromide modified carbon paste electrode for AA detection (Chang et al., 2017). In 

fact, two linear regions were noted for 25 to 150 µM with a slope of 2.03×10−3 

µA․µM−1 AA and for 150 to 2000 µM with a slope of 1.1×10−3 µA/µM AA, 

respectively with a reasonably good regression coefficient (>0.99). The abundance 

of AA molecules at the electrode vicinity at a higher concentration shifted the 

electrochemical reaction from the diffusion controlled to the surface-controlled 

domain. So, two separate linearity ranges were observed (Arabali et al., 2016). 
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Figure 3.21: Chronoamperometric profile with step-wise addition of AA along with 

intermediate addition of dopamine (DA) and uric acid (UA) as interferants at 

AgNPs(pH9.5)/GPE. Inset: shows calibration curves for the variation of cell (steady) 

current with AA concentration at AgNPs(pH9.5)/GPE. Experimental conditions: Eanode= 

0.380 V vs. Ag/AgCl, pH 7.2 and PBS 100 mL. 
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Figure 3.22: Square wave voltammogram obtained with AgNPs(pH9.5)/GPE for a mixture 

of 1 mM of AA and 0.5 mM of DA, and UA. Experimental conditions: scan rate 50 mV․s−1, 

pH 7.2 and 100 mL PBS. 

 

The limit of detection (LOD, Eq. 3.3) and limit of quantification (LOQ, Eq. 

3.4) were calculated by its deviation from the standard deviation in the absence of 

analytes (Das and Golder, 2017). 

LOD = (3Sb)/m    (3.3) 

LOQ = (10Sb)/m    (3.4) 

Where, Sb is the standard deviation without analyte (blank) and m is the slope 

of the calibration curve. LOD and LOQ were found to be 14.63 and 48.71 μM for 

AA≤2000 µM. These results were comparable with AgNPs (Chang et al., 2017) and 

AuNPs (Filik et al., 2016) catalysed AA detection at reduced graphene oxide and 

carbon paste electrodes, respectively. The sensitivity of AgNPs(pH9.5)/GPE was 

determined by Eq. 3.5 (Pisoschi et al., 2011). 

S = b/A      (3.5) 

Where, A is the active area of AgNPs(pH9.5)/GPE (0.282 cm2) and b is the 

slope of the calibration curve (Figure 3.23). The sensitivity of the electrode was 

found to be 0.719 μA.µM.cm−2 for AA concentration ≤150 μM and 0.390 

μA.µM.cm−2 for AA concentration between 150 and 2000 µM. It suggested that 

AgNPs catalysed AA determination from a trace of AA at least up to 2000 µM. 
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Similar results were obtained for the detection of AA and DA at ionic liquid modified 

electrodes/CdO nanoparticles cyclodextrin/AuNPs/graphene modified carbon 

electrodes (Loizzo et al., 2016; Zhang et al., 2016). Kaur et al. reported a sensitivity 

of 0.460 μA․µM−1 on AgNPs/glassy carbon electrode (Kaur et al., 2013). 
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Figure 3.23: Calibration curves for the variation of cell (steady) current with AA 

concentration at AgNPs(pH9.5)/GPE. Experimental conditions: Eanode = 0.380 V vs. 

Ag/AgCl, pH 7.2 and PBS 100 mL. 

 

   Three freshly prepared AgNPs(pH9.5)/GPEs were employed in order to 

check the reproducibility of steady current response. The amperometric signal was 

captured after 300 s at 0.380 V vs. Ag/AgCl with 1000 µM AA. An average cell 

current of 116, 120, and 121 μA was achieved with these electrodes. It gave a relative 

standard deviation (rsd) of 2.64% which was well within a typical tolerance limit of 

4% (Zhang et al., 2016). The amperometric tests were repeated for 10 times and, an 

average rsd of 1.95% was obtained. 

 

3.2.3    Analysis of AA in biological entities 

The AgNPs(pH9.5)/GPE was further tested for the detection of AA present 

in the bio-extract of Z. mauritiana and S. edule leaves being the good sources of AA. 

The S. edule extract was prepared following the method described by (Chelli and 

Golder, 2016), and Z. mauritiana extract was prepared in the same manner as for the 

preparation of P. guajava leaves extract. The bio-extracts thus obtained were diluted 
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using 0.1 M PBS and, the triplicated concentration of AA at Eanode = 0.380 V vs. 

Ag/AgCl is shown in Table 3.2. The concentration of AA was determined at two 

different dilutions which enabled us the use of both the calibration curves as shown 

in Figure 3.23. These results were remarkably comparable with the HPLC analyses 

and, the deviations were <5% in all the analyses (Pisoschi et al., 2011). Based on 

these results, the AA content per g of S. edule and Z. mauritiana leaf were estimated 

as 0.057 and 1.3 mg which was close to the earlier reports (Loizzo et al., 2016; Zhang 

et al., 2016). 

 

Table 3.2: Determination of AA in two naturally obtained bio-extracts at 

AgNPs(pH9.5)/GPE and its comparison with HPLC measurements. 

 

3.3 Major findings 

A microwave-assisted bio-inspired route of AgNPs synthesis to overcome the 

prolong time requirement for a typical bio-mediated process is successfully 

achieved. The reaction time of 10 h for AgNPs formation (up to 90%) without MW 

was decreased to 90 s at pH 9.5 with an average particle size of 19.6 nm for 960 W 

MW input power. The increase in MW exposure time and MW input power 

increased the AgNPs size without affecting the crystallinity of the particles.  On the 

other hand, a higher reaction pH assisted for the formation of small-sized AgNPs 

(average diameter of 10.6 nm at pH 11) but the particles quality was sacrificed by 

the presence of remnant Ag2O.  

AgNPs was successfully drop-coated on the graphite paste electrode (GPE) 

and improved the electron transferability with a reduction of charge transfer 

resistance by 7 folds. AgNPs(pH9.5)/GPE was highly selective for AA sensing 

catalysed by AgNPs and the coexistence of dopamine and uric acid couldn’t alter the 

oxidation potential (0.380 V vs. Ag/AgCl) of AA. The sensing of AA up to 150 µM 

was governed by its diffusion, but AA also could be sensed at a higher concentration 

(150≤AA≤2000 μM) under activation control and the corresponding sensitivities of 

Specimen 
[AA] by electrochemical 

method, (µM) 
[AA] by HPLC, (µM) Deviation, (%) 

Z. mauritiana leaf 

extract 

119±0.07 125± 0.13 4.8 

176 ± 0.13 182± 2.3 3.2 

S. edule fruit extract 49± 0.03 51 ± 3.8 3.9 
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AgNPs(pH9.5)/GPE were found to be 0.719 and 0.390 μA․µM−1․cm−2. 

AgNPs(pH9.5)/GPE achieved a low limit of detection and limit of quantification as 

14.63 and 48.71 μM, and the electrode response was reproducibility with a relative 

standard deviation of 2.64%. AgNPs(pH9.5)/GPE was also successful for analysing 

AA concentration in two biological entities, namely, Z. mauritiana and S. edule, and 

the results were comparable with HPLC (max 5% deviation).   
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CHAPTER 4 

Bioinspired Synthesis of Highly Structured Spherical Ag@Pt 

Core-shell Nanoparticles for Electrocatalytic Pb(II) Sensing 

 

 
      Highlights 

 Development of a bio-inspired route for the synthesis of highly 

structured and stable Ag@Pt core-shell NPs 

 Ag@PtNPs catalyzed electrochemical Pb(II) sensing from tap 

water, river water and sewage water 

 Sensitivity and limit of Pb(II) detection showed clear superiority 

over 

AgNPs and PtNPs catalyzed system 

 Response of Pb(II) sensor was almost invariant in the presence of 

Cu(II), Cd(II) and Hg(II) co-ions 
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4.1     Background and executive motivation 

Heavy metals (HMs) contamination affects both aquatic and terrestrial 

environments (Schulz et al., 2015). The main sources of HMs in the environment include 

uncontrolled anthropogenic activities like industrial (Tchounwou et al., 2012), mining 

(Musilova et al., 2016), and agricultural (Mohammed et al., 2011). HMs such as cadmium 

(Cd), lead (Pb), mercury (Hg), chromium (Cr), arsenic (As), etc. are known to bio-

accumulate in living organisms, and in humans it causes many metabolic disorders related 

to the central nervous system, kidney, gastro-intestinal, bones, etc. (Musilova et al., 2016; 

Sanders et al., 2009) even at a minute concentration.  

HMs are considered as most dreadful contaminants, and they are very strictly 

regulated by authorities, namely World Health Organization (WHO), United States 

Environmental Protection Agency (USEPA) and Bureau of Indian Standards (BIS). They 

have set down the maximum permissible limit of Pb(II) in drinking water as 48, 72, and 48 

nM, respectively (BIS, 2012; Dao et al., 2013). The adherence to the permissible limits 

necessitates the requirement of highly sensitive, selective, and reliable methods for the 

detection of HMs (at ppb level) in water, wastewater, soil, biological samples, and food, 

etc.  

The sophisticated techniques such as Atomic Absorption Spectrometry (AAS), X-

Ray Fluorescence (XRF) (Jaswal et al., 2019), Inductively Coupled Plasma-Mass 

Spectroscopy (ICP-MS) (Xing et al., 2019; Yamini and Safari, 2018), etc. require heavy 

and expensive installations, trained manpower, and complex sample-preparation 

procedures (Bansod et al., 2017). Among these, ICP-MS could determine a metal ion at an 

extremely low concentration over AAS and XRF.  

On the other hand, electrochemical methods are rather simple, inexpensive, and 

sensitive. Most importantly, they are portable and can be utilized in and on-field 

applications, and could eliminate the inconvenience of storage and handling of samples (Lu 

et al., 2018). However, the sensitivity of HMs detection in electrochemical techniques using 

bulk electrodes is usually lower (0.00948-0.0314 μA․μg.L−1) and the response is also 

sluggish (Mouhamed et al., 2018). The modification of the electrode composition using 

nanostructured materials could endow a rapid and accurate detection of HMs with high 

sensitivity (Lu et al., 2018). 

Nanocatalysts such as carbon nanoparticles (NPs) (Simpson et al., 2018), carbon 

nanotubes (Xiao et al., 2008), nanowires (Aragay and Merkoçi, 2012), graphene-based 
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materials (Thiruppathi et al., 2017), noble metal nanoparticles (Pérez-Ràfols et al., 2017), 

etc. have been extensively used in modifying conventional electrodes like glassy carbon 

electrodes, graphite paste electrodes or metal electrodes to increase their specificity and 

sensitivity towards the target metal ions. NPs are known to eliminate the memory effect 

and help increase the selectivity of the electrode towards a specific HM ions when it is 

present in a mixture of interfering HMs (Li et al., 2013). Moreover, NPs modified 

electrodes are known to show an improved limit of detection (LOD) (Salimi et al., 2008). 

Bio-inspired methods for the synthesis of metal nanoparticles minimize the use of 

environmentally aggressive chemicals, and it directly employs the electron donor analytes 

which is extracted in a suitable solvent (mostly water) from plant (Lakshmanan et al., 

2018), plant organs (Bäckström, 2003), fungi (Kobashigawa et al., 2019), algae (Sayadi et 

al., 2018), etc. However, it suffers from being a slow process; the structure and the size of 

the particles are also not uniform as discussed in Chapter 2 and Chapter 3 of the thesis. 

These are the main challenges for the application of bio-inspired processes for the synthesis 

of tailor-made nanoparticles such as core@shell structures (Khatami et al., 2018). 

Biomolecules could easily cap (i.e. 7-10% w/w of NPs) on the surface of the preformed 

core, and it hinders the formation of the shell on the top of the core metal.  

Psidium guajava (guava) leaves extract exhibit a high ascorbic acid equivalent (AA 

equivalent 284 per 100 g fresh leaves) (Section 2.2.3, Chapter 2), and it could successfully 

form highly crystalline AgNPs (Chapter 3). Moreover, the bio-extracts are merited with 

self-stabilization of NPs (Bose and Chatterjee, 2016; Raghunandan et al., 2011). In this 

chapter, the potential of the bio-extract is explored for the synthesis of highly structured 

Ag@Pt core-shell NPs which is reported first time as long as the synthesis protocol and the 

application are concerned. So, the objective of this chapter is aimed at “Bioinspired 

tailoring toward synthesis of Ag@Pt core-shell nanoparticles and sensing of Pb(II) with 

high selectivity”. 

The rate of the reaction for the formation of NPs is accelerated by the microwave 

irradiation. A protocol is devised for the partial removal of the capping layer from the top 

of the Ag-core without significant particles aggregation. Subsequently, a Pt-shell is formed 

on the Ag-core using the same bio-analytes. These Ag@Pt core-shell NPs are surface 

embedded in the graphite support electrode for the electrocatalytic Pb(II) determination. 

AgNPs and PtNPs synthesized in a single step bio-inspired process were also tested to 

understand the catalytic activity of Ag@PtNPs for Pb(II) determination, and the 
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mechanism of enhanced Pb(II) sensing catalysed by Ag@PtNPs over its pure metal NPs 

counterparts is also explored. 

Square wave anode stripping voltammetry (SWASV) technique was employed for 

the detection of ultra-trace Pb(II) ions. In SWASV, Pb(II) was first electrodeposited in an 

acetate buffer (pH 5) at the optimized deposition potential and time (Lu et al., 2018). The 

optimal condition for the stripping of Pb from the working electrode was then found out 

for the determination of Pb(II) in pure and mixed matrix water samples. Furthermore, the 

interference of co-existing Cd(II), Cu(II), and Hg(II) were studied in details. 

 

4.2 Results and Discussions 

4.2.1  Characterizations of prepared nanostructures 

4.2.1.1 Formation of Ag-core (AgNPs) and PtNPs 

The formation of seed/Ag-core was carried out at pH 9.5 as described in details in 

Section 2.3.2 of Chapter 2. The so formed Ag-core (AgNPs) had an average diameter of 

24.5 nm and zeta-potential of −31.3 mV (Figures 4.1a and 4.1b). The corresponding 

particles size distributions are shown in Figures 4.1c and 4.1d. After the formation of Ag-

core, it was centrifuged at 14000 rpm for 15 min to separate out the nanoparticles from the 

reaction media and washed as per the procedure described in Chapter 2. This Ag-core now 

(25.7 nm average diameter and −29.1 mV zeta-potential) was then used for the synthesis 

of Ag@PtNPs (Section 2.3.3 of Chapter 2). A slight decrease (7%) in zeta potential value 

before and after washing could be due to the partial removal of the capping agents and the 

average size of the Ag-core also did not show much increase (4.7%). Figure 4.2 show the 

TEM images and the particle size distribution of the synthesized PtNPs, respectively.   
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Figure 4.1: Effect of washing on the synthesized AgNPs. (a) TEM image of AgNPs before 

washing, (b) TEM image of after washing, (c) Particle size distribution before washing and 

(d) Particle size distribution after washing. Reaction condition: 0.3 mM AgNO3, pH 9.5, 

water to leaves ratio 50, and microwave irradiation of 960 W for 300 s. 
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Figure 4.2: TEM image of synthesized PtNPs at different magnifications (a) 50 nm scale, 

(b) 10 nm scale and (c) particle size distribution of the synthesized PtNPs. Reaction 

conditions: H2PtCl6 0.3 mM, water to leaves ratio 50, pH 9.5, and microwave irradiation of 

960 W for 300 s. 

 

4.2.1.2 UV-Vis spectra of AgNPs, PtNPs and Ag@PtNPs 

Ag-core, or simply AgNPs at the beginning just before the addition of Pt-precursor, 

showed a strong an absorption peak at around 408 nm due to the well known surface 

plasmon resonance (SPR) effect of these NPs (Figure 4.3a). At the end of the reaction, the 

spectral response became almost similar to that of the pure PtNPs solution ensuring proper 

surface coverage of AgNPs by PtNPs. In case of Ag@PtNPs, with the development of Pt-

shell, a blue shift (381 nm) was observed (Figure 4.3a), and the SPR peak intensity was 

also decreased in comparison to pure Ag-core.  Finally, the SPR peak was diminished after 

240 s of reaction. The gradual decrease in SPR peak intensity was caused by the increasing 

shielding-effect of higher electronegativity (2.28) Pt-shell resulting in the decrease of 
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surface electron density and electron transfer in the Ag-core (electronegativity 1.83) 

(Westsson and Koper, 2014) . 

These observations are also supported by the colour of  AgNPs core, (Figure 

4.3b(i)), Ag@PtNPs for 30, 120 and 240 s of microwave irradiation (Figures 4.3b(ii), 

4.3b(iii) and 4.3b(iv)), and PtNPs (Figure 4.3b(v)) visualized during the reaction. The 

colour of Ag@PtNPs turns dark brown from the typical yellow colour of Ag-core with the 

progressive development of Pt-shell on the core-particle.  

 

 

Figure 4.3: (a) UV-Vis spectra of bimetallic Ag@PtNPs showing the decrease in the SPR 

response with time, and (b) Digital photograph of the nanoparticle suspension: (i) AgNPs 

core (precursor salt  0.3 mM, water to leaves (v/w) ratio 50, pH 9.5, microwave 960 W and 

300 s),  (ii) Ag@PtNPs after 30 s (iii)  Ag@PtNPs after 120 s  and (iv) Ag@PtNPs after 

240 s (seed concentration 0.8 mg/mL, H2PtCl6 1 mM, pH 9.5, microwave 700 W and 240 

s), and (v) PtNPs (precursor salt  0.3 mM, water to leaves ratio (v/w) 50, pH 9.5, 960 W 

and 300 s).   

 

4.2.1.3 Electron microscopic characterizations of synthesized Ag@Pt NPs 

TEM micrographs of Ag@PtNPs at different magnifications are illustrated in 

Figures 4.4a to 4.4c. The average diameter of Ag@Pt nanoparticles was found to be 23.5 

nm. The layer of the Pt-shell was about 4.55 nm thick, and the Ag-core was 14.55 nm in 

diameter. In fact, the shell-layer was not uniform in thickness, and it exhibited a porous 

structure, which may be due to the non-uniform nucleation and growth process following 

a Stranski-Krastanov type growth mode (Peng et al., 2010). A PtNPs shell was formed very 

quickly by reacting with the electron donor bio-analytes with a high ascorbic acid 
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equivalent (Figure 2.3, Chapter 2). The formation of Ag@PtNPs is also mediated by the 

galvanic exchange between Ag+ (E0= +0.799 V vs. SHE) and Pt2+ (E0= +1.18 V vs. SHE) 

leading to the formation of Pt nuclei on the AgNPs surface resulting in the dissolution of 

Ag-core (Betts et al., 2005). This explains the reason for the decrease in the Ag-core size 

from 24.5 nm (Figure 4.1) to 14.55 nm (Figures 4.4a-4.4c) in Ag@PtNPs (Betts et al., 

2005) under the control pH (9.5), and Pt precursor and bio-analytes (capping agent) 

concentrations (Miyakawa et al., 2014). Figure 4.4d shows the SAED image of  

Ag@PtNPs, and an obvious light core and a dark shell can be seen. The lattice spacing of 

Ag@PtNPs was about 0.251 nm as calculated from the Inverse Fast Fourier Transform 

(IFFT) analysis. It corresponds to face-centred cubic (FCC) crystal structure of AgNPs 

(Figure 4.4e) at the core region, and it was 0.217 nm (Figure 4.4f) for the Pt-shell region. 

The lattice parameter for Ag alone is 0.232 nm, whereas that of Pt is 0.392 nm (Qi et al., 

2009). The increase in the lattice space could be attributed from the development of the 

lattice strain in AgNPs as Pt atoms squeeze themselves into the lattice space of AgNPs, 

creating a compressive strain throughout the particles. Moreover, this squeezing of Pt atoms 

leads to the reduction in lattice parameter in Pt.  This lattice strain effect is also known to 

enhance the catalytic activity of core-shell NPs (Wu et al., 2017). EDX spectrum showed 

Pt abundantly over Ag as the interaction of X-ray with Ag-core was followed by Pt-shell 

which subsequently affected the energy dispersion from the specimen (Figure 4.4g) 

(Tisdale et al., 2018). A schematic diagram showing mechanistic steps for the synthesis of 

Ag@PtNPs is depicted in Figure 4.5. 
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Figure 4.4: (a, b, and c)TEM micrographs of Ag@PtNPs at different magnifications, (d) 

SAED micrograph  of Ag@PtNPs, (e) IFFT profile of Ag-crystalline region of Ag@PtNPs, 

(f) IFFT profile of Pt-crystalline region of Ag@PtNPs  showing distance between crystal 

lattices, and (g) EDX spectra showing the elemental composition of Ag@PtNPs. Reaction 

condition: water to leaves ratio 50 (v/w), pH 9.5, chloroplatinic acid 1 mM and Ag-core 50 

mL, microwave 720 W and microwave time 240 s. 
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Figure 4.5: Schematic representation of the mechanisms involved in the formation of 

Ag@PtNPs. 

 

4.2.1.4 Crystal structure of synthesized nanoparticles  

Figure 4.6 shows the lattice strain to be 0.0014, −0.0027 and 0.0136 for AgNPs, 

PtNPs and Ag@PtNPs, respectively. The maximum shear lattice strain was observed in the 

Ag@PtNPs, which could be due to the deformities in lattice created by the alloying of Ag 

and Pt atoms at the interface of the core-shell structure (Esfandiari and Kazemeini, 2018). 

It further supports the decease in lattice spacings of Ag and Pt crystals in Ag@PtNPs 

(Figures 4.4e and 4.4f). The negative lattice strain for PtNPs suggests that the particles are 

under compressive strain due to their comparatively smaller crystallite size (Shao et al., 

2011). 

Figure 4.7 shows the XRD patterns of AgNPs, PtNPs, and Ag@PtNPs. Four 

diffraction peaks were observed for AgNPs at about 39.6°, 45.9°, 66.8°, and 80.6° 2θ angles 

(Figure 4.7a) which was for the diffraction from (111), (200), (220), and (311) planes of  

FCC AgNPs structure (JCPDS No. 089-3722). The diffraction peaks corresponding to 

those lattice planes were found at 40°, 46.7°, 67.5°, 82°, and 84.5° 2θ for PtNPs (JCPDS 

No. 04-0802) (Figure 4.7b). For Ag@PtNPs, the diffraction peaks of Ag-core and Pt-shell 
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counter were mostly overlapped (Liu et al., 2016). Nevertheless, the peak intensity for the 

diffraction from the Ag-core was less than the Pt-shell (Figure 4.7c). A layer (4.55 nm) of 

Pt-shell was coated over the Ag-core, that dampens the diffracted X-rays from AgNPs 

(Esfandiari and Kazemeini, 2018). The lattice strain for all nanoparticles was calculated 

using Williamson-Hall analysis (Eq. 4.1).  

 𝛽 𝑐𝑜𝑠 𝜃  =
𝑘𝜆

𝐷
+ 4𝜀 sin 𝜃      (4.1) 

Where, β = FWHM of the diffraction peaks, k = shape factor, λ = wavelength of 

incident X-ray, and ε = lattice strain. 

 

Figure 4.6: Calculation of lattice strain of (a) AgNPs, (b) PtNPs and (c) Ag@PtNPs using 

Williamson-Hall analysis. 
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Figure 4.7: X-ray diffraction patterns of AgNPs, PtNPs, and Ag@PtNPs. Reaction 

condition: water to leaves ratio 50 (v/w), pH 9.5, chloroplatinic acid 1 mM and Ag-core 50 

mL, microwave 720 W and miceowave time 240 s.   

 

4.2.2 Characterizations of fabricated electrodes  

4.2.2.1 Elemental analysis of prepared Ag@Pt/GPE electrode surface 

   FESEM micrographs and EDX mapping of Ag@Pt/GPE electrode are shown in 

Figures 4.8a to 4.8d. The embedded Ag@PtNPs on the graphite support are protruded quiet 

uniformly. However, the density of Ag element was lower than Pt as the Pt-shell covered 

on the Ag-core (Figures 4.8b-4.8d). This is also supported by the elemental analysis of Ag 

and Pt (Figure  4.8e).  
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Figure 4.8: Surface morphology of Ag@PtNPs modified graphite-support electrode. (a) 

FESEM micrograph, (b) Distribution of Pt metal on electrode surface, (c) Distribution of 

Ag metal on electrode, (d) Overlay mapping image of the electrode surface,  and (e) 

Elemental composition at the electrode surface. 

 

4.2.2.2 Electrochemical characterization of electrodes 

The electrical parameters of the WEs was determined by Electrochemical 

impedance spectrometry (EIS) by the procedure described in (Section 2.5.7 of Chapter 2). 

The charge transfers resistance (RP) for each modified electrode was determined by 

performing a simulation using NOVA V 1.11 software, and the equivalent circuit diagrams 

are depicted in Figure 4.9. The electroactive surface area was also determined using the 

Randles-Sevcik equation by using standard electro analyte K3[FeCN]6 in 0.05M KCl as 

electrolyte solution (Bin Hamzah et al., 2018) as described in (Section 2.5.8 of Chapter 2).  

Figure 4.10a shows the EIS spectra of the electrodes. The bare GPE had the largest 

diameter of the semicircle, and it showed a high electron transfer resistance (RP, 42 kΩ)  in 

[Fe(CN)6]
4−/3− redox system (0.5 mM) in the presence of 1 M KCl solution (Mamuru et al., 

2010). There was a reduction in RP (17%) for PtNPs/GPE (~1.4 mg PtNPs/cm2 electrode 

surface). AgNPs/GPE gave the lowest RP (1.5 kΩ) due to faster electron transfer resulted 
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from high electrical conductivity of AgNPs (Li et al., 2005). Rp is the key electrical 

parameters to determine the change in impedance for the analysis of the system kinetics 

required to observe the change in dielectric properties of the medium due to the presence 

of analytes. At a given analyte concentration, the variation in Rp occurs due to the 

interaction of the analyte molecules with the electrocatalyst on the electrode solution 

interface, thereby determining the electrocatalytic efficiency of the system (Li et al., 2005). 

The redox probe also could easily interact with the surface of the modified electrodes, and 

the attractive electrostatic force between them could increase which otherwise could be 

blocked by the presence of hydrophobic paraffin wax used in GPE fabrication (Yang et al., 

2014). In the case of Ag@PtNPs/GPE, the presence of Ag-core decreased the value of RP 

by 58% in comparison to PtNPs/GPE (Liu et al., 2016). From the equivalent circuit diagram 

(Figure 4.9), it can be seen that the solution resistance RS remains fairly constant (12.6-

13.8Ω) and the constant phase element (CPE) value varied from 299-308 μMho. This minor 

variation in CPE could be due to the variability in the effective surface area (Aeff ) and 

conductivity of the electrode surface. Aeff of the prepared electrodes was calculated using 

the Randles-Sevcik Equation (Eq 4.2) (Siswana et al., 2006). 

IPa = (2.69 × 105) n0.66Aeff D 0.5 ʋ0.5 C0   (4.2) 

where n, ʋ, D and C0 are the number of electrons involved in the electrochemical 

reaction, scan rate in V.s−1, diffusion coefficient in cm.s−1 and bulk concentration in mole 

cm−3 of the redox probe K3[Fe(CN6)], respectively. From the plot of IPa vs. ʋ
0.5 (Figure 

4.10b) and equating the slope values by considering D for K2[Fe(CN6)] as 7.6× 0−6 cm2 s−1, 

n = 1, Aeff was found to be 0.066, 0.100, 0.106, and 0.145 cm2, respectively for the bare 

GPE, AgNPs/GPE, Ag@PtNPs/GPE and PtNPs/GPE. The corresponding slopes obtained 

were 0.492, 0.749, 0.791, and 1.06 × (10−4A.V−0.5 s0.5), respectively. 
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Figure 4.9: Equivalent circuit diagram for (a) GPE, (b) AgNPs/GPE, (c) PtNPs/GPE, and 

(d) Ag@PtNPs/GPE systems.   

 

      

Figure 4.10: (a) EIS spectra, and (b) Peak current vs. square root of scan rate (5-100 

mV․s−1) of different prepared electrodes. Reaction conditions: K3(Fe[CN]6) 1 mM in 100 

mL of 0.05M KCl at ambient temperature. 

 

4.2.3 Pb(II) pre-concentration on electrode prior to its sensing 

4.2.3.1 Determination of Pb(II) deposition potential 

 Deposition potential of Pb(II) is an important factor in SWASV, and it could 

significantly affect the sensitivity of the electrode for Pb(II) determination. The deposition 

potential was varied from −1.6 to −0.4 V in a buffered electrolyte (pH 5). Pb(II) was 

deposited at different potentials, and then it was stripped following the typical SWASV 

method. A distinct peak was observed at lower deposition potentials (<−1.0 V vs. Ag/AgCl) 

and the peaks appeared at −450, −395, −410 and −395 mV for the deposition potentials of 
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−1.0, −1.2, −1.4, and −1.6 V vs. Ag/AgCl, respectively. The peak current (IP) of Pb(II) 

stripped increased gradually up to Pb(II) deposition potential of −1.2 V (Figure 4.11a). It 

could be anticipated that there was a decrease in Pb(II) deposition at a lower potential 

(<−1.2 V) due to the evolution of H2 gas (Gumpu et al., 2017). So, a lower amount of Pb(II) 

deposited caused this reduction in the peak current in the stripping phase (Figure 4.11b). 

The shift in stripping potential towards more negative (Figure 4.11a) may be due to the 

underpotential deposition of Pb(II) ions that established a strong adsorbate-substrate 

interaction and made it difficult for the Pb(II) ions to strip from the surface (Herzog and 

Arrigan, 2005). 
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Figure 4.11: (a) Pb(II) stripping current in SWASV captured at varying deposition 

potential from −0.4 to −1.6 V and (b) Peak current at different deposition potentials. 

Deposition time 300 s and Pb(II) concentration 5 µM in 100 mL acetate buffer (0.1 M) at 

pH 5. 

 

4.2.3.2 Optimization of Pb(II) deposition time 

  Figure 4.12a shows that the time of Pb(II) deposition could significantly affect the 

stripping current.  This is because a higher deposition time (30 s≤tdep≤300 s) allowed more 

Pb(II) ions to accumulate at the electrode active surface. Hence, the stripping current was 

increased linearly (R2 = 0.99) up to 300 s (Figure 4.12b). The increase in peak current 

beyond 300 s levelled off either due to surface saturation or attainment of equilibrium 

between the metal ions at the electrode surface and solution (Herzog and Arrigan, 2005). 

The residual Pb(II) left in the electrolytic cell after deposition of Pb(II) on the working 

electrode is depicted in Figure 4.12b. It can be seen that the concentration of residual Pb(II) 

was decreased with deposition time with 1.85 µM in 30 s to 1.34 µM in 360 s. A decrease 

in residual Pb(II) was noted even with the decrease in steady cell current (>300 s) (Figure 
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4.12b) due to the formation of intermetallic compounds changing the surface property of 

the working electrode (Zeng et al., 2002). Therefore, the optimal deposition time of 300 s 

was selected for further experiments.  
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Figure 4.12: (a) Pb(II) stripping current in SWASV captured at varying deposition time 

from 30 to 360 s, and (b) Peak current at different deposition time and corresponding 

residual Pb(II) conc. In solution. Deposition potential −1.2 V, Pb(II) concentration of 5 µM 

in 100 mL acetate buffer at pH 5. 

 

4.2.4 Pb(II) detection and determination by stripping from electrode surface  

4.2.4.1 Optimal pH of Pb(II) sensing  

The optimum pH of the electrolyte media for Pb(II) sensing was found to be 5. 

Further increase in the reaction pH (pH 11) showed a gradual decrease in the response 

current (Figure 4.13). 
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Figure 4.13: (a) SWASV of Pb(II) sensing at different pH for Ag@PtNPs/GPE (b) 

Variation of peak current with electrolyte media pH. Experimental conditions: Reaction 

volume 100 mL, Pb(II) concentration of 5 μM in acetate buffer at different pH adjusted 

using 1 M HCl and 1 M NaOH. 

4.2.4.2 Pb(II) determination in absence of co-ions interference 

         The concentration of Pb(II) was varied, and the SWASV response current was 

recorded using AgNPs, PtNPs, and Ag@PtNPs catalysed systems. A positive peak shift 

was observed with the increase in Pb(II) concentration irrespective to the type of electrodes 

(Figures 4.14a-4.14c). For example, the peak potential of −479 mV at 0.25 μM was shifted 

to −389 mV at 10 μM for AgNPs/GPE. Faradaic current is the measure of the 

electrochemical reaction taking place at the electrode surface, and this current is itself 

dependant on the mass transport of Pb(II) from bulk solution to the electrode surface. At 

lower concentration, diffusion of Pb(II) occurs in an uninterrupted way. However, at higher 

concentration, the mass transport is disrupted and the system apply more potential to 

compensate it. Therefore, there is a peak shift as observed (Zeinu et al., 2016). The peak 

current followed the trend as IP(Ag@PtNPs/GPE) > IP(PtNPs/GPE) > IP(AgNPs/GPE) at any Pb(II) 

concentration (1 to 10 μM). IP was found to be 110.3, 85.1, and 14.7 μA with 10 μM Pb(II) 

at Ag@PtNPs/GPE, PtNPs/GPE, and AgNPs/GPE, respectively. An enhanced peak current 

at Ag@PtNPs/GPE could be for the complex interaction between the two electron-rich 

atoms that modify the surface electrical property of these nanoparticles. Moreover, the 

lattice strain created due to the deformities in these particles is also known to enhance the 

catalytic activities (Chen et al., 2015). It leads to surface trapping and densification of 

charge by changing the interatomic bond lengths and modifying the energy levels of the 

bonding electrons (Ouyang et al., 2010). The peak potential was also found to be dependent 

on the catalysts. In the case of 10 μM Pb(II), it appeared at −389, −467, and −425 mV for 
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the AgNPs, PtNPs, and Ag@PtNPs catalysed systems. This change in peak potentials might 

be for the ohmic drop (iR) of the electrolyte. This is due to the change in RP for different 

catalysts (Figure 4.9) as RS and CPE were fairly invariant for each of the modified 

electrodes (Figure 4.9). Whereas the increase in the concentration of Pb (II) decreased RS, 

and the SWASV current was increased. So, we observe the peak shift (Britz and Brocke, 

1975). However, the effect of the morphology of deposits can also affect the peak positions 

and stripping current of the Pb(II) (Hutton et al., 2011). 

    A good linearity of the SWASV response current with Pb(II) concentration was 

observed up to its concentration of 10 μM (Figure 4.14d).  In the case of Ag@PtNPs 

catalysed system, two linear ranges (0.25-1 μM and 1-10 μM) were observed whereas a 

prolonged linear range of up to 10 μM was observed for both AgNPs and PtNPs. The 

transition of mass transfer to activation controlled domain appeared at 1 μM Pb(II) for the 

Ag@PtNPs/GPE. But, the mass transfer domain was prolonged beyond 1 μM for both 

AgNPs and PtNPs. So, the mass transfer resistance offered by Pb deposition went off 

quickly, and an early transition appeared for Ag@PtNPs than AgNPs and PtNPs. This could 

be due to the stripping of Pb(II) was faster at Ag@PtNPs/GPE which can be attributed to 

the surface geometrical roughness on Ag@PtNPs originated due to non-uniform deposition 

of Pt (Figures 4.4b-4.4c).  

This creates mesopores on the surface, and at lower Pb(II) concentrations a faster 

transportation kinetics is observed attributed to the ballistic flight phenomenon (Zeinu et 

al., 2016). This also explains the enhanced sensitivity of Ag@PtNPs/GPE at lower Pb(II) 

concentrations. The factors influencing the enhancement of electrocatalytic properties of 

Ag@PtNPs are schematically represented in Figure 4.15. The sensitivity of the electrode 

was determined from the slope of the calibration line with the electroactive surface area of 

the electrodes. The sensitivity of Ag@PtNPs/GPE was about 4.5 and 20.20 folds higher 

than PtNPs/GPE and AgNPs/GPE, respectively (Table 4.1). For these sensors for the 

determination of Pb(II), the limit of detection (LOD) and limit of quantification (LOQ) was 

calculated from Eqs. (3.3) and (3.4) of Chapter 3. Where Sb is the standard deviation of the 

blank and m is the sensitivity of the electrode (Table 4.1). The LOD of Pb(II) of the sensors 

was the lowest (0.8 nM) with Ag@PtNPs/GPE followed by PtNPs/GPE (2.2 nM) and 

AgNPs/GPE (12.4 nM) (Table 4.1). The peak current response of Pb(II) ions for bare GPE 

and Nafion/GPE is compared with other NPs modified electrodes in Figure 4.16. 

TH-2726_146152008



Bioinspired Engineering of Nanomaterials for Electrocatalytic Sensing of Heavy Metals and Organic Analytes 

 
166 

The storage stability of the Ag@PtNPs/GPE was studied after 90 days of its 

fabrication. After that Pb(II) sensing was conducted with a Pb(II) concentration of 5 μM 

and the response current was compared with a fresh Ag@PtNPs/GPE under identical 

experimental condition. There was a reduction of peak current by only 5.6% after 90 days 

of storage of the Ag@PtNPs/GPE at room temperature (Figure 4.17a). Repeatability of 

Pb(II) sensing was tested by using the same electrode in 5 different Pb(II) solutions of same 

concentration (5 µM). The relative standard deviation (rsd) was found to be only 1.3% 

(Figure 4.17b). Three different fresh Ag@PtNPs/GPEs were fabricated using the optimized 

protocol, and tested for the reproducibility of Pb(II) sensing. The modified electrodes also 

exhibited an excellent reproducibility with a rsd of 1.8% (Figure 4.17c). The above rsd 

values were well within the acceptable ranges. 

 

Table 4.1. Calculated performance parameters of the electrochemical sensors for 

determining Pb(II) ions. 

 

 

 

 

 

 

Parameters 
Pb(II) determination performances 

AgNPs/GPE PtNPs/GPE Ag@PtNPs/GPE 

Sensitivity 

(μA.μM−1cm−2) 
15.2 66.96 307.26 

SD of blank 6.3 0.0072 0.009 

LOD (nM) 12.4 2.2 0.8 

LOQ (nM) 40 7.2 2.6 
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Figure 4.14: Influence of initial concentration of Pb(II) on its detection and determination 

in SWASV at (a) AgNPs/GPE, (b) PtNPs/GPE (c) Ag@PtNPs/GPE and (d) Variation of IP 

with Pb(II) concentration in the absence co-ions. Experimental condition: Deposition 

potential −1.2 V, deposition time 300 s, Pb(II) concentration of 0.25 to 10 µM in 100 mL 

acetate buffer at pH 5. 
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Figure 4.15: Schematic representation of the factors enhancing the electrocatalytic 

properties of Ag@PtNPs.  
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Figure 4.16: Peak current response of Pb(II) ions for different electrodes. Reaction 

conditions: Acetate buffer pH 5 and Pb(II) concentration 10 µM. 
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Figure 4.17: Variation of peak current of Pb(II) sensing at Ag@PtNPs/GPE at pH 5 and 

Pb(II) of 5 µM, (a) After 90 days of storage at room temperature, (b) Repeatability of Pb(II) 

sensing using the same electrode in 5 different Pb(II) solutions of same concentration (5 

µM) and (c) Reproducibility of Pb(II) sensing using three different fresh Ag@PtNPs/GPE 

fabricated using the optimized protocol. 

 

4.2.4.3 Co-ions interference on Pb(II) detection  

 It is very likely that multiple HMs is present together in the same sample, and it 

could interfere with the signal and selectivity during their electrochemical determination.  

In this study, the concentration of Pb(II) was fixed at two extreme ends of 0.25 µM (Figure 

4.18a), and 1 µM in the diffusion-controlled domain (Figure 4.18b) and the concentration 

of Cd(II), Cu(II) and Hg(II) was varied from 0.25-10 µM in the same solution. The 

parametric setting was fixed at the pre-optimized values of SWASV (Figures 4.11-4.12).  

It was found that Pb(II) stripping current at −375 mV vs. Ag/AgCl at Ag@PtNPs/GPE was 

almost constant with the increase in the concentration of each of the co-HMs from 0.25 to 
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10, and there was a maximum 2% variation in the response current of Pb(II) (Figure 4.18c) 

because Ag@PtNPs catalysed a clear peak separation without any co-HMs interference. 

This indicates that Ag@PtNPs also could catalyse the simultaneous detection of HMs. In 

Table 4.2, the performance of different Pb(II) sensing systems is compared and listed up. 

The bio-inspired Ag@PtNPs synthesized following a simple greener route achieves 

comparable results in terms of LOD and detection range with complex material synthesis 

processes involving delicate synthesis steps and chemicals such as CNFs, BDD, etc.  
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Figure 4.18: Influence of co-HM ions at different concentration on SWASV current 

response at fixed Pb(II) concentration. (a) Pb(II) of 0.25 µM, (b) Pb(II) of 1 µM, and (c) 

Peak current response at Ag@PtNPs/GPE at varying interfering HM concentration (0.25-

10 µM). Experimental condition:  SWASV pulse amplitude 0.025 V, frequency 15 Hz, step 

potential 4 mV, deposition potential −1.2 V and deposition time 300 s in 100 mL acetate 

buffer at pH 5. 
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Table 4.2.  Electrochemical determination of Pb(II) in NPs catalysed system: Present work 

versus earlier reports. 

TETRAM: 1,4,8-tri(carbamoyl methyl) hydroiodide, LSASV: Linear sweep anode stripping 

voltammetry, AGNES-SCP: Absence of gradients and Nernstian equilibrium stripping-stripping 

chronopotentiometry, DPV: Differential pulse voltammetry, HMDE: Hanging mercury drop 

electrode, BDD: Boron doped diamond electrode, GO/[Ru(Bpy)3]2+: Ruthenium(II) bipyridine-

textured graphene oxide nanocomposite. 

 

4.2.4.4 Pb(II) determination in real sample 

The performance of Ag@PtNPs/GPE was also evaluated by determining the 

concentration of Pb(II) in three representable environmental samples collected from local 

sources, i.e., river water, tap water, and sewage water. The samples were collected and were 

filtered through 0.45 µm filter paper to remove suspended particles from them and were 

used without further pretreatment. The ion chromatographs show that all these water 

samples are laden with multiple background anions, namely PO4
3−, SO4

2−, Cl−, F−, etc. 

(Figure 4.19). No Pb(II) traces were found in the tap water and river water samples at the 

optimized conditions of SWASV. However, traces of Pb(II) was found to be 0.48 µM at 

Ag@PtNPs/GPE, and the result was further verified using AAS, and the variation was only 

3% (Table 4.3). For all these water samples, Pb(II) concentration of 5 μM was spiked 

(triplicated) and the corresponding Pb(II) was again re-determined at the Ag@PtNPs/GPE. 

Electrochemical 

platform 
Technique 

Supporting 

electrolyte 

Metal 

system 
LOD, nM 

Detection 

range, nM 
Source 

SbF-CPE Amperometry 
HCl 0.01 M 

(pH 2) 
Pb(II) 1 2-725 

(Tesarova et 

al., 2009) 

TETRAM/graphite 

felt electrode 
LSASV LiClO4 0.1 M Pb(II) 25 NA 

(Nasraoui et 

al., 2010) 

Thiol/clay /CPE SWASV HNO3 0.2 M Pb(II) 60 300-10000 
(Tonlé et al., 

2011) 

HMDE AGNES-SCP KNO3 0.1 M Pb(II) 4.1 25-100 
(Parat et al., 

2011) 

BDD SWASV H2SO4 0.1 M Pb(II) 19.3 100- 500 
(Le et al., 

2012) 

AuNPs/CNFs SWASV 

Acetate 

buffer 

(pH 4.5) 

Pb(II), 

Cd(II), 

Cu(II) 

100 100-1000 
(Zhang et al., 

2016) 

Hydroxyapatite/ 

Nafion 
DPV 

Phosphate 

buffer 

(pH 6.8) 

Pb(II), 

Cd(II), 

Cu(II) 

49 NA 
(Guo et al., 

2017) 

GO/[Ru(Bpy)3]2+ DPV 
Citrate buffer 

(pH 6) 

Pb(II), 

Cd(II), 

Hg(II), 

As(III) 

1.41 NA 
(Gumpu et 

al., 2017) 

Ag@PtNP/GPE SWASV 

Acetate 

buffer 

(pH 5) 

Pb(II) 0.8 100-10000 Present work 
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Pb(II) re-estimates were 100.2 (%) in tap water and 108.02 (%) in sewage water even with 

the presence of multiple background anions.  

 

Table 4.3: Performance of Ag@PtNPs/GPE electrochemical sensors for Pb(II) 

determination from real water sample and its comparison with atomic absorption 

spectrophotometry (AAS). 

 

   

     

Figure 4.19: Ion chromatographs of (a) river water, (b), tap water, and (c) sewage water 

samples showing the anionic constituents present in the samples. 

 

 

Sample 

Pb(II) 

added 

(µM) 

Pb(II) by 

electrochemical 

sensor 

(µM) 

Recovery 

(%) 

RSD 

(n=3) 

Pb(II) by 

AAS (µM) 

Deviation 

(%) 

River water 
0 ND -- -- ND -- 

5 5.36 ± 0.220 107.2 4.10 5.06± 0.014 5.6 

Tap water 
0 ND -- -- ND -- 

5 5.01 ± 0.041 100.20 0.818 5.04 ± 0.001 0.8 

Sewage 

water 

0 0.48 ± 0.002 -- 4.17 0.45 ± 0.034 6.3 

5 5.92± 0.466 108.02 7.87 6.08 ± 0.018 3.0 
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4.3 Major findings 

 This work was successful in devising a new bio-inspired method for the synthesis 

of seed-mediated Ag@PtNPs core-shell NPs synergized by the analytes present in the bio-

extract of Psidium guajava leaves and microwave irradiation. AgNPs, PtNPs, and 

Ag@PtNPs of 25.5, 19.5, and 24.5 (14.5 nm core diameter and 4.55 nm shell thickness) 

nm were successfully decorated on graphite support electrode for the electrocatalytic Pb(II) 

sensing. Pb(II) deposition potential and deposition time on the Ag@PtNPs/graphite 

electrode for the square wave anodic stripping voltammetry were optimized as −1.2 V vs. 

Ag/AgCl (3 M KCl) and 300 s, and the stripping potential was found as −0.43 V vs. 

Ag/AgCl/3 M KCl in 0.1 M acetate buffer solution (pH 5).  

The compressive lattice strain developed into Ag@PtNPs caused the enhancement 

of Pb(II) sensing with a sensitivity of 115.5 μA∙μM−1cm−2 (5.3 and 34.4 μA.μM−1cm−2 for 

AgNPs and PtNPs catalysed sensors, respectively). The limit of detection was obtained as 

0.8, 2.2 and 12.4 nM for the nanoparticles, respectively. Ag@PtNPs was highly selective 

towards different HMs, and it catalysed a distinct peak separation of Pb(II) from Cd(II), 

Cu(II), and Hg(II) ions (0.25-10 μM). Pb(II) present in river water, tap water and sewage 

water was effectively determined in the presence of background cations, anions and soluble 

organics. Therefore, this work provides a platform for developing bio-inspired 

nanoparticles based electrochemical sensors that can be applied for the detection of HM 

ions.  
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CHAPTER 5 

Bioinspired Synthesis of PtNPs/graphene Nanocomposites for 

Electrocatalytic Sensing of Metabolites of Dipyrone  

 

 

Highlights 

 One-pot synthesis of Pt-decorated graphene nanocatalyst via green 

methodology 

 Electrochemical sensor based on Pt/graphene nanocatalyst modified 

GCE for sensing of metabolites of dipyrone 

 Investigation on (electro)oxidation process of dipyrone 

 Electrochemical mechanism of dipyrone oxidation to antipyrine 

proposed based on LCMS analysis 

 Pt/graphene nanocatalyst tested in environmental water samples 

collected from supply lines and sewer lines 
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5.1     Background and executive motivation 

Among the fastest-growing sectors, pharmaceutical industries have been one of the 

leading areas in the Indian economy. The boom in the pharmaceutical industry has led to 

increased production of pharmaceutically active compounds (PhACs) administered both 

for human and livestock. The generation of pharmaceutical wastes is also increased by 

many folds in the last decade. As a result, the concentration of PhACs in the sewer line is 

steadily rising over the years which in turn ends up at the sewage treatment plant (STP) and 

other surface water bodies (Zorita et al., 2009). The potent PhACs mostly survive the STP 

treatment and pose a significant threat to humans, wildlife, and aquatic ecosystems even at 

very minute concentrations. 

Dipyrone (DIP) (also called metamizole), a pyrazolone derivative, is known to 

possess potent painkilling, antipyretic, and spasm-relieving properties (Teixeira and 

Dadamos, 2009). The drug, even at lower concentrations, may cause temporary conditions 

of infection of renal tissues. The drug overdose can cause transitory disturbances and 

inflammation of the renal tissue. Detection of DIP is crucial not only being an emerging 

contaminant but also for the economic perspectives minimizing its excessive loss into waste 

streams and monitoring the product quality. DIP also is used as the main active component 

of numerous drug preparations. Therefore, accurate quantification of DIP in these 

formulations is essential. 

DIP can be determined by gas chromatography (Krokos et al., 2018), high-

performance liquid chromatography (Senyuva et al., 2005), mass spectrometry (Pitarch et 

al., 2010), capillary electrophoresis mass spectrometry (Rajaram et al., 2015), and high-

performance liquid chromatography-photochemically induced fluorimetry (Di Pietra et al., 

1996). These methods though reliable, are not accessible to all due to their high-cost. 

Hence, it is inevitable to find low cost portable and sustainable alternatives, which do not 

demand costly installations. The development of reliable technology could allow us the 

prior and rapid detection of such pharmaceutical constituents.  

Electrochemical techniques such as differential pulse voltammetry (DPV) 

(Pauliukaite et al., 2012a), square wave voltammetry (SWV) (Muralidharan et al., 2008), 

and cyclic voltammetry (CV) (de Faria et al., 2019) satisfy most of the above criteria, and 

they could be considered as potential tools for the highly sensitive and rapid detection of 

DIP.  
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In recent years, the use of graphene for the purpose to modify electrode surfaces 

has been exploited by many researchers (Chipeture et al., 2019; Martin Santos et al., 2017; 

Rajamani and Peter, 2018) as it could harness the gain in sensitivity, reproducibility, and 

specificity of an analyte in comparison with unmodified counterparts. Zhou and coworkers 

(Zhou et al., 2009) showed an enhanced sensitivity and a limit of detection (LoD) of 0.05 

µM of H2O2 sensing using chemically synthesized graphene decorated glassy carbon 

electrodes (GCEs). In contrast, the bare graphite and GCE did not sense H2O2 at a low 

concentration of 0.05 µM. The sensitivity of H2O2 sensing remained unaltered even in the 

presence of 0.2 mM of ascorbic acid (AA), acetaminophen (APAP), dopamine (DA), and 

uric acid (UA).  Graphene/GCE could effectively detect paracetamol by decreasing the 

overpotential with an increased response current as compared with bare GCE (Kang et al., 

2010).  

Further, platinum nanoparticles (PtNPs) are known to be applied in many catalytic 

reactions because of their unique properties such as resistant to oxidation at higher 

potentials (Berry, 1978) and superior activity, in particular for redox reactions of complex 

molecules (Er et al., 2017). Many researchers have shown enhanced electrocatalytic 

properties of PtNPs when it is supported on various carbon materials such as carbon 

nanofiber (Tang et al., 2004), carbon nanotube (Amatatongchai et al., 2017),  vulcan carbon 

(Odetola et al., 2017), etc. Furthermore, PtNPs/graphene nanocomposites are proven to be 

more effective in catalyzing the reaction in comparison to PtNPs and carbon nanostructures. 

There is also a decrease in the amount of catalyst required to achieve the same catalytic 

efficiency when PtNPs are used with the incorporation over the graphene (Higgins et al., 

2016). The use of PtNPs in graphene-based transducers showed an increase in the 

sensitivity by two-fold magnitude towards glucose detection as compared to bare graphene 

electrodes (Zhang et al., 2015). TM-β-cyclodextrin/PtNPs/graphene showed a marked 

increase in the catalytic activity towards the electrochemical oxidation of bisphenol-A with 

220 μA/10 μM as compared to bare GCE and TM-β-cyclodextrin modified GCE (150 

μA/10 μM) (Zou et al., 2017). 

Therefore, it is vital to marry the PtNPs with graphene forming a PtNPs/graphene 

nanocomposite to test the enhancement of electrocatalytic activity for the sensing of 

complex DIP molecules. DIP metabolism takes about 4-6 h in the excretory system, for the 

elimination of its metabolites through urine (Bacil et al., 2018). Therefore, the sensing of 

DIP, along with its metabolic products is a prudent area of scientific studies. 
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 In this work, we have developed a bio-inspired route for the fabrication of PtNPs 

decorated graphene-based sensing platform to detect metabolites of DIP present in water 

electrochemically. Towards this goal, P. guajava (guava) leaves were selected for the 

formation of PtNPs which are rich in antioxidants, flavonoids, and various polyphenolic 

compounds (Barbalho, 2012; Bose and Chatterjee, 2016; Díaz-de-Cerio et al., 2016). The 

use of bio-analytes also merits as stabilizing agents for the PtNPs. Microwave assisted 

synthesis serves a dual purpose of speeding PtNPs growth and further exfoliating thick 

graphene sheets to develop an effective electrocatalyst. DIP is known to show multiple 

oxidative pathways in a physiological environment. Hence, we focused on developing an 

electrochemical sensor that could determine not only DIP but also its major oxidation 

products. The use of bio-mediated PtNPs for the detection of DIP is nowhere reported 

previously to the best of our knowledge.  

 

5.2      Results and Discussions 

5.2.1    Characterization of PtNPs/graphene nanocomposites 

5.2.1.1  Morphology study of PtNPs/graphene nanocomposites 

Figure 5.1a shows a low magnification TEM image of the synthesized graphene 

sheets, which are found to be several microns in length. The graphene nanosheets were 

stacked on the top of each other. They are highly transparent and show great stability under 

the electron path of the microscope. The inset shows a characteristic hexagonal diffraction 

pattern of graphene sheets with a distance of 9.08 nm between two bright spots which 

compute out to be 0.224 nm interatomic distance correspondiong to d100 basal plane of 

highly crystalline graphene sheet (Malesevic et al., 2008; Meyer et al., 2007). The high-

resolution TEM image clearly shows the ordered lattices of graphene (Figure 1b). The 

average diameter of PtNPs nanoparticles decorated over graphene was found to be 7.75 nm 

(Figures 5.1c-5.1d). It can be observed that PtNPs are evenly distributed over the graphene 

sheet (Figure 5.1d). An individual lattice fringe of PtNPs embeded on graphene nanosheets 

calculated by the inverse fast fourier transform (IFFT) was found to be 0.227 nm which 

was from 10 consecutive frindges (Figure 5.1e) It implies a characteristic feature of Pt (111) 

crystal surface (Miyazawa et al., 2019).  An elemental analysis was carried out to find out 

the local abundance of PtNPs over the graphene sheet. Figure 5.1f shows the elemental 

distribution of PtNPs over the graphene sheets. The red dots indicate the presence of Pt and 

the grey background corresponds to the graphene base. The elemental concentration of Pt 
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was found to be 4.63% from the EDX analysis (Figure 5.1g).  The large carbon peak is 

attributed to the presence of of carbon in the PtNPs/graphene nanocomposite. 

                   

Figure 5.1: (a) TEM micrograph of graphene sheet (inset: SAED of graphene), (b) HRTEM 

micrograph of graphene, (c) FETEM micrograph of  PtNPs, (d) HRTEM micrograph of 

PtNPs/graphene nanocomposite highlighted circles showing PtNPs (inset: SAED of 

PtNPs/graphene nanocomposite), (e) IFFT image of PtNPs on graphene sheet showing the 

characteristic fringe distance of 0.227 nm, (f) elemental mapping showing the distribution 

of Pt element on PtNPs/graphene nanocomposite, and (g) EDX spectra of PtNPs/graphene 

nanocomposite. 

 

Figure 5.2 shows the FESEM images of a bare multi-layed graphene sheet and 

PtNPs/graphene. It shows a clean surface of  pristene multilayeder graphene (Figure 5.2a). 

The well dispersed PtNPs  also can be seen (Figure 5.2b) as bright dots that confirm the 
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sphericity and monodispersity of the nanoparticles. Few areas on PtNPs/graphene shows  a 

sign of minor aggregation which could be attributed to the hotspot created on the graphene 

surface due to the absorption of microwave by the graphene. This increased temperature 

promote enhanced nucleation and growth of nanoparticles in sufficient presence of 

precursor salt by enhancing the particle growth kinetics generating larger sized NPs over 

graphene (Liu et al., 2020). 

The particle size distribution of PtNPs (Figure 5.3a) and PtNPs/graphene (Figure 

5.3b) shows an average particle size of 3.7 and 7.7 nm, respectively. It can be seen that 60 

% of PtNPs varied between 2.5 and 4.0 nm, whereas in the case of PtNPs/graphene 36 % 

of the particles were within 7-9 nm.    

 

 

Figure 5.2: (a) FESEM image of bare graphene,  and (b) FESEM image of PtNPs/graphene 

nanocomposites.                        

 

 

Figure 5.3: (a) Particles size distribution of PtNPs  and (b) PtNPs/graphene nanocomposite.  
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5.2.1.2 Crystallinity analysis of PtNPs/graphene nanocomposites 

XRD analysis was done to gain more knowledge on the crystallinity of the prepared 

nanocomposite. XRD patterns of pristine graphite, graphene nanosheets, and PtNPs/graphene 

nanocomposite are presented in Figure 5.4. The precursor of graphene exhibits a typical 

graphitic crystal structure. The peaks appeared for graphene at 26.8, 44, and 55° 2θ angles 

correspond to the diffraction from (002), (100) and (004) planes of crystalline carbon (JCPDS 

No. 01-087-0646). The peak at around 42° 2θ angle could be due to the interlayer defect between 

graphene sheets existed in some of the layered graphene sheets (Nemade and Waghuley, 2013). 

The diffraction peaks located at 2θ angles of 39.8° and 46.3° in PtNPs/graphene nanocomposite 

are for the diffraction from the (111) and (200) crystal planes of Pt (JCPDS No. 65-2868) (Ateş 

et al., 2017). 
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Figure 5.4: X-ray diffraction patterns of (a) bare graphite,  (b) graphene nanosheet, and (c) 

PtNPs/graphene nanocomposite. 

 

5.2.1.3 Raman analysis of graphene nanosheet                                                                                           

Figure 5.5 shows the Raman spectra of graphene nanosheets and the precursor used 

for its synthesis. The D, G, and 2D peaks of synthesized graphene are appeared to be quite 

distinct from the Raman spectra. The defects and disorders existed at the edges of the 
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graphene structure can be understood by the intensity of the D band identified at 1333 cm−1 

which was absent in the case of graphite due to a complete sp2 hybridization of carbon. 

However, it was present in the graphene structure because of the vibrational signals 

generated due to incomplete hybridization of sp2 carbons at the edges of its structures 

(Malesevic et al., 2008). The G band appeared at about 1580 cm−1 in graphite was shifted 

a bit towards a higher wavenumber of 1582 cm−1 in the case of graphene which is a 

characteristic feature of some of the layered graphene nanosheets (Hernandez et al., 2008; 

Malesevic et al., 2008). The G-band for both the specimens was originated due to the in-

plane vibrations involving the sp2 hybridized carbon atoms. The ratio intensity of D peak 

(ID) and G peak (IG) was found to be 0.30 which indicates that there could be a stack of 6-

7  graphene nanosheets (Yi et al., 2013). The decrease in the Raman shift of the 2D peak 

(secondary peak of D band) from 2738 to 2680 cm−1 is clearly indicative for the formation 

of graphene nanosheets (Ferrari et al., 2006). The intensity of this band is always stronger 

in the case of graphene as it depends on the phonon-lattice vibrational unlike the D band 

requires a proximity of defect to be activated. The 2D band could further split into various 

modes with the increase in the thickness of graphene layer as it appeared as a small hump 

(denoted as Dʹ)  which is due to the decrease in the symmetry of graphene layers with the 

increase in number of layers (Graf et al., 2007; Malesevic et al., 2008). 
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Figure 5.5: Raman spectra of bare graphite and synthesized graphene. 
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5.2.2 EIS of PtNPs/graphene/GCE 

The EIS spectra were recorded using 0.1 mM DIP in 0.5M KCl electrolyte at pH 7 

within a frequency range of 10−2 to 106 Hz. The value of charge-transfer resistance (Rp, 

Figure 5.6) was obtained from the Nyquist plots by simulating it based on the Randles 

equivalent circuits (Figures 5.7a-5.7c). It can be observed that Rp and Rs (solution 

resistance) were of 40.1, 32.6 and 19.9 kΩ, and 13.8, 12.6 and 10.2 Ω, respectively for bare 

GCE, PtNPs/GCE, and PtNPs/graphene/GCE, respectively. The corresponding constant 

phase elements (CPE) that arises due to the double layer capacitance were of 299, 306, and 

314 μMho which was increased due to the presence of  graphene nanosheets (Gutić et al., 

2016). The PtNPs/graphene/GCE produced a semi-circle with a lower radius than that was 

obtained with the bare GCE. It implies a high Rp and a slow electron transfer for the bare 

GCE. The surface modification of GCE with PtNPs/graphene was resulted in a decrease of 

Rp almost by a factor of two.  

From the SWV analysis (Figure 5.8), three peaks were recorded at 0.301, 0.513, 

and 0.991 V vs. Ag/AgCl for the PtNPs/graphene/GCE. A shoulder peak appeared at 0.87 

V with the PtNPs/ graphene/GCE electrode could be due to the surface adsorption reaction 

of the oxidation products of DIP remained from the previous steps of the reaction 

(Pauliukaite et al., 2010a). The peak current (at 0.5 V vs. Ag/AgCl) was about 3.8 and 1.76 

times higher with PtNPs/ graphene/GCE in comparison to bare GCE and PtNPs/GCE, and 

the peak sharpness was also very prominent in the case of PtNPs/ graphene/GCE. It implies 

a faster electro-oxidation in the presence of PtNPs by a possible bi-functional effect 

between Pt and residual oxygen species present on some of the graphene layers (Li et al., 

2010). The shift in the peak potential (EP) towards a lower positive voltage in the case of 

PtNPs/ graphene/GCE indicates that it could lower the energy required for DIP sensing 

reaction. Therefore, an enhancement of catalytic activity of DIP sensing at the 

PtNPs/graphene/GCE surface is expected.  
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Figure 5.6: Nyquist plot with 0.1 mM DIP in 0.5 M KCl electrolyte at pH 7 within a 

frequency range of 10−2 to 106 Hz and 0.01 V vs. Ag/AgCl at open circuit potential.   

 

 

 

Figure 5.7: Equivalent circuit diagrams of (a) bare GCE (support), (b) PtNPs/GCE, and (c) 

PtNPs/graphene/GCE. 
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Figure 5.8: Square wave response of DIP sensed using different working electrodes. DIP 

concentration of 50 µM using 0.5 M KCl as supporting electrolyte. Square wave 

parameters: Initial potential 0.00 V and end potential 1.10 V, step potential 0.002 V, and 

amplitude 0.05 V vs. Ag/AgCl.  

 

The effective active surface area (Aeff) of the prepared electrodes was calculated 

using the Randles-Sevcik Equation (Eq. 5.1). 

   IPa= (2.69 × 105) n0.66Aeff D 0.5 ʋ0.5 C0    (5.1)  

Where, n is the number of electrons, ʋ is the scan rate in V․s−1, D is the diffusion 

coefficient in cm.s−1, and C0 is the bulk concentration of the electro-analyte probe (here, 

Ru[(NH3)6]Cl3) in moles. From the plot of IPa vs. ʋ
0.5 (Figure 5.9), the slope of the linear fit 

was found to be 52.43 µA․V−1/2․s1/2 (R2 = 0.991) and 100.23 µA․V−1/2․s1/2 (R2 = 0.994), 

respectively for bare and PtNPs/graphene/GCE. By considering D of 8.43 × 10 

−6 cm2․s−1  for 1 mM Ru[(NH3)6]Cl3 in 0.1 M KCl with n=1, Aeff was calculated to be 0.067 

and 0.128 cm2.(Wang et al., 2011) The Aeff of GCE was almost equivalent to the 

geometrical surface area of the electrode (0.070 cm2). As observed from Figures 5.9a-5.9c, 

the redox current response was almost doubled in the case of PtNPs/graphene/GCE as 

compared to bare GCE. It can also be noted that at lower scan rates (up to 50 mV․s−1), the 

current response of both GCE and PtNPs/graphene/GCE was invariant. This could be due 

to the fact that Ru[(NH3)6]Cl3, an outer sphere redox probe, acts only outside the diffusion 

layer. At lower scan rates (<50 mV.s−1), the thickness of the diffusion layer is much higher 
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than the roughness generated by the nanomaterials (Paixão, 2020). A substantial increase 

in the Aeff of 2 times was noted as compared to the unmodified GCE. Graphene allows 

uniform distribution of PtNPs on its surface and it increases the Aeff as compared to bare 

PtNPs (Kalambate et al., 2015). 

 

 

 

Figure 5.9: Cyclic voltammetry of (a) bare/GCE and (b) PtNPs/graphene/GCE at various 

scan rates from 5-200 mV․s−1 and (c) Peak current vs. square root of scan rate (25-1000 

mV․s−1) using GCE and PtNPs/graphene/GCE. Reaction conditions: 1 mM [Ru(NH3)6]Cl3 

as redox probe in 100 mL of 0.1 M KCl as supporting electrolyte at ambient temperature. 

5.2.3   Electrocatalytic DIP sensing at PtNPs/graphene/GCE 

5.2.3.1 Determination of electrokinetic parameters 

SWV was performed using to study the effects of varying pH ranging from 3.0 to 

11.0 on the sensing performance of 50 µM DIP using PtNPs/graphene/GCE. The results 

are shown in Figure 5.10. The highest peak current was obtained at pH 7.0 (Figure 5.10a). 

A shift in the potential (EP) towards less positive values was observed with the increase in 
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pH from 5.0 to 9.0. It implies that the electro-oxidation of DIP is favorable in an alkaline 

pH. However, a drastic reduction in response current was observed at pH>7. Hence, pH 7 

was taken as the optimum value for further experiments. It can be observed that the Peak 1 

position at around 0.2 V vs. Ag/AgCl is highly pH-dependent, and it shifted towards a 

lower potential with the rise in pH. It was also found that the Peak 1 potential varied linearly  

with pH with a slope of 26 mV per unit pH (Figure 5.10b) which is close to the theoretical 

value of 30 mV per unit pH for a reaction involving 2 electrons (Siswana et al., 2006). 

However, the position of Peak 2 (0.55 vs. Ag/AgCl) and Peak 3 (0.9 V vs. Ag/AgCl) is 

found to be independent of the pH of the solution.  
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Figure 5.10: (a) Square wave response at different pH using PtNPs/graphene/GCE, and (b) 

Ep vs. pH (peak 1). Reaction conditions: DIP concentration of 50 µM in 0.5 M KCl 

supporting electrolyte. Square wave parameters: Initial potential 0.00 V, end potential 1.10 

V, step potential 0.002 V, and amplitude 0.05 V vs. Ag/AgCl. 

 

Cyclic voltammetry experiments at different scan rates (5 -200 mV․s−1) were 

conducted to determine the electrokinetic properties of DIP sensing (Figure 5.11a). A 

straight line was obtained by plotting the peak current with the square root of the scan rate 

(Figure 5.11b). The results show that the reaction is diffusional control (Švorc et al., 2018). 

Hence, Laviron equation (Eq. 3.2 of Chapter 3) for the diffusion-controlled process was 

used to determine the kinetic parameters (Table 5.1) (Rasappa et al., 2015). 

Where, α in Eq 3.2 is the anodic charge transfer coefficient, and was calculated 

based on the Bard and Faulkner equation (Eq. 5.2) (Gowda and Nandibewoor, 2014). 

   α =
47.7

EP−EP/2
       (5.2) 
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Where, EP (V) is the anodic peak potential, and EP/2 is the potential when current is 

half of the peak value. The value of αn was calculated from the slope of EP vs. log ʋ (Figure 

5.11c), and the intercept gives the k° value. E° was obtained from the intercept of the curve 

of EP vs. ʋ (ʋ = 0) (Table 5.1). These are the parameters which show the intrinsic properties 

of the PtNPs/graphene/GCE and different oxidation products of DIP.(Rountree et al., 2014) 

The decrease in the surface reaction for different oxidation products is evident from the 

different k° values which gives the affinity of the analyte towards the electrode interface 

(Table 5.1).  The Eº values for the reactions occurring at peak 1, peak 2 and peak 3 are 

respectively 0.387, 0.755 and 0.956 V vs. Ag/AgCl, and the corresponding k° values are 

0.295×10−3, 0.692×10−3, and 0.890×10−3. The positive shift in the experimental potential 

of peak 1 by 0.125 V, peak 2 by 0.111 V and peak 3 just by 0.029 V from the Eº values 

implies the thermodynamic favorability of an electrochemical reaction (Elgrishi et al., 

2018). This system requires more energy for the reaction to move in the forward direction 

due to lower k° values for peaks 1 and 2. Similarly, a sufficiently greater k° value for peak 

3 gives a reaction potential close to the Eº value. 

 

Table 5.1: Electrokinetic parameters of sensing of DIP and its metabolites at different 

oxidation peaks using PtNPs/graphene/GCE. 

 

Figures 5.11d and 5.11e depict the square wave voltammograms and the 

corresponding calibration curves of DIP sensing at the PtNPs/graphene/GCE, respectively. 

The voltammograms exhibited two linear ranges of DIP sensing based on its concentration, 

i.e., between 1-100 µM and 100-220 µM having linear relationships (R2>0.99) as  IP(µA) =

 0.105 [DIP] µM + 0.978 and IP (µA) =  0.057 [DIP] µM + 4.893. This could be due to 

the rapid flux of analyte to the electrode surface at higher concentrations resulting in an 

accumulation of oxidation products on the electrode surface (Khalilzadeh and Borzoo, 

2016). The peak at around 0.51 V (Peak 1, Figure 5.11f) is considered to develop the 

Parameters α n k°(10−3) E° (V) 

Peak 1 0.422 2.40 ≈ 2 0.295 0.387 

Peak 2 0.588 1.89 ≈ 2 0.692 0.755 

Peak 3 0.244 0.736 ≈1 0.890 0.956 
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calibration curve due to the reasons that this peak is independent of pH, and it acts as the 

rate-determining step for the whole redox system having the least k° value. 

The limit of detection (LOD) and limit of quantification (LOQ) of DIP at the 

PtNPs/graphene/GCE was calculated using Eqs. 3.3 and 3.4 of Chapter 3, respectively. 

Where, Sb is the standard deviation of the blank run (0.005) and m is the slope of 

the calibration curve (Figure 5.11e) containing the lowest possible detectable concentration 

of the analyte. LOD and LOQ were calculated as 0.142 and 0.471 μM, respectively which 

is a marked improvement over the LOD of 2.07 μM and 0.04 mM  obtained in previous 

studies using epoxy-graphite composite (Pauliukaite et al., 2012b) and  Ti(IV) 

silsesquioxane modified MCM-41 substrates (Do Carmo et al., 2019), respectively. The 

sensitivity of the PtNPs/graphene/GCE having Aeff of 0.128 cm2 was found out from the 

slopes of the calibration curves (Figure 5.10 e) using Eq 3.5 of Chapter 3. It was calculated 

to be 0.820 µA.µM−1cm−2 for the concentrations up to 100 µM and 0.445 µA.µM−1cm−2 for 

the concentrations between 100 and 220 µM which is much greater than the sensitivity 

obtained (0.27 nA.µM−1) using graphite electrode (Baranowska et al., 2008). There was 

almost no increase in the current response of DIP sensing at DIP >220 µM. It might be of 

the surface saturation of the oxidation products. The performance parameters of DIP 

sensing using PtNPs/graphene/GCE and its comparison with earlier studies are provided in 

Table 5.2. It can be seen that the PtNPs/graphene/GCE exhibited a clear superiority of DIP 

sensing in comparison to the most of the studies. Silva et al. (Silva et al., 2020) showed a 

lower limit of DIP detection using screen-printed carbon electrodes but the sensitivity was 

only 0.065 µA.µM−1. Similarly, Munoz et al. (Muñoz et al., 2001) used gold electrodes 

extracted from compact discs for the amperometric determination of DIP and could 

successfully achieve an LoD of 0.1 μM and sensitivity of 0.017 µA.µM−1cm−2. 

Nevertheless, the PtNPs/graphene/GCE worked well within a wider concentration range of 

DIP (1-100 μM) with an improved sensitivity of 0.820 µA․µM−1cm−2. 

It can be observed that the materials used for the fabrication of the sensor systems 

enlisted in Table 5.2 either used costly raw materials or the process of manufacture involved 

harsh chemicals that could potentially damage the environment. Our proposed system on 

the other hand exploited a bio-inspired approach of synthesizing PtNPs and 

PtNPs/graphene nanocomposite. The synthesized nanocomposite could successfully 

determine the metabolites of DIP found in natural environmental condition.  
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Table 5.2: Comparison between electrochemical performances of the proposed method and 

other studies extracted from the literature for dipyrone determination. 

*SWV: Square-wave voltammetry, CV: Cyclic voltammetry; DPV: Differential pulse voltammetry 

 

 Cyclic voltammogram recorded using 10 µM DIP in 0.5 M KCl at pH 7.0 showed 

three distinct oxidation peaks at 0.512, 0.759, and 927 V vs. Ag/AgCl at a scan rate of 50 

mV․s−1 (red line), and a reversible reduction peak (Peak 4) at around 0.442 V vs. Ag/AgCl 

was also noted (Figure 5.11f). The anodic peak obtained was at 0.512 V, and the cathodic 

peak was obtained at 0.442 V with a ΔEP value of 70 mV and IPa/IPc value of 1.21, and it 

decreases when the potential range is increased due to unavailability of the oxidation 

products for reduction. This implies that Peak 2 in the cyclic voltammogram (Figure 5.11f) 

Working Electrode 
Electrochemical 

techniques 

Linear 

Range 

(μM) 

Detection 

Limit 

(μM) 

Sensitivit

y 

(μA․μM−1

.cm−2) 

Repro-

ducibility 

(RSD %) 
Reference 

Carbon screen printed 

electrodes 
SWV* 0.35-50 0.097 0.0652 

3.1 Silva et al., 

2020 

Boron doped diamond SWV 1-65 0.26 1.5 
2.1 Gomes et al., 

2019 

Gold electrodes from 

compact disc 
Amperometry 1-10 0.100 0.170 

 Muñoz et al., 

2001 

Glassy carbon 

electrode 
CV* 10-100 2.97 -ND- 

 Bacil et al., 

2018 

Au screen printed 

electrodes 
Amperometry -ND- 5.0 -ND- 

 
Habekost, 2018 

Titanium(IV) 

silsesquioxane 

occluded in the MCM-

41/ Graphite paste 

electrode 

CV 100-900 40 0.06716 

 

Do Carmo et 

al., 2019 

Polythionine-carbon 

nanotube/ Carbon film 

electrode 

DPV* 250-2500 15.2 1.3×10−3 

 
Ghica et al., 

2015 

poly (3,4-

ethylenedioxythiophen

e) modified glassy 

carbon 

electrode 

DPV 1.2-750 0.49 -ND- 

 

Gopu et al., 

2012 

Reactive Blue 4 

dye covalently 

immobilized on amine-

functionalized silica 

CV 49.9-440 22 0.22×10−3 

 

Martin and 

Teixeira, 2012 

Graphite epoxy 

electrode modified with 

carbon nanotubes 

DPV 50-1500 1.4 0.194 

 
Pauliukaite et 

al., 2010b 

Bio-inspired 

PtNPs/graphene/GCE 
SWV 1-100 0.142 0.820 2.5 This work 
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is the oxidation product of Peak 1. This Peak 1 also forms a reversible pair with peak 4 

(black line in Figure 5.11f). The increase in the potential window converts the oxidation 

product (Peak 1) to further oxidations, thereby producing other products. Further, from 

Figure 5.11a, it can also be observed that at a scan rate above 100 mV․s−1, Peak 2 is absent, 

but Peak 3 is present. It indicates that Peak 3 is an oxidation product of Peak 1 and follows 

an independent oxidation pathway. At a higher scan rate, the reaction from Peak 1 to Peak 

2 did not take place. It implies that the reaction is electrochemically less favorable than 

Peak 1 to Peak 3. Therefore, chronoamperometric test of DIP sensing was conducted at the 

oxidation potential of 0.51 V vs. Ag/AgCl at pH 7. 

 

Figure 5.11: (a) Cyclic voltammogram recorded at different scan rates at 

PtNPs/graphene/GCE, (b) Variation of peak current (Ip) with ʋ1/2 (ʋ: 5 to 200  mV․s−1), (c) 

Variation of EP with log(ʋ) (ʋ: 5 to 200  mV․s−1) with 100 μM DIP in 0.5 M 100 mL KCl 

at pH 7, (d) SWV profile recorded with PtNPs/graphene/GCE at different DIP 

concentration (1 to 300 μM), (e) Calibration curve for DIP sensing, and (f) CV of DIP in a 

smaller electrochemical window (0.2 -0.8 V vs. Ag/AgCl) (black line) and wider 

electrochemical window (0.2 -1.2 V vs. Ag/AgCl) (red line) at the scan rate of 50 mV․s−1. 

 

To identify the reaction products, DIP concentration of 500 µM at pH 7 was 

subjected to HPLC and LC-MS analyses after 100 voltammetric cycles between 0 and 1.2 

V vs. Ag/AgCl at a scan rate of 50 mV․s−1 using the PtNPs/graphene/GCE. The clear and 
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transparent DIP solution appeared to be light yellow at the end of the reaction.  DIP was 

detected with a retention time of 6.1 min (Figure 5.12). It disappeared after the reaction and 

three new peaks of the oxidation products at the retention time of 2.3, 4.3 and 17.9 min 

were identified in the HPLC chromatograph (Figure 5.12b). 

 

Figure 5.12: HPLC chromatograms (a) before and (b) after DIP sensing reaction. [An 

HPLC (Make: Agilent; 1260 Infinity II) equipped with UV detector was used for the 

chromatographic analysis of DIP. The detection was done at 214 nm using a UV detector. 

  

The mass spectra recorded before and after the sensing of DIP is presented in Figure 

5.13. The mass number (m/z) was compared with the literature (Giri and Golder, 2014; 

Habekost, 2018), and it is listed in Tables 5.3 and 5.4. DIP is quickly converted to 4-

Methylaminoantipyrine (4-MAA). Therefore, the sensing of DIP essentially implies to the 

sensing of 4-MAA in natural environmental conditions. The mass, m/z 218.05, also 

supported the formation of 4-MAA. The first oxidation peak of DIP at 0.387 V vs. Ag/AgCl 

(Figure 5.11a) corresponds to a mechanism involving the transfer of two electrons and one 

proton (Figure 5.14). Thus, DIP (1) undergoes one electron oxidation at the substituted 

enaminic nitrogen of the pyrazolone ring to generate iminium cation radical 2 at Peak 1. 

Next, another one electron oxidation of radical cation 2 yielded bis-cation 3 which upon 

hydrolysis produces [4-DMAA]2+ (4). As a whole the hydrolysis of DIP (1) involves 2 

electron oxidation process followed by a single protonation to offer [4-MAA]2+ (5). The 

mass, m/z 218.05, also supported the formation of 4-MAA. Further, demethylation of 

compound 5 possibly yield compound 6 [4-AA]2+ which ultimately undergoes reduction at 

Peak 4 followed by condensation reaction with the produced formaldehyde to produce FAA 

(7). The possible mechanistic path encompassing the electrochemical process are given 

below. Figure 5.14a represents the overall oxidation of neutral DIP to form neutral 4-MAA, 

while Figure 5.14b shows the detail electrochemical paths.  

(a) (b) 
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Figure 5.13: Mass spectra recorded (a) before and (b) after DIP sensing. Experimental 

conditions: DIP concentration 100 μM, reaction volume 100 mL, pH 7.0 and KCl 0.5 M. 

Mass spectra was taken after appropriate dilution using acetonitrile. 

 

Table 5.3: Peaks obtained from mass spectroscopy and their identification before reaction.  

 

Table 5.4: Peaks obtained from mass spectroscopy and their identification after reaction. 

 

 

 

Product Molecular mass 
Observed 

molecular mass 
Error/mole 

C12H16N3O (4-MAA) 218.11 218.05 0.07 

C13H19N3O3 (4-AAA) 279.11 279.12 0.01 

Species Molecular mass 
Observed 

molecular mass 
Error/mole 

C12H16N3O (4-MAA) 218.11 218.12 0.01 

C12H13N3O2 (4-FAA) 250.07 256.9 6.03 

C11H13N3O (4-AA) 205.11 205.09 0.02 
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Figure 5.14: Schematic representation of the oxidation pathway of dipyrone. 

 

5.2.3.2 Electrode stability and interference studies 

In order to investigate the stability of the PtNPs/graphene/GCE, three pristine 

electrodes were employed for 10 individual voltammetry cycles in the presence of 15 μM 

DIP at the optimal condition of pH 7 with 0.5 M KCl as a supporting electrolyte (Figure 

5.15). It was observed that there was no noticeable decrease in the peak current captured at 

0.51 V vs. Ag/AgCl up to the 3rd cycle of the SWV runs (Figure 5.16a). After that, a gradual 

decrease in the peak current was observed with 20% decrease by the 10th cycle with a 

relative standard deviation of 8.6% (Figure 5.16a). This could be due to accumulation of 

stable oxidation products of DIP on the PtNPs/graphene/GCE. The experiments were 

triplicated and the error bar with standard deviation within 2.5% is indicative for an 

efficient reproducibility of DIP sensing at the PtNPs/graphene/GCE. These results are 

comparable with those reported earlier for electrochemical sensing of DIP using SWV 

(Gomes et al., 2019; Silva et al., 2020). A relative standard deviation of 6.6-8.6% was 

achieved for the sensing of DIP using polypyrrole-carbon nanotube modified GCE by using 

cyclic voltammetry (Özdokur and Koçak, 2019).  
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Figure 5.15: Square wave voltammetry (SWV) of PtNPs/graphene/GCE for 10 

consecutive cycles using the same electrode to obtain the electrode stability. Experimental 

conditions: Reaction volume 100 mL, pH 7.0, KCl 0.5 M and DIP 15 μM. SWV parameters: 

step potential 4 mV pulse amplitude 25 mV, pulse frequency 15 Hz, scan rate of 60 mV․s−1, 

and scanning potential 0-1.2 V. 

 

The chronoamperometry experiment was conducted through sequential addition of 

DIP, and the current response was recorded at 0.51 V vs. Ag/AgCl. A probable interference 

of different organic molecules, including a pharmaceutical drug on DIP sensing was done 

by adding 1 μM of each of the interfering molecules at an interval of 10 s. It was observed 

that there was no significant change in the response current due to the interferences, and 

the only change in the response current was noted with the addition of DIP (Figure 5.16b). 

The analytical results obtained by using the PtNPs/graphene/GCE is significantly better 

than those enlisted in Table S1 of the Supplementary Materials. Out of all the enlisted 

methods, SWV was found to be the most sensitive and gave better detection limits as 

compared to DPV and amperometry. The fabricated PtNPs/graphene nanocomposite 

exhibited good selectivity towards DIP in the presence of DA, UA, glucose and CIP even 

in concentrations twice as that of DIP. The work described by Gomes et al. showed an 

increased current response with simultaneous addition of AA, UA and acetaminophen 

during DIP sensing, and sequential addition did not show any effect on the current 

response(Ghica et al., 2015). 
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Figure 5.16: (a) Repeatability of DIP sensing using PtNPs/graphene/GCE in 10 different 

DIP solutions at the same concentration of 15 µM, and (b) Chronoamperometric profile 

showing the current response of DIP sensing in the presence of different interfering 

compounds (1 μM) at the set potential of 0.51 V vs. Ag/AgCl using 0.5 M KCl at pH 7.  

 

5.2.3.3 Analysis of DIP spiked with environmental water samples 

Water samples were collected from the sewage treatment plant and domestic water 

supply situated at IIT Guwahati Campus (India). These samples were spiked with a known 

concentration of DIP (Table 5.5), and the representative samples were then subjected to 

SWV for sensing of DIP at the PtNPs/graphene/GCE using the calibration curve obtained 

for the DIP concentration of 0-100 µM (Figure 5.11a). The sewage-water sample was 

filtered before the analysis using 0.2 µm nylon filter for the removal of suspended materials 

to avoid the fouling of the surface of PtNPs/graphene/GCE that could hamper the sensitivity 

of the sensor. The presence of organic carbon, inorganic carbon, nitrogenous compounds, 

and various anions in these samples are shown in Table 5.6 and Figure 5.17. The recovery 

of DIP concentration is shown in Table 5.5. Nearly, 100% recovery was noted in the case 

of both tap and sewage water samples. The relative standard deviation ranged between 0.26 

and 2.09%, which is well within the acceptable limit.  

The effect of the variation of DIP concentrations on its sensing at the 

PtNPs/graphene/GCE was also investigated in comparison with HPLC. The variation of 

DIP concentration in the case of tap-water was within 1.98 % and it was maximum 9 % for 

sewage-water samples. However, the variation was slightly more for the determination of 

DIP by HPLC for possible interference caused by dissolved constituents present in sewage-

water samples.   Whereas, DIP sensing at PtNPs/graphene/GCE was almost invariant 

(~100% recovery).  
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To mimic the natural environment condition, degradation products of DIP found in 

natural environment, a concentration of 0.5 μM DIP was prepared and left up to 48 h of 

environment exposure by keeping it in ambient conditions exposed to direct sunlight. The 

mass spectra were recorded at different time intervals to find the yields of degradation 

products of DIP (Figures 5.18a-5.18e). It was observed that 4-Methylaminoantipyrine (4-

MAA, m/z=218) was present in all the samples. 4-MAA is the most common product that 

is formed in the presence of light in aqueous solution which have a half-life of 8.57 h 

(Burmańczuk et al., 2016).  As the exposure time increased from 6 h to 48 h, products like 

4-Amino antipyrine (4-AA, m/z=203) and Dimethylamino antipyrine (DMAA, m/z=231) 

and Formylamino antipyrine (4-FAA, m/z=234) were originated. Therefore, fast 

electrochemical sensing of DIP essentially generates oxidation products of DIP that could 

be found in most natural water samples (Gómez et al., 2007; Reis et al., 2013; Wiegel et 

al., 2004). 

 

Table 5.5: Determination of DIP spiked in different real environmental water samples 

using PtNPs/graphene/GCE and HPLC. 

 

Table 5.6: Physico-chemical characterization of water samples. 

 

Sample 

DIP 

spiked 

(µM) 

Performance of 

PtNPs/graphene/GCE 

DIP 

determina

tion using 

HPLC 

(µM) 

Variation 

between 

two 

methods 

(%) 

DIP 

determina

tion (µM) 

Recovery 

(%) 

RSD 

 

(%) 

Tap water 

1 1.01 101.3 1.98 1.03 1.65 

10 10.02 100.15 0.68 9.87 1.44 

50 50.57 101.13 1.35 49.86 1.38 

100 99.89 99.89 0.26 98.69 1.20 

Sewage 

water 

1 0.99 99.6 2.09 1.08 7.77 

10 10.08 100.80 2.06 10.87 7.26 

50 49.93 99.86 0.50 48.26 3.34 

100 101.48 101.48 0.69 99.53 1.92 

Sl 

no. 
Sample 

TOC 

(mg․L−1) 

TIC 

(mg․L−1) 

TN 

(mg․L−1) 

Anions 

(Refer to chromatogram 

Figure 5.17) 

(mg․L−1) 

1 Tap Water 0.046 5.510 5.410 Cl−, F−, NO3
− and SO4

2− 

2 
Sewage 

water 
5.620 11.890 39.730 

Cl−, F−, NO3
−, SO4

2−
 and 

PO4
3− 
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Figure 5.17: Ion-chromatographs of (a) Sewage water (filtered) and (b) Tap water used to 

prepare the samples spiked with DIP.  

 

 

Figure 5.18: Mass spectra analysis of DIP in water exposed to environment for (A) 0 h, 

(B) 6 H, (C) 12 h, (D) 24 and (E) 24 h with an initial DIP concentration of 0.5 μM. 
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5.3  Major findings 

One pot bio-inspired synthesis of PtNPs/graphene nanocomposite is successfully 

achieved in this study using leaves extract of P. guajava. However, the intrinsic variability 

of the composition of P. guajava leaves could affect the quality of nanocomposite. A 

mixture of acetone and water in the conjugation of sonication and microwave irradiation 

could successfully synthesize graphene sheets consisting of 6-7 layers. PtNPs/graphene 

nanocomposite was embedded on glassy carbon for an enhanced electrocatalytic sensing 

of DIP. The modified electrode (PtNPs/graphene/GCE) exhibited 50% fall in electrode 

resistance in comparison with bare GCE. The formal oxidation potential of DIP involving 

two electrons at the PtNPs/graphene/GCE was noted at 0.387 V vs. Ag/AgCl along with 

two fragmentation peaks at 0.755 and 0.956 V involving two and one electron transfer. The 

reaction mechanism in conjunction with the mass spectroscopy also confirmed two 

electrons oxidation of DIP followed by formation of two metabolic fragments. The rate 

constants of these reactions were determined to be 0.295×10−3, 0.692×10−3 and 0.890×10−3 

s−1, respectively. Two linear regimes of DIP sensing were observed at the 

PtNPs/graphene/GCE based on its concentration with a transition at 100 μM with a 

detection limit of 0.142 μM. DIP in the presence of common interferants and along it’s 

spiking with tap-water and sewage-water were conclusively determined at the 

PtNPs/graphene/GCE. Therefore, this work provides a platform for developing bio-

inspired nanoparticles based electrochemical sensors that could be applied for the 

determination of pharmaceutically active compounds like DIP and help understand the 

mechanism involved for its sensing. 
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CHAPTER 6 

Electrocatalytic Sensing of Chlorpyrifos using Carbon Dots 

Derived from Waste Psidium Guajava Leaves Biomass 

 

 
     Highlights 

 Hydrothermal synthesis of carbon dots derived from waste Psidium 

guajava leaves biomass 

 An electrochemical sensor based on Carbon Dots modified GCE for 

Chlorpyrifos sensing 

 Simultaneous studies to investigate the electro-kinetics involved 

during the chlorpyrifos sensing at the electrode surface 

 An electrochemical mechanism of Chlorpyrifos hydrogenation was 

proposed based on LC-MS data 

 Proposed sensor was tested in agricultural samples and 

environmental water samples collected from river 
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6.1 Background and executive motivation 

Pesticides are being used in agriculture to fulfil the increased demand for foods of 

the growing population. However, the use of pesticides is causing trouble to the 

environment and health as the residues of applied pesticides remain in the soil, ground and 

surface water, and in the air for variable periods of time. Out of 100 types of toxic 

organophosphate compounds, Chlorpyrifos (CHL; O,O-diethyl O-(3,5,6-trichloro-2-

pyridyl) phosphorothioate) is still widely in use as an organic phosphate pesticide. 

Chlorpyrifos (CHL) possessing a low water solubility (1.39 mg.L−1) and a high soil sorption 

coefficient (271-385 L․kg−1) (Gavrilescu, 2005; Gebremariam et al., 2012). It is highly 

effective in tackling the adverse effect of a broad spectrum of insect pests damaging 

economically important crops (Singh, 2009). However, as with other organophosphate 

pesticides, CHL is also known to have a toxic effect by inhibition of acetylcholinesterase 

enzymes’ activity, which is responsible for the hydrolysis of acetylcholine, a crucial 

molecule in the control and transmission of neural signals in the nervous system. CHL is 

used in domestic and agricultural sectors to control mosquitoes, flies, insects, and pests. It 

is also used to control ectoparasitic infections in sheep and cattle (Mohan et al., 2004). The 

increased use of CHL leads to its accumulation in high concentrations in the environment, 

causing toxic effects on humans and animals (De Silva and Samayawardhena, 2005). CHL 

remains in the soil for an extended period with average t1/2 ranging between 49.5 and120 

days depending on the soil type and could cause health hazards to humans and animals 

(Chai et al., 2013; Gaudet et al., 1995). CHL is a moderately toxic pesticide (Cometa et al., 

2007) exhibiting long-term health effects (Ray, 1998; Richardson et al., 1993). Therefore, 

the detection and degradation of CHL in soil, water and the air are of great importance for 

solving the poisonous effect of pesticides on the environment and biological health 

(Albanis and Hela, 1995; Singh, 2009). 

Among the various strategies, gas chromatography (Oliva et al., 1999), negative ion 

chemical ionization gas chromatography, mass spectrometry (Brzak et al., 1998), and high-

performance liquid chromatography are well established analytical methods for the 

determination of CHL (Mauldin et al., 2006). However, the associated expenses could be a 

bar for typical laboratory installations as well as for the field applications, and it also 

involves a complex sample preparation process.  

Therefore, it is essential to develop extremely sensitive, low-cost, sustainable, and 

portable devices for the analysis of organophosphate pesticides. Electroanalytical 
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techniques exhibit the advantage of being highly selective towards the target analyte and 

show good responsiveness that can be controlled or modified by tweaking the working 

electrode surface. They provide the feasibility of miniaturization and portability for the 

application in the on-field analysis.  

Biomass residue is generated in the bioinspired synthesis of metal nanoparticles 

(Chapters 3-5). This work investigates the valorization potential of leftover biomass residue 

for the synthesis of nanostructured materials for electrochemical sensing applications. 

Therefore, the objective of this chapter is framed as “Hydrothermal synthesis of carbon 

dots using Psidium guajava leaves biomass for enhanced electrocatalytic sensing of 

chlorpyrifos organophosphate insecticide.”  

 The carbon dots (CDs), a quantum-sized carbon material, are highly hydrophilic, 

show good biocompatibility, and possess brilliant photoluminescence properties (Ding et 

al., 2018; Essner et al., 2016; Ma et al., 2017). The light-absorbing property of CDs renders 

them suitable for photocatalysis, energy conversion, optoelectronic devices, and chemical 

sensors (Luo et al., 2016). The properties of CDs like high surface area (200-1500 m2⸳g−1), 

excellent electrical conductivity (0.26-2.6 mS․m−1), and high sorption capacity (~96 

mg⸳g−1) has been comprehended to enhance the electron transfer kinetics, reduce 

overpotentials, and improve electrochemical sensitivities (Asadian et al., 2019). The 

presence of carboxylic acid, hydroxyl, nitrile, and ketone groups on CDs helps in catalyzing 

various electrochemical reactions involving complex molecules. CDs increase the 

adsorptive properties of the working electrodes due to their enhanced π- π interactions with 

various complex analytes (Campuzano et al., 2019). CDs have been used in electrochemical 

sensing of pharmaceutical compounds like paracetamol, phenylephrine, dextromethorphan, 

and azathioprine (Amiri et al., 2014; Shahrokhian and Ghalkhani, 2009). In a recent study, 

the addition of CDs into ZrO2 significantly increased the electrochemical signals of methyl 

parathion by almost 100%, with a detection limit of 0.056 ng.mL−1 (Reddy et al., 2019). 

CDs can be produced from various low-cost materials like graphite, carbon fibres, and 

biomass obtained from plant materials by a ‘top-down’ approach (Lu et al., 2011; Tan et 

al., 2015; Zhu et al., 2015). Synthesis of CDs from such materials generally involves the 

use of acids to digest the larger polymers and convert the carbon precursors into 

carbonaceous nanomaterials. Owing to the environmental hazards associated with these 

methods, they are not considered as ‘green methods’. 

It is previously known that proper control of the hydrothermal parameters could 

yield tunable size and surface functional groups of CDs (Sakdaronnarong et al., 2020).  
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Herein in Chapter 6, CDs were synthesized by utilizing the precursors such as citric acid, 

glucose, and polysaccharides present in waste Psidium (P.) guajava leaves in the green and 

facile hydrothermal method. The surface functional groups present on CDs were exploited 

to catalyze the electrochemical sensing of CHL on a glassy carbon electrode (GCE) 

decorated with CDs derived from waste P. guajava leaves. The sensing performance of the 

modified electrode (GCE/CDs) was tested for the determination of CHL present in 

agriculture grade pesticide and in river water, and it was then compared with High-

performance liquid chromatography. The use of biomass-derived CDs for the 

electrochemical sensing of CHL is going to be a new study to the best of our knowledge.  

 

6.2 Results and Discussion 

6.2.1 Synthesis and characterization of CDs 

6.2.1.1 Optimization of reaction temperature 

The temperature has an important role in the synthesis of CDs. It helps in the 

breakage of various chemical bonds present in lignin, cellulose, and hemicellulose 

components of the leaves biomass. It also helps in the release of the volatile substances 

during the hydrothermal reactions that dictate the morphology and the surface properties of 

the synthesized CDs. The optimal temperature for the synthesis was found by varying the 

temperature from 160 to 200°C with a reaction time of 10 h selected based on the previous 

report (Wongso et al., 2020). A reaction time of 10 h could produce CDs with some 

crystallinity intact, known to have enhanced electrical conductivity (Pal et al., 2020). At 

the synthesis temperature of 160°C, aggregated biomass with the cellulose fibers was still 

intact as is evident from the TEM micrograph (Figure 6.1a). The formation of monodisperse 

CDs was obtained at a temperature of 180°C with an average particle size of 7.2 nm (Figure 

6.1b). CDs size was decreased further to 200°C. Highly monodispersed CDs 

(polydispersity index is only 16.1%) with an average particle size of 3.7 nm were found at 

this temperature (Figure 6.1c). Further increase beyond 200°C could show a decrease in 

the yield of the synthesis of CDs (Hoekman et al., 2011; Sun et al., 2011). This could be 

due to the conversion of organic acids, monosaccharides, and oligosaccharides present in 

the leaves biomass to a form that is incapable of taking part in the CDs growth (Wang et 

al., 2020). Therefore, CDs synthesized at 200°C were used in the subsequent investigations. 
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Figure 6.1: TEM micrographs of CDs formed from dried P. guajava leaves after a 

hydrothermal reaction for 10 h at different temperatures of (a) 160ºC, (b) 180ºC and (c) 

200ºC. 

 

6.2.1.2 Physiochemical attributes of synthesized CDs 

CDs show a typical excitation-dependent fluorescence property (Figure. 6.2a). An 

increase in the excitation wavelength from around 300 to 400 nm effectuates a redshift in 

the emission peak from 440 to 620 nm. The emission wavelength peak was observed at 450 

nm under the excitation of 370 nm. The excitation-dependent emission behavior is 

attributed to the defects created due to the presence of various functional groups on the CDs 

surface (Huang et al., 2019; Zhao et al., 2020). 

The presence of various functional groups was confirmed by conducting the FT-IR 

analysis of CDs (Figure. 6.2b). The strong peaks at 3422, 2923, 1384, and 1623 cm−1 

indicate the presence of –OH groups, stretching and bending vibrations of C–H and 

aromatic C=C. The peaks at 1093 and 1049 cm−1 are related to C-N and C-O stretching 

vibrations. This indicates the formation of the CDs was due to the conversion of the various 

polymers like celluloses, hemicelluloses, lignins, and polyphenols present in P. guajava 

leaves (Zhao et al., 2020).  The electrocatalytic activity of CDs is enhanced due to the 

increased surface defects realized by the presence of a large number of oxygen-containing 

functional groups (Huang et al., 2019; Yang et al., 2019). 

The XRD pattern demonstrates the graphitic carbon nature of CDs with a wide peak 

centered at 2θ =22.6º (Edison et al., 2016) and a weak peak at 43° could be attributed to the 

disturbance caused by the oxygen rich functional groups present on the surface contributing 

to C-100 peak  (Liu et al., 2017). 

HRTEM (Figure 6.4a) reveals clear lattice fringes of CDs with a spacing of 0.216 

nm, which can be attributed to the (100) diffraction planes of sp2 hybridized carbons 

equivalent to those present in graphite (Pal et al., 2020). The SAED image (Figure 6.4b) 
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shows very faint hexagonal electron diffraction points and a cloudy white ring indicating 

the amorphous nature of CDs.  The particle size analysis of 50 random particles reveals a 

narrow particle size distribution from 1.7-4.1 nm with an average particle size of 3.7 nm 

(Figure 6.4c). 

 

 

Figure 6.2: (a) Photoluminescence (PL) spectra and (b) FTIR spectra of synthesized CDs. 

Synthesis time 10 h and temperature 200ºC. 
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Figure 6.3: XRD pattern of synthesized CDs. Synthesis time 10 h and temperature 200ºC. 
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Figure 6.4: (a) HRTEM micrograph, (b) SAED, and (c) Particle size analysis of 

synthesized CDs. Synthesis time 10 h and temperature 200ºC. 

 

6.2.2  Characterization of working electrodes 

6.2.2.1 Electroactive surface area of WE   

Figures 6.5a and 6.5b show the cyclic voltammograms of bare glassy carbon 

electrode (GCE) and CDs/GCE at different scan rates from 5-200 mV․s−1. A pair of redox 

peaks at 0.14 and 0.3 V vs. Ag/AgCl for bare GCE and 0.12 and 0.3 V vs. Ag/AgCl for 

CDs/GCE can be observed for the redox analyte K2[Fe(CN6)]. The CDs/GCE showed an 

increased cell current response (~2.5 times) compared to bare GCE, and a decrease in the 

reduction potential from 0.14 V in GCE to 0.12 in CDs/GCE suggests an improved surface 

electrokinetics.  

Aeff of the prepared electrodes was calculated using the Randles-Sevcik equation (5.1) of 

chapter 5.  

From the plot of IPa vs. ʋ0.5 (Figure 6.5c) and equating the slope values by 

considering D for K2[Fe(CN6)] as 7.6 × 10−6 cm2․s−1 (n = 1), Aeff was found to be 0.157 and 

0.187 cm2 for bare GCE and CDs/GCE, respectively.  
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Figure 6.5: Cyclic voltammetry plots at different scan rates for (a) Bare GCE, (b) 

GCE/CDs and (c) Peak current vs. square root of scan rate. Reaction conditions: K3Fe[CN]6 

1 mM in 100 mL of 0.05 M KCl at ambient temperature.  

 

6.2.2.2 Electrochemical impedance studies (EIS) of WE 

EIS studies were performed using both bare GCE and GCE/CDs at the same 

electrochemical conditions. The Nyquist plot (1 Hz-1 MHz frequencies) shows a 

semicircular curve and a linear segment (Figure 6.6a). The diameter of the semicircular 

curve corresponds to the charge transfer resistance (Rct) of the working electrode between 

the electrode/electrolyte interface and provides the Faradaic current of the system. The 

straight line at lower frequencies is due to the diffusion-controlled process at the 

electrode/electrolyte interface (Ghiasi et al., 2021). The equivalent circuit diagrams of bare 

GCE shows an Rct of 3.69 KΩ (Figure 6.6b), and a decrease in Rct (2.35 KΩ) (Figure 6.5c) 
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was observed after the modification of GCE with CDs which is indicative for an increased 

electron transfer kinetics (Sultan et al., 2019).  

 

Figure 6.6: (a) Nyquist plot obtained with bare GCE and GCE/CDs in a 1 mM K3[Fe(CN)6] 

solution containing 0.1 M KCl against the electrochemical circuit diagrams for (b) bare 

GCE, and (c) GCE/CDs. 

 

6.2.3 Electrochemical sensing of Chlorpyrifos 

6.2.3.1 Optimization of electrochemical sensing parameters 

The detailed optimization experiments to determine the deposition potential and time 

are provided in Figures 6.7a–6.7d. It can be observed that −0.4 V and deposition time of 

60 s was found optimum for the sensing of CHL.  

The effects of different electrolytes (0. 1 M), namely B-R buffer, KCl, and a 

phosphate buffer solution (PBS), on the current response of CHL was determined at the 

optimized pH with B-R buffer and CHL concentration of 0.50 μM. The pH of the media 

was varied between 3 and 9 and optimized for the sensing of CHL. The concentration of 

CHL present in the agriculture grade sample was quantified at the optimal pH of 7 at −1.40 

V vs. Ag/AgCl following the above procedure. The concentration of CHL was also 

determined by High-performance liquid chromatography as described in Section 2.4.2 of 

Chapter 2. The retention time of 8.36 min was used for the chromatographic separation. 

The details are provided in Figures 6.8a and 6.8b.  
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Figure 6.7: (a) Effect of deposition potential (EDEP) on the square wave response of CHL, 

(b) Peak current vs. EDEP, (c) Effect of deposition time (tDEP) on the square wave response 

of CHL, and (d) Peak current vs. tDEP. Reaction conditions: 0.5 μM CHL in B-R buffer (100 

mL) at pH 7. 

 

 

Figure 6.8: (a) HPLC chromatograph of 10 μM analytical grade (standard) CHL dissolved 

in ethanol, showing the retention time at 8.36 min and (b) HPLC chromatograph of 10 μM 

diluted (in acetonitrile) agriculture grade CHL (20% v/v) showing the presence of various 

additives that elute out at different retention times.  
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6.2.3.2 Electrochemical attributes of CHL 

Square wave voltammetry was performed at optimized conditions to study the 

effects of varying pH ranging from 3.0 to 9 on the sensing performance of 0.50 µM CHL 

using GCE/CDs. Different electrolytes were tested for effective sensing of CHL. It can be 

seen that maximum peak intensity (−1.41 V vs. Ag/AgCl) was obtained using B-R buffer 

(Figure 6.9a) at pH 7. B-R buffer at pH 7 containing 40% v/v ethanol was subjected to 

square wave voltammetric analysis in the absence of CHL to obtain any background signals 

that might affect the CHL sensing. It can be noted that the presence of ethanol in the 

electrolyte though produces signals; they do not interfere with the response of CHL (Figure 

6.9a).  

B-R buffer at different pH was used to determine the best working pH for CHL 

sensing. It can be seen that a clear peak at pH 7 with the maximum current was found, and 

higher pH decreased the resulting current, and no distinct peaks were obtained (Figure 

6.9b). Hence, pH 7 was selected for further experiments. A shift in the potential (EP) 

towards more negative values was observed with the increase in pH, which indicates that 

the ability of CHL molecule to be reduced decreases with the increase in pH.  It was also 

found that the peak potential varied linearly with pH with a slope of 46 mV per unit pH 

(Figure 6.9c) for a reaction involving an equal number of protons and electrons that is 2 

(Gowda and Nandibewoor, 2014). It indicates an electrochemical reduction of −C=N of the 

pyridine ring of the CHL molecule via a 2e− transfer step (Figure 6.10) (Kumaravel and 

Chandrasekaran, 2015). This reaction is thermodynamically favoured due to the 

delocalization of electrons around -C=N in the presence of substituted chlorine atoms in 

the pyridine moiety of CHL (El-Shahawi and Kamal, 1998). The reduction peak is observed 

at around −1.42 V vs. Ag/AgCl. At pH 7, the functional groups present on CDs tend to 

release their proton, and the surface becomes electron-rich (zeta potential −31.5 mV at pH 

7), which attracts the CHL molecules towards the electrode surface at the δ+ charge 

generated at -C=N, which is caused by the mesomeric effects due to the presence of the 

chlorine moieties in the pyridine ring. Moreover, this reaction is also augmented by 

applying a deposition potential EDEP of −0.40 V vs. Ag/AgCl (Figure 6.7b). The mass 

spectra analysis of CHL before and after the sensing reaction is presented in Figures 6.11a 

and 6.11b. The MS spectra were analyzed using Model 6520 Accurate, Q-TOF LCMS 

system from Agilent Technologies, Sunnyvale, CA. It was equipped with an LC system 

1200 from Agilent Technologies.  The mobile phase used was acetonitrile (HPLC grade): 

DI water (90:10 v/v) with a flow rate of 0.3 mL․min−1. The mass spectrometer was run with 
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an ESI (+) mode for the analysis of chlorpyrifos and its fragments formed during its 

sensing.   

CHL from the aqueous electrolyte after the electrochemical reaction was separated 

using a standard method. Briefly, 100 mL of electrolyte solution containing 50 μM of CHL 

was taken in a separating funnel, and an equal 50 mL hexane was added and was shaken 

vigorously to form an emulsion. Intermittent venting was done to release the pressure. 

Then, the mixture was allowed to sit for 20 min to affect the separation of both the aqueous 

and organic phases. The upper hexane layer was then separated from the aqueous layer and 

collected in a round-bottomed flask. This step was repeated twice using fresh hexane to 

ensure proper extraction of CHL. The hexane was then evaporated out using a vacuum 

evaporator at 35°C, and the obtained residue was dissolved using acetonitrile and filtered 

through a 0.2 μm nylon membrane filter was subjected to LC-MS analysis.   

The increase in m/z from 351.93 to 353.21 further supports the reduction of CHL 

molecule involving two during its electrocatalytic sensing (Figure 6.11). 
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Figure 6.9: (a) SWV response recorded using GCE/CDs during electrochemical sensing of CHL 

(0.25 μM) with different electrolytes at pH 7, (b) Effect of pH variation on CHL sensing in B-R 

buffer system (0.5 μM CHL), and (c) Linear fitting of variation of peak potential as a function of 

pH. Reaction conditions: 0.1 M 100 mL B-R buffer, EDEP = −0.40 V and tDEP = 60 s. 
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Figure 6.10: Electrochemical reduction reaction of CHL molecule at GCE/CDs. 

 

 

Figure 6.11: Mass spectra analysis of (a) chlorpyrifos before reaction and (b) after 20 min 

chronoamperometry run at −1.40 V vs. Ag/AgCl using CDs/GCE as working electrode. 

The insets of Figures 6.9a and 6.9b show the corresponding simulated MS spectra using 

m/z calculator software from Integrative Omics, PNNL, USA. 

Square wave voltammetry was conducted at different scan rates (5-150 mV․s−1) 

from 0-(−2.0) V vs. Ag/AgCl using B-R buffer as the supporting electrolyte (pH 7) at the 

GCE/CDs to derive the fundamental electrokinetic parameters and to understand the redox 

behavior of CHL sensing (Figure 6.12a). A straight line was obtained by plotting the peak 

current (IP) with the square root of the scan rate (Figure 6.12b). The results show that the 

reaction is diffusional control (Švorc et al., 2018). Hence, the Laviron equation (Eq. 3.2 of 

chapter 3) for the diffusion-controlled process was used to determine the kinetic 

parameters.  

The value of αn was calculated from the slope of EP vs. log ʋ (Figure 6.12c) which 

is 0.091, and the intercept gives the k° value of 1.21×10−3 s−1 which shows faster electrode 

kinetics and a good affinity of CHL towards the modified electrode surface. E° of −1.34 V 

vs. Ag/AgCl was obtained from the intercept of the curve of EP vs. ʋ (ʋ = 0). The Bard and 

Faulkner equation Eq (6.1) was used to calculate the value of α (Gowda and Nandibewoor, 

2014).  
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α =
47.7

EP−EP/2
         (6.1) 

Where EP (mV) is the anodic peak potential, and EP/2 is the potential where the 

current is half of the peak value. It was found that the value of α is 0.2, and the number of 

electrons (n) involved in the reaction was calculated from the slope (Figure 6.12c) as 2.22. 

It matches with the results obtained from pH variation experiments (Figure 6.9c). A lower 

value of α indicates that the equilibrium of the reaction is more shifted towards the reactant 

side. This could be the reason why a large overpotential (−1.41 V) is required to facilitate 

the electrochemical reduction reaction (Tijani et al., 2019).  
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Figure 6.12: Square wave voltammograms recorded at different scan rates at GCE/CDs, 

(b) Variation of peak current (Ip) with ʋ1/2 (ʋ: 5 to 150 mV․s−1), and (c) Variation of EP with 

log(ʋ) (ʋ: 5 to 150 mV․s−1) with 0.5 μM CHL in 0.1 M 100 mL B-R buffer at pH 7, EDEP = 

−0.40 V and tDEP = 60 s.  

Figures 6.13a and 6.13b depict the square wave voltammograms and the 

corresponding calibration curves of CHL sensing at the GCE/CDs. The voltammograms 

exhibited two linear ranges of CHL sensing based on its concentration, i.e., between 0.1-1 
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µM and 1-10 µM having linear relationships as IP (µA) = 238.93 [CHL] µM+17.39 (R2 = 

0.998) and IP (µA) = 28.04 [CHL]µM+235.14 (R2 = 0.945). The increase in CHL 

concentration changes the diffusion control redox reaction to a mass transfer controlled 

regime, which increases the influx of CHL and enhances the reaction. It overwhelms the 

electrode surface resulting in an accumulation of oxidation products on the electrode 

surface. The limit of detection (LOD) and limit of quantification (LOQ) of CHL at the 

GCE/CDs was calculated using Eqs. 3.3 and 3.4 of chapter 3, respectively. 

LOD and LOQ were calculated as 1.5 nM and 4.5 nM, respectively (Figure 6.13b). 

The sensitivity of the electrode with an electroactive surface area (Aeff) of 0.187 cm2 was 

found to be 1.27 mA․μM−1․cm−2 (Eq. 3.5 of chapter 3). An increase in Aeff in the case of 

GCE/CDs was about 22% as compared to bare GCE due to CDs impregnation. 
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Figure 6.13: (a) Square wave voltammetric profiles recorded with CDs/GCE at different 

CHL concentration (0.1 to 10 μM), and (b) Calibration curve of CHL sensing. Reaction 

conditions: 0.1 M 100 mL B-R buffer at pH 7, scan rate 0.1 V․s−1, EDEP = −0.40 V and tDEP 

= 60 s. 

 

 6.2.3.3 Repeatability and reproducibility of CHL sensing 

A no. of 10 repeated tests was carried with a fixed concentration of 0.50 μM CHL 

to verify the repeatability of response current of CHL sensing at the GCE/CDs. The peak 

currents are reproducible with a relative standard deviation (RSD) of 4.77% (Figure 6.14a). 

The peak current decrease with respect to the initial current was 4.8% after 5 square wave 

voltammetric runs, which further decreased by 8.7% by the end of the 10th cycle (Figure 

6.14b). This is due to the accumulation of reduced CHL on the electrode surface that could 

block the active recombination sites present on the surface of the CDs (Dong et al., 2019). 

TH-2726_146152008



Bioinspired Engineering of Nanomaterials for Electrocatalytic Sensing of Heavy Metals and Organic Analytes 

 
230 

Further, three fresh GCE/CDs were fabricated following the same procedure in order to 

check the reproducibility of CHL sensing. RSD of CHL sensing was found to be within 

1.17% with these three fresh GCE/CDs. It indicates that the interaction between the 

functional groups present on CDs and the CHL molecules didn’t affect much by the method 

of electrode modification.  
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Figure 6.14: (a) SWV profile recorded with GCE/CDs, and (b) The corresponding trend in 

the current response in 10 consecutive sensing cycles. Reaction conditions: 0.5 μM CHL in 

0.1 M 100 mL B-R buffer at pH 7, scan rate 0.1 V⸳s−1, EDEP = −0.40 V and tDEP = 60 s. 

 

6.2.3.4 Electrochemical quantification of CHL in agriculture sample 

A 100 mL pack of CHL was purchased from the local market with a certified 

concentration of 20% (v/v). The actual concentration was determined using HPLC analysis, 

and it was used as a reference for the comparison with the concentration determined using 

the GCE/CDs. The concentration range was chosen based on the prescribed dose for on-

field applications. The concentration of CHL in runoff water depends on various factors 

such as soil type, type of crops, application dosage, and frequency of irrigation and rainfall. 

The previous study suggests that the surface runoff water contains CHL in the concentration 

of approximately 0.5 μM, whereas the topsoil (25 cm depth) contained much higher 

concentrations of 0.298 mg․kg−1 of soil immediately after the application of CHL (Konda 

and Pásztor, 2001). Figure 6.15 shows the SWV response of CHL sensing in the agriculture 

pesticide.  

The SWV was done at a scan rate of 100 mV․s−1 with an EDEP and tDEP of −0.40 V and 

60 s, respectively. A stock solution of the agricultural grade pesticide with an equivalent 

CHL concentration of 1 mM was prepared in an ethanol/B-R buffer (40:60 v/v) at pH 7. In 
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another study, DI water was replaced by river water, and the effect of real environmental 

water samples on CHL sensing was tested by spiking with analytical grade CHL (Figure 

6.16). The presence of 0.1, 2.0, 1.8, and 6.3 mg․L−1 of fluoride, chloride, phosphate and 

sulphate ions in river water did not affect the sensing performance of the GCE/CDs (Figure 

6.17). The maximum variation of CHL determination with respect to HPLC was 4.9%, with 

a low RSD of 1.08% (Table 6.1). In the case of the agriculture pesticide, the concentration 

of CHL quantified electrochemically using GCE/CDs showed a close agreement with 

HPLC (variation <5%) (Table 6.1). As stated by the manufacturer and as evident from the 

chromatograph (Figure 6.7b), the agriculture sample is laden with complex compounds like 

emulsifiers, alkyl aryl sulphonate poly-oxy ethylene ether. The presence of these complex 

molecules did not show any significant interference in the electrochemical detection and 

determination of CHL. The relative standard deviations for three consecutive preparations 

were found between 1.55 and 2.83%. 

0.5 0.0 -0.5 -1.0 -1.5
0

100

200

300

400

500

600

700

C
e

ll
 C

u
rr

e
n

t 
/

A

E/V vs  Ag/AgCl/ 3M KCl

Chlorpyrifos (20% EC) concentration (M)

       Sample 1 (0.45)

       Sample 2 (2.96)

       Sample 3 (10.25)

Chlorpyrifos

 

 

0

50
0

10
00

15
00

20
00

25
00

30
00

35
00

C
u

rr
e

n
t 

d
e

n
s

it
y

 /
 

A
.c

m
−
2

 

Figure 6.15: SWV analysis of commercial pesticides (20% EC) in B-R buffer (pH 7) using 

GCE/CDs. Reaction conditions: 0.1 M 100 mL B-R buffer at pH 7, EDEP = −0.4 V and tDEP 

= 60 s. 
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Figure 6.16: SWV analysis of CHL in river water (pH 7) using GCE/CDs. Reaction 

conditions: 0.1 M 100 mL B-R buffer at pH 7, EDEP = −0.4 V and tDEP = 60 s. 

 

 

Figure 6.17: Ion Chromatography (IC) analysis of river water showing various anions 

present in the water sample. Operating conditions: Run time of 30 min using an eluent 

containing a mixture of 1.0 mM NaHCO3 and 3.3 mM Na2CO3 in DI water at a flow rate 

of 0.7 mL⸳min−1. The IC column used was 6.1006.530 Metrosep A Supp 5-250 Make: 

Metrohm. 
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Table 6.1: Performance comparison for CHL determination by electrochemical sensing at 

GCE/CDs and by HPLC.  

 

6.3 Major findings 

A simple bioinspired method devised in this study was successful in synthesizing 

CDs using waste P. guajava leaves. CDs synthesized (average size 3.7 nm) at 200°C at 10 

h of hydrothermal reaction time showed good photoluminescence properties with an 

emission peak at 450 nm on excitation at 360 nm. CDs contained ample oxygen-containing 

surface functional groups on their surface, and these functional groups could act as active 

sites for the intermolecular interactions with CHL during electrochemical sensing.  

CDs decorated GCE decreased the charge transfer resistance by about 57%. This 

modified electrode showed high sensitivity (1.27 mA․μM−1․cm−2) and a low detection limit 

(1.5 nM) for electrochemical sensing of CHL in B-R buffer media at the optimized pH of 

7 using square wave voltammetric technique. During sensing, CHL has undergone cleavage 

of −C=N of the pyridine ring of the CHL molecule involving two protons and two electrons 

transfer. The repeatability of CHL sensing up to 10 cycles was limited within a relative 

standard deviation of 4.77%. CHL present in agriculture pesticide even in the presence of 

emulsifiers and additives in this sample was successfully determined at the GCE/CDs. The 

sensing of CHL spiked in river water was also in accordance with the concentrations 

determined by using HPLC.   

 

 

 

 

 

Sample 

CHL 

@HPLC  

(µM) 

GCE/CDs Variation with 

respect to 

sensor 

(%) 

CHL 

@Sensing 

(µM) 

Recovery 

(%) 

RSD 

(%) 

n = 3 

Agriculture 

pesticide (20% 

v/v) 

0.43 0.45 104.6 2.83 4.6 

3.1 2.96 95.48 1.68 −4.5 

9.98 10.25 102.7 1.55 2.7 

River water 
0.15 0.156 104.0 1.32 4.0 

1 1.049 104.9 1.08 4.9 
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CHAPTER 7 

Fabrication of a Miniaturized Electrochemical Sensing Device 

using Cu and Cu@Ag Nanorods for Heavy Metals Sensing 

 

 

 

 

 

 

 

 Highlights 

 Highly structured CuNRs and Cu@AgNRs formation using ascorbic 

acid as a reducing agent 

 Miniaturized Cu@AgNRs/FTO based three-electrode sensing 

platform alternative to the conventional three-electrode system 

 Cu@AgNRs/FTO based sensing device demonstrates nM level 

simultaneous detection for Zn(II), Cd(II) and Pb(II) ions 

  Device reusable for 4 cycles for heavy metal sensing in the river and 

domestic water supply 
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7.1 Background and executive motivation  

Environmental monitoring is one of the most critical issues that is given the highest 

priority by the authorities. The regulating bodies are making waste disposal parameters 

stricter and stricter over the period. On the other hand, rapid industrialization and extensive 

agricultural practices have seen an increased use of pesticides and insecticides that lead to 

heavy metals (HMs) contamination in water and soil (Wuana and Okieimen, 2011). These 

HMs end up entering into the food chain, thereby destabilizing the ecosystem. Intake of 

HMs more than the allowable limits could affect humans in various ways leading to 

reproductive disorders (Bansod et al., 2017), respiratory diseases (Oliver, 2011), and neural 

disorders (Sanders et al., 2009). On entering the human body, Pb(II) ions affect the nervous 

system and hinder their reasoning and intelligence capability (Migliorini et al., 2017). 

Similarly, Cd(II) ions are known to bioaccumulate in the human body and could affect the 

bones, kidneys, and liver. Hg(II) ions are known to be highly persistent in nature and affect 

humans by degenerating the kidneys and causes various cardiovascular issues (Singh et al., 

2020). The source of Zn(II) in the environment is the uncontrolled disposal of industrial 

wastes such as metal plating industries into land and water bodies. Though a small amount 

of zinc is necessary as a macronutrient in human bodies, an excessive intake of Zn(II) has 

been shown to affect bone mass density and cause renal problems (Qu et al., 2020). 

Many detection techniques such as atomic absorption spectroscopy (Gupta et al., 

2010), inductively coupled plasma mass spectroscopy (Ammann, 2002), inductively 

coupled plasma emission spectroscopy (Ebrahimi-Najafabadi et al., 2019), and colorimetric 

methods (Yan et al., 2020) have been developed for the ultrasensitive detection of these 

heavy metal ions. However, these methods beset with high installation costs and limitations 

for on-field applications. Electrochemical techniques, on the other hand, are low-cost, 

highly sensitive, and selective towards the target analyte(s). The miniaturized systems like 

screen-printed electrodes have been proven to be useful for on-field applications (Aragay 

et al., 2011; Barton et al., 2016; Liu et al., 2019).  

Further, modification of the working electrodes with nanomaterials has shown 

improved electrokinetic and electrocatalytic activities along with improved electrical 

conductivity (Cabello et al., 2017; Fang et al., 2011; Kim et al., 2016; Londono-Calderon 

et al., 2017). For instance, the Au@Ag core-shell nanoparticles have been used in 

fabricating the electrochemical sensors with enhanced Hg(II) sensing (Xu et al., 2018). 

Moreover, modification of the nanoparticles’ surface could further enhance the 

TH-2726_146152008



Fabrication of a Miniaturized Electrochemical Sensing Device using Cu and Cu@Ag Nanorods for Heavy Metals 
Sensing 

 
241 

electrocatalytic response towards HMs sensing. Modifying the electrode surface with metal 

nanoparticles (Gong et al., 2010; Niu et al., 2015; Prakash and Shahi, 2011; Torres-Rivero 

et al., 2019), conductive polymers (Lo et al., 2018; Promphet et al., 2015; Yang et al., 2015; 

Zuo et al., 2016), ionic-liquids (Oularbi et al., 2020; Wang et al., 2017), etc. to increase the 

sensitivity of electrochemical sensors along with the use of specialized electrodes like 

boron-doped diamond electrodes (Read et al., 2014) and gold electrodes (Bernalte et al., 

2020) have been reported. The successful use of fluorine-doped tin oxide (FTO) electrode 

is scanty for HMs sensing. FTO electrode modified with polyamide 6/chitosan electrospun 

nanofibers and gold nanoparticles were successful for the voltammetric sensing of Cd(II) 

ions (Migliorini et al., 2017). However, the potential of FTO and modified FTO as electrode 

materials for the concurrent sensing of HMs such as Zn(II), Cd(II), Pb(II), and Hg(II) 

present in water have never been explored in literature.  

In the previous study (Chapter 4), it has been reported that bi-metallic Ag@Pt core-

shell nanoparticles could show enhanced sensitivity towards the detection of Pb(II) ions in 

the presence of other HMs. In this chapter, copper-based nanocatalyst, a cheaper 

alternative, was synthesized in an environmentally friendly approach for simultaneous 

detection and quantification of HMs. Towards this goal, a miniaturized FTO-based three-

electrode system is developed for in-field applications. The FTO-based miniaturized three-

electrode sensing devices were decorated by Cu nanorods (CuNRs) and Cu@Ag nanorods 

(Cu@AgNRs) as sensing modifiers. The sensing devices (CuNRs/FTO and 

Cu@AgNRs/FTO) were employed for ultrasensitive electrocatalytic detection and 

determination of Zn(II), Cd(II), Pb(II), and Hg(II) ions present together in various 

environmental water samples. 

 

7.2 Results and discussions 

7.2.1 Synthesis and characterizations of CuNRs and Cu@AgNRs 

7.2.1.1 Progressive formation of CuNRs and Cu@AgNRs 

The bluish-green colour of the CuCl2 solution immediately turned white as soon as 

the ascorbic acid (AA), polyvinylpyrrolidone (PVP), and NaCl mixture was poured into the 

CuCl2 solution, which could be due to the formation of CuCl− precipitate due to the 

reduction of CuCl2
 in the presence of a high concentration of AA (Figure 7.1a). As the 

reaction temperature increased to 80°C, the white precipitate dissolved to form a colorless 

solution (Figure 7.1b). This is attributed to the formation of a stable [CuCl]− complex due 

to the presence of the additive NaCl that supplies excessive Cl− ions (Yokoyama et al., 
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2018). Figures 7.1c-7.1g show the change in the colour of the reaction mixture at different 

time intervals. Figure 7.1h shows the synthesized CuNRs at the end of the reaction period.   

 

Figure 7.1: Digital photographs showing various stages of the progression of CuNRs 

synthesis: (a) Initial solution (60 mL), (b) 15 min, (c) 1 h, (d) 3 h, (e) 5 h, (f) 7 h, (g) 24h 

of reaction time, and (h) cleaned CuNRs suspended in water. Reaction conditions: CuCl2 

0.1 M, NaCl 0.35 M, AA 1.5 M and PVP 2.4 wt%, reaction volume 30 mL, pH 3.5 and 

reaction temperature 80°C. 

 

7.2.1.2 Spectral absorbance of CuNRs and Cu@AgNRs 

Figure 7.2 shows the UV-vis spectroscopic analysis of the synthesized CuNRs and 

Cu@AgNRs dispersed in water. A distinct peak is observed at λ = 592 nm for CuNRs 

(black), which is indicative of the formation of copper nanowires (Liu et al., 2012). It can 

be observed that on reaction with Ag for 2 hours, the SPR peak due to copper is masked by 

the SPR peak of Ag (λ = 431 nm, red). This could be due to the deposition of Ag over the 

CuNRs. The deposition of Ag on CuNRs can be attributed to the galvanic displacement, 

which is further augmented by the presence of AA. PVP in the reaction solution helps in 

stabilizing the prepared Cu@AgNRs. Similar results were obtained in our previous studies 

on the synthesis of Ag@Pt core-shell nanoparticles where the SPR peak of the core (Ag) 

was masked by the deposition of Pt (shell) over it (Chapter 4). 
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Figure 7.2: UV-vis spectroscopy analysis of the synthesized CuNRs and Cu@AgNRs. 

Reaction conditions CuCl2 0.1 M, NaCl 0.35 M, AA 1.5 M and PVP 2.4 wt%, reaction 

volume 30 mL, pH 3.5 and reaction temperature 80°C.  

 

7.2.1.3 Nature of crystallinity of CuNRs and Cu@AgNRs 

Figures 7.3a-7.3c show the XRD analysis of CuNRs and Ag@CuNRs. The three 

peaks at 2θ = 43.5°, 50.3°, and 74.1° correspond respectively to the diffraction from (111), 

(200) and (220) planes of face-centered cubic Cu (PDF card #00-004-0836) (Figure 7.3a), 

indicating that almost pure CuNRs were formed. Similarly, in the case of Cu@AgNRs 

(Figure 7.3b), the diffraction from (111), (200), (220), (311), and (222) planes at 38.2, 44.2, 

64.4,77.5 and 81.5 ° 2θ angle corresponds to face-centered cubic Ag crystals (PDF card 

#01-077-6540), (Figure 7.3c). Few unassigned peaks (much weaker than Cu and Ag peaks) 

at 35.8°, 42.1°, 46.6°, 51.1° and 51.8° 2θ angle could be due to the organic substances 

contributed by ascorbic acid, PVP, and a trace amount of NaCl (additive) that may be 

present on the nanowires as reducing and stabilizing agents (Anandalakshmi et al., 2016; 

Arya et al., 2019). 

 

7.2.1.4 FTIR spectra of CuNRs and Cu@AgNRs 

The FTIR analysis of the synthesized CuNRs and Cu@AgNRs is presented in 

Figures 7.4a-7.4b. Figures 7.4a and 7.4b show similar curves, which show that the same 

reducing and stabilizing agents are involved in the formation of the CuNRs and 

Cu@AgNRs. The strong peak observed at 3450 cm−1 corresponds to the stretching 

vibration of the O-H adsorbed water group on the nanomaterial surface. C=O vibrating and 
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out of ring C–H bonds, respectively, give the peaks at 1680 and 1384 cm–1, which could be 

from the carboxylic acid functional group from the AA. The C-N vibration generates a 

small yet important peak at around 1288 cm−1, which proves the stabilization being done 

by PVP. The only source of the C-N bond is from the nitrogen present in the pyrrole ring 

in the PVP. 

(c)

(b)

Ag (222)

 

 

Cu@AgNRs
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Figure 7.3: XRD analysis of the synthesized (a) CuNRs, (b) Cu@AgNRs, and (c) 

Corresponding JCPDS card. Reaction conditions: CuCl2 0.1 M, NaCl 0.35 M, AA 1.5 M 

and PVP 2.4 wt%, reaction volume 30 mL, pH 3.5 and reaction temperature 80°C. 
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Figure 7.4:  FTIR spectra of (a) CuNRs and (b) Cu@AgNRs showing various functional 

groups present on the nanomaterial surface. 
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7.2.1.5 FETEM and EDX analysis of CuNRs and Cu@AgNRs 

Figure 7.5a shows a FETEM micrograph of CuNRs (average aspect ratio = 8.0). A 

close examination indicates that these NRs have a cyclic penta-twinned structure with five 

{111}-type twin boundaries arranged radially along the common {110} surface (Figure 

7.6a) which is a typical phenomenon in the case of CuNRs (Lisiecki et al., 2000; Luo et al., 

2016). Two sets of diffraction rings with a lattice spacing of 0.225 nm and 0.144 nm were 

observed, corresponding to the (111) and (220) planes of face-centered cubic Cu crystal, 

respectively (Figure 7.6b) (Luo et al., 2016). Figure 7.6b shows the FETEM micrograph of 

the synthesized Cu@AgNRs. Irregular thin layer surface deposition of Ag over the CuNRs 

can be seen at higher magnification (Figure 7.5c). HRTEM micrograph reveals the 

crystalline fringes with a lattice spacing of 0.24 nm corresponding to (111) of fcc Ag 

(Figure 7.5d) (Ahmad et al., 2010; Prathna et al., 2011). The elemental mapping (Figures 

7.5e-7.5g) and EDX analysis show the deposition of Ag over CuNRs, and the percentage 

composition of Ag was 21.3 wt%, and Cu core was 78.8 wt%. 

 

 

Figure 7.5: TEM micrographs of (a) CuNRs, (b and c) Cu@AgNRs, (d) HRTEM 

micrograph, (e) Elemental mapping, and Elemental distribution of (f) Copper, (g) Silver, 

and (h) EDX spectra and the elemental composition of Cu@AgNRs. 
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Figure 7.6: (a) FETEM micrograph of CuNRs showing the growth of various crystalline 

faces and (b) SAED image of CuNRs showing various diffraction rings.  

 

7.2.2 Electrochemical characterization of the fabricated electrodes 

7.2.2.1 Electrochemical impedance spectroscopy (EIS) 

The obtained Nyquist plot (Figure 7.7a) shows that for the bare FTO, the electrode 

resistance was 3.69 KΩ and a solution resistance of 96.5 Ω (Figure 7.7b). A Warburg 

component that models the linear diffusion towards the electrode surface was required to 

complete the circuit, which shows the heterogeneity and the diffusion limitation of the 

electrochemical system (Macdonald and Andreas, 2014; Shi et al., 1999). The CuNRs/FTO 

and Cu@AgNRs/FTO show the resistance of 2.91 and 2.35 kΩ, respectively, which could 

be due to the increased conductivity induced by the presence of metal nanocomposites on 

its surface (Figures 7.7b-7.7d). 
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Figure 7.7 (a) Nyquist plot showing the change in resistance due to surface modifications 

of the FTO, (b) Bare FTO, (c) CuNRs/FTO, and (d) Cu@AgNRs/FTO showing the 

corresponding equivalent circuits.  

 

7.2.2.2 Determination of electro-active surface area 

The electrochemical surface area was determined by using the Randles-Sevcik 

relation (Eq. 4.2 of Chapter 4). The cyclic voltammograms of each electrode at varying 

scan rates are presented in Figures 7.8a-7.8c. It can be seen that the peak currents gradually 

were increased with the increase in the scan rate (5-200 mV․s−1)⸳ The peak currents 

obtained in the case of Cu@AgNRs/FTO is the maximum followed by CuNRs/FTO. The 

increase in the peak current response was about 4 times in the case of CuNRs/FTO and 5 

times in the case of ACu@AgNRs/FTO. In the case of modified electrodes, the shift of the 

peak positions to lower potentials is indicative of an enhanced electrokinetics activity. From 

the plot of IPa vs. ʋ0.5 (Figure 7.8d) and equating the slope values by considering D for 

K3(Fe[CN6]) as 6.67 × 10−6 cm2 s−1 (n = 1) (De Lima and Maia, 2015), Aeff was found to 

be 0.026, 0.093, and 0.125 cm2, respectively for bare FTO, CuNRs/FTO and 

Cu@AgNRs/FTO. Their corresponding slope values were 0.0473, 1.671, and 2.24 

(×10−4․A․V−0.5․s0.5). 
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Figure 7.8: Cyclic voltammograms with different electrodes: (a) Bare FTO, (b) 

CuNRs/FTO and (c) Cu@AgNRs/FTO at various scan rates (10-200 mV․s−1) and (d) 

Variation of peak current with square root of scan rate. Reaction conditions: K3(Fe[CN]6) 

(1 mM) in 100 mL of 0.1 M KCl at ambient temperature.  

 

7.2.3 Electrochemical sensing of HMs  

7.2.3.1 CuNRs/FTO in electrochemical sensing of single HM 

The square wave voltammetry method was used for the HMs sensing using 

CuNRs/FTO. Figures 7.9a-7.9d show the current response of Zn(II), Cd(II), Pb(II), and 

Hg(II) ions, respectively. It can be seen that the peak potential obtained for Zn(II), Cd(II), 

Pb(II), and Hg(II) were respectively at −1.3, −0.95, −0.50, and 0.15 vs. Ag/AgCl.  

Figure 7.9e shows the calibration curves at various concentrations of HMs. The 

limit of detection (LoD), the limit of quantification (LoQ), and the sensitivity were 

calculated using the Eq (3.3-3.5) of chapter 3.  

The slope of the calibration curves was obtained from the corresponding linear 

equations depicted in Table 7.1. The LoD and LoQ for Zn(II) were calculated to be 0.005 
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and 0.017 µM. Similarly, for Pb(II), the LoD and LoQ were 0.007 and 0.026 µM. For 

Cd(II), it was respectively 0.030 and 0.099 µM. However, the least response was obtained 

in the case of Hg(II), and the LoD and LoQ obtained, in this case, were 0.124 and 0.414 

µM, respectively. This could be due to the formation of Hg-Cu amalgams that hinder the 

stripping response of the sensor.  
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Figure 7.9: Square wave voltammograms recorded with different HM ions: (a) Zn(II), (b) 

Cd(II), (c) Pb(II), (d) Hg(II), and (e) Corresponding calibration curves using CuNRs/FTO 

based miniature device. Reaction conditions HMs concentration 0.1-10 µM in acetate 

buffer at pH 5. The frequency was set at 15 Hz and amplitude 0.02 V, deposition time 90 s 

and conditioning time 30 s. 
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Table 7.1: Fabricated sensor performance parameters for individual HM detection using 

CuNRs/FTO.  

7.2.3.2 Cu@AgNRs/FTO in electrochemical sensing of single HM  

The electronic effect plays an important role in explaining charge transfer 

efficiencies in bi-metallic nanocatalysts. From monometallic to bi-metallic nanoparticles, 

an additional degree of freedom is introduced that enhances their electrocatalytic catalytic 

characteristics. Figure 7.10 shows the individual determination of Zn(II), Pb(II), Cd(II), 

and Hg(II) in 0.1 M of acetate buffer at pH 5.0 against the deposition potential of −0.4 V 

for 90 s at Cu@AgNRs/FTO. For individual Zn(II), Pb(II), Cd(II), and Hg(II) ions, the peak 

potential was noted at −1.3, −0.78, −0.55, and −0.4 V vs. Ag/AgCl, respectively (Figures 

7.10a–7.10d). As the concentration of metal ions increases, the stripping current increased. 

The corresponding calibration plot of various metal ions is depicted in Figure 7.10e. Two 

linear ranges could be observed, which can be attributed to the change in the 

electrochemical reaction from diffusion-controlled at a lower concentration to surface 

controlled reaction at higher concentrations. Moreover, at higher concentrations, more 

HMs get deposited on the working electrode surface, and it becomes difficult for the system 

to strip all the HMs from the surface during the stripping phase of the SWASV process. 

Hence it shows a dip in the calibration slope at higher concentrations, thereby decreasing 

the sensitivity of the sensor. 

The efficiency parameters for many HMs are summarized in Table 7.2. The 

sensitivity of Pb(II) was estimated to be approx. 1.1, 2.8, and 5.1 times higher as compared 

to Cd(II), Hg(II), and Zn(II). Again from Table 7.2, it can be observed that 

Cu@AgNRs/FTO showed improved sensing of all other HMs under consideration except 

for Zn(II). This could be due to the bi-metallic interactions between Ag and Zn that might 

have reduced the electrocatalytic activity of the sensor towards Zn(II).  
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Sensor parameters Zn(II) Cd(II) Pb(II) Hg(II) 

Linear range (µM) 0.1-1 and 1-10 

Linear equation 

IPa(µA) = 

73.6[Zn(II)] 

µM + 34.5 

IPa(µA) = 

12.2[Cd(II)] 

µM + 24.3 

IPa(µA) = 

47.4[Pb(II)] 

µM + 32.1 

IPa(µA) = 

3.0[Hg(II)] µM 

+ 9.3 

R-squared 0.90 0.98 0.92 0.96 

LoD/LoQ (µM) 0.005/0.017 0.030/0.099 0.007/0.026 0.124/0.414 

Effective surface area (cm2) 0.093 0.093 0.093 0.093 

Sensitivity 

(µA․µM−1․cm−2) 
791.3 130.7 510.1 32.4 
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Table 7.2: Fabricated sensor performance parameters for individual HM detection using 

Cu@AgNRs/FTO. 
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Sensor parameters Zn(II) Cd(II) Pb(II) Hg(II) 

Linear range (µM) 0.1-1 and 1-10 

Sensitivity 

(µA․µM−1․cm−2) 
791.3 130.7 510.1 32.4 

Linear range (µM) 
0.1-0.5 and 

0.5-10 
0.1-1 and 1-10 

Linear equation 

IPa(µA) = 

29.37[Zn(II)] 

µM + 167.8 

IPa(µA) = 

126.1[Cd(II)] 

µM + 88.7 

IPa(µA) = 

150.21[Pb(II)] 

µM + 111.8 

IPa(µA) = 

52.55[Hg(II)] 

µM + 83.3 

R-squared 0.98 0.94 0.93 0.95 

LoD/LoQ (µM) 0.009/0.03 0.003/0.010 0.001/0.003 0.005/0.16 

Effective surface area (cm2) 0.125 0.125 0.125 0.125 

Sensitivity 

(µA․µM−1․cm−2) 
234.96 1048 1200 420.4 
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Figure 7.10. Square wave voltammograms captured with different HMs ions: (a) Zn(II), 

(b) Cd(II), (c) Pb(II), and (d) Hg(II) using Cu@AgNR/FTO based miniature device. 

Reaction conditions HMs concentration 0.1-10 µM in acetate buffer at pH 5. The frequency 

was set at 15 Hz and amplitude 0.02 V, deposition time 90 s, and conditioning time 30 s. 

 

7.2.3.3 Simultaneous electrochemical sensing of HMs  

Simultaneous detection and determination of Zn(II), Cd(II), Pb(II), and Hg(II) at 

the Bare FTO, CuNRs/FTO, and Cu@AgNR/FTO were carried out in this study, and the 

SWASV signals were captured simultaneously (Figure 7.11). It can be seen that blank FTO 

(Figure 7.11 black curve) could not produce any stripping signals for the HMs, whereas 

CuNRs/FTO, though could sense Cd(II), Pb(II), and Hg(II), it was unable to give any 

signals for Zn(II) even at high concentration (10 μM). For Cu@AgNRs/FTO, well-

separated peaks were obtained. With the increase of each HMs concentration from 0.25 μM 

to 10 μM at a potential range of -1.4 V to +0.5 V vs. Ag/AgCl, the maximum currents 

gradually increased. Figures 7.12a and 7.12b show the SWASV signals for both devices. 

For CuNRs/FTO, the best detection for Pb(II) was possible with an extended linear range 

from 0.25-10 µM. However, the detection of other considered HMs was poor. The detection 

of Zn(II) was possible only above the concentration of 1 µM, and the detection was ceased 

above the concentrations of 5 µM. Similarly, the detection of Hg(II) was also very weak, 

with the slope of the calibration curve being 1.47. The SWASV signals and the calibration 

curves of the HM ions on the Cu@AgNRs/FTO device (Figures 7.12b and 7.12d) 

demonstrate two linear ranges between the concentrations. The linear regression equation, 

the corresponding linear range, linear correlation coefficient, and other performance 

parameters are summarized in Table 7.3. The LODs with the signal-to-noise ratio of 3 (s/n 

= 3) were found to be 0.005 µM for Zn(II), 0.003 µM for Cd(II), 0.002 µM for Pb(II) and 
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0.02 µM for Hg(II), respectively. The Cu@AgNRs/FTO showed well resolution peaks with 

a separation of 0.40, 0.25, and 0.51 V between Zn(II)-Cd(II), Cd(II)-Pb(II), and Pb(II)-

Hg(II), respectively. These results indicate that the developed Cu@AgNRs/FTO-based 

electrochemical platform is capable of simultaneous detection of multiple HM ions with 

high selectivity and sensitivity. 

A noticeable variation in the sensitivity of HMs sensing in the individual and 

simultaneous analysis was observed. In the case of CuNRs/FTO-based device, there was a 

reduction of 7.0, 3.0, and 2.0 times in the LoD values for Zn(II), Pb(II), and Hg(II) during 

simultaneous HMs detection as compared to sensing of individual HMs. However, for 

Cd(II), there was no change in the LoD values, but a noticeable reduction in the sensitivity 

from 130.75 to 104.3 µA⸳µM−1⸳cm−2 was observed. An overall decrease in the sensitivity 

was also observed in the case of other analyzed HMs. Similarly, in the case of the 

Cu@AgNRs/FTO based device, it can be seen that there is a decrease in LoD during the 

simultaneous detection of HMs by about 1.5, 2.0, and 5 times for Cd(II), Pb(II), and Hg(II), 

respectively. However, the sensitivity attained by Cu@AgNRs/FTO devices was much 

higher as compared to CuNRs/FTO devices. In the case of Zn(II), an increase in the LoD 

was observed for simultaneous detection of HMs as compared to individual HM detection 

using Cu@AgNRs/FTO. This could be due to the presence of Hg film on the working 

electrode surface during the deposition period (Li et al., 2017).  Though a decrease in the 

performance was observed during the simultaneous detection of HMs (with respect to 

individual sensing) at the Cu@AgNRs/FTO, the peaks were well- shaped with high 

resolution that could be instrumental for simultaneous determination of HMs with great 

accuracy. 
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Figure 7.11: Simultaneous electrochemical sensing of Zn(II), Cd(II), Pb(II), and Hg(II) 

with various modified FTO based devices. Reaction conditions: HMs concentration 10 µM, 

in acetate buffer at pH 5.0. The frequency was set at 15 Hz and amplitude 0.02 V, deposition 

time 90 s, and conditioning time 30 s. 
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Figure 7.12: Squarewave voltammograms for simultaneous electrochemical sensing of 

Zn(II), Cd(II), Pb(II) and Hg(II) using (a) CuNRs/FTO and (b) Cu@AgNRs/FTO based 

devices, (c) Calibration curve with CuNRs/FTO, and (d) Calibration curves with 

Cu@AgNRs/FTO. Reaction conditions: HMs concentration 0.25-10 µM in acetate buffer 

at pH 5.0. The frequency was set at 15 Hz and amplitude 0.02 V, deposition time 90 s and 

conditioning time 30 s. 
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Table 7.3: Fabricated sensor performance parameters for simultaneous HMs detection. 

 

7.2.3.4 Reproducibility and repeatability of fabricated devices 

The reproducibility of the CuNRs/FTO and Cu@AgNRs/FTO was studied by intra-

assay (n = 3). Relative standard deviations (RSD) with Cu@AgNRs/FTO are estimated to 

be Zn(II) (2.2%), Cd(II) (3.9), Pb(II) (0.98%) and Hg(II) (4.6%) far less than CuNRs/FTO 

Zn(II) (6.24%), Cd(II) (3.59%), Pb(II) (3.21%) and Hg(II) (7.5%). These findings 

demonstrate that Cu@AgNRs/ FTO-based devices could minimize the detection signal 

differences arising from the background conditions, and it could also increase the 

reproducibility of the electrochemical system by minimizing the formation of oxide layers 

which is very important for the sensing of heavy metal ions on-the-ground application. The 

repeatability of the prepared devices was determined by running seven SWASV cycles 

using the same electrode. The SWASV signal is depicted in Figure 7.13. The peak signal 

responses are shown in Figure 7.14. It can be observed that there is no significant variation 

in the peak currents up to 4 cycles, after which there was a drastic decrease in the peak 

current signal in the case of both the devices. This can be attributed to the delamination of 

the FTO coating from the base FTO during the stripping and deposition when the counter 

electrode (bare FTO) acted as an anode. This was the reason why the deposition potential 

was limited to −0.4 V vs. Ag/AgCl to avoid the stripping of tin oxide. 
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Sensor parameters Zn(II) Cd(II) Pb(II) Hg(II) 

Linear ranges (µM) 1-5 1-10 0.25 - 10 3-10 

Linear equation 

IPa(µA) = 

9.99[Zn(II)] µM 

+ 43.00 

IPa(µA) = 

9.7[Cd(II)] µM + 

13.23 

IPa(µA) = 

17.2[Pb(II)] 

µM + 35.53 

IPa(µA) = 

1.5[Hg(II)] µM + 

30.64 

LoD (µM) 0.037 0.038 0.021 0.25 

LoQ (µM) 0.123 0.127 0.071 0.845 

Effective surface area 

(cm2) 
0.093 0.093 0.093 0.093 

Sensitivity 

(µA․µM−1․cm−2) 
107.4 104.6 185.4 15.9 
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Linear ranges (µM) 0.1-1 and 1-10 

Linear equation 

IPa(µA) = 

29.4[Zn(II)] µM 

+ 167.77 

IPa(µA) = 

131.0[Cd(II)] 

µM + 165.5 

IPa(µA) = 

150.2[Pb(II)] 

µM + 111.8 

IPa(µA) = 

52.6[Hg(II)] µM 

+ 83.27 

LoD (µM) 0.005 0.003 0.002 0.025 

LoQ (µM) 0.017 0.010 0.006 0.080 

Effective surface 

area (cm2) 
0.125 0.125 0.125 0.125 

Sensitivity 

(µA․µM−1․cm−2) 
1261.8 912.0 1297.9 583.6 
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Figure 7.13: Square wave anodic stripping voltammetric profiles for simultaneous sensing 

of Zn(II), Cd(II), Pb(II), and Hg(II) using the fabricated miniaturized electrochemical 

device for seven different cycles at the (a) CuNRs/FTO and (b) Cu@AgNRs/FTO. 

Experimental conditions: Heavy metals concentration 10 μM, acetate buffer (pH 5.0), 

square wave frequency 15 Hz, amplitude 0.02 V, deposition time 90 s, deposition potential 

−0.5 V, and conditioning time 30 s.   
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Figure 7.14: Repeatability of the peak current of sensing of heavy metal ions using (a) 

CuNRs/FTO and (b) Cu@AgNRs/FTO. Experimental conditions: HMs concentration 10 

μM, acetate buffer (pH 5.0), square wave frequency 15 Hz, amplitude 0.02 V, deposition 

time 90 s, deposition potential −0.5 V, and conditioning time 30 s. 

 

7.2.3.5 Cu@AgNRs/FTO device in environmental sample analysis 

The developed Cu@AgNRs/FTO device was used for the detection of HMs present, 

if any, in real tap water and river water samples. The SWASV analysis for the quantification 

of the HMs was conducted as per the optimized parameters. In the environmental water 

samples, as can be seen in Figure 7.15, Zn(II), Cd(II), Pb(II), and Cu(II) stripping peaks 
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cannot be found. It indicates that the concentration of HMs was below the LODs of the 

device or that the target heavy metal ions do not occur in these samples. Therefore, the 

water samples were further spiked by the target HMs, and distinct and well-separated 

SWASV peaks were found for Zn(II), Cd(II), Pb(II), and Hg(II). The collected water 

samples were analyzed for their anions content, and the results are depicted in Figures 7.16a 

(river water)-7.16b (tap water). A very high concentration of PO4
− (365.65 mg⸳L−1) was 

obtained in the river water sample. Similarly, the highest concentration of Cl− (13.40 

mg⸳L−1) was obtained in the tap water samples. The presence of F−, and SO4
− was also 

evident from the analysis. The tap water and river water based recovery experiment was 

performed using a standard supplement approach, and the results are presented in Table 

7.4. The presence of interfering anions in the water sample did not show any significant 

adverse effects on the HMs quantification. In river water, the recovery value was obtained 

against a known spiked amount of HMs that were subjected for the simultaneous detection 

of HMs. The obtained values are 91.0 –92.2, 93.9–104.9, 94.2–109.8, and 86.7–98.76% 

with RSD values of 3.9, 2.4, 2.1, and 5.2%, respectively. Similarly, in tap water samples, 

the recovery varied from 96.3-97.3, 98.7-103.3, 99.2-102.8, and 91.7-96.6%, respectively 

for Zn(II), Cd(II), Pb(II), and Hg(II). The RSD obtained for three replicates was 4.2, 2.2, 

1.8, and 4.3%, respectively. These results clearly demonstrate that the proposed 

electrochemical sensors have high accuracy and reliability for sensing Zn(II), Cd(II), 

Pb(II), and Hg(II) in real samples. 
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Figure 7.15: Square wave voltammetry signal for HMs in environmental water samples. 

Reaction conditions: The frequency was set at 15 Hz and amplitude 0.02 V, deposition time 

90 s, and conditioning time 30 s at pH 5.  

 

Figure 7.16: Ion-chromatographs of (a) River water and (b) Tap water used to prepare the 

samples spiked with HMs. 

 

Table 7.4: Performance of Cu@AgNRs/FTO device for HMs determination from 

environmental water samples.  

Sample 
HMs 

(μM) 

Recovery (%) obtained using Cu@AgNRs/FTO device 

Zn(II) Cd(II) Pb(II) Hg(II) 

River 

water 

0 ND ND ND ND 

0.5 91.0 93.9 94.2 98.7 

1 92.2 104.9 109.8 86.7 

Tap 

water 

0 ND ND ND ND 

0.5 97.3 98.8 99.2 96.6 

1 96.3 103.3 102.8 91.7 

TH-2726_146152008



Bioinspired Engineering of Nanomaterials for Electrocatalytic Sensing of Heavy Metals and Organic Analytes 

 

 
260 

7.3  Major findings 

In this work, we present an innovative and low-cost fabrication of an FTO-based 

miniaturized three-electrode system for the simultaneous determination of heavy metals 

Zn(II), Cd(II), Pb(II), and Hg(II), and this device is reusable up to 4 cycles. The devices 

showed an excellent analytical performance in terms of a very wide operating range 

spanning two linear ranges, one up to 1 μM and the other from 1 µM to 10 µM of HMs 

concentration. The coating of copper nanorods with silver showed enhanced sensing 

capabilities as compared to copper nanorods alone.  

The potential of the fabricated Ag@CuNRs /FTO based devices in environmental 

sample analysis was demonstrated by the good reproducibility (RSD ≤ 5%) and the 

recovery values above 90% in the case of all the target HMs. Though a slight decrease in 

the sensitivity and other sensor performance was observed during simultaneous HMs 

detection, the limits were well below the permissible limits (EPA guidelines). This shows 

the capability of the fabricated device in the successful determination of HMs in a wide 

variety of environmental samples without any significant interferences. These FTO based 

miniaturized sensing platform could be a cheap alternative to the commercial screen-

printed electrodes. 
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CHAPTER 8 

Conclusions and Scopes for Future Studies 

 

This chapter outlines the salient outcomes of the overall doctoral work. The 

suggestions and recommendations of future work direction are also provided 

based on the experience of the present study. 
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8.1 Overall conclusions 

In the course of this thesis, I worked on the bioinspired synthesis of various 

spherical and tailor-made nanoparticles using reducing and capping agents present in the 

leaves extract of the Psidium guajava (guava) plant. These bioinspired synthesized 

nanoparticles were used in the modification of graphite paste electrodes (GPEs) and glassy 

carbon electrodes (GCEs) by drop-casting method for electrochemical sensing of different 

organic analytes like ascorbic acid, dipyrone (drug), chlorpyrifos (an organophosphate 

pesticide), and inorganic analytes (heavy metal ions). The fabrication of a miniaturized 

three-electrode system was also successful for the electrochemical sensing of heavy metal 

ions. 

The mass spectra analysis of the bio-extract revealed the presence of various 

antioxidants and polyphenols like ascorbic acid, quercetin, chlorogenic acid, caffeic acid, 

naringenin, and rutin. These components could successfully reduce metal precursors like 

silver nitrate and chloroplatinic acid to produce stable silver, platinum, and tailor-made 

bimetallic core-shell Ag@Pt nanoparticles. The biomass residue generated during bio-

extract preparation was also used for the synthesis of carbon dots for electrocatalytic 

sensing of chlorpyrifos. 

 

❖ Microwave-assisted synthesis of silver nanoparticles and ascorbic acid sensing 

One-pot synthesis of silver nanoparticles was carried out by using the analytes 

present in the aqueous extract of Psidium guajava leaves, where the synthesis reaction was 

synergised by microwave. The sluggishness of the bioinspired process was tackled by the 

use of microwave-assisted synthesis of nanoparticles and synthesis was possible within 90 

s, which would otherwise take hours to complete without it. The bioinspired synthesis of 

metal nanoparticles was found to be pH dependant and an optimum pH of 9.5 was found 

as the sweet spot for the synthesis of the nanoparticles without any contamination of silver 

oxides. A highly selective and sensitive electrochemical sensor was successfully developed 

for the sensing of ascorbic acid using the modified GPE with the silver nanoparticles. This 

electrokinetic behaviour of the modified electrode was successfully implemented to 

quantify ascorbic acid contents in the biological entities, namely, S. edule and Z. 

mauritiana. The developed sensing platform showed high selectivity towards ascorbic acid 

even in the presence of dopamine and uric acid.   
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❖ Bioinspired synthesis of Ag@Pt core-shell nanoparticles for Pb(II) sensing 

A methodology of nanoparticle washing was developed that would inhibit particle 

aggregation and help in the controlled removal of the capping agents (without hampering 

the zeta potential) which would enhance the positively charged platinum ions to get 

deposited on the Ag nanoparticles core to form a highly structured core-shell nanoparticle. 

This microwave-assisted bioinspired synthesis of Ag@Pt core-shell nanoparticles was 

introduced by using bio-extracts from Psidium guajava leaves. The porous platinum shell 

enhanced the Pb(II) adsorption on the working electrode and the synergistic effects of both 

silver and platinum present in the Ag@Pt nanoparticles improved the sensitivity of the 

electrode towards Pb(II) ions. It was hypothesized that the lattice strain induced due to the 

inconsistencies in the lattice spaces of silver and platinum at the heterojunction enhanced 

the electrochemical sensitivity of the electrode. The square wave anode stripping 

voltammetry was used successfully to quantify Pb(II) present in sewage water, river water, 

and domestic tap water. Hence, this electrochemical sensor could be a low-cost and 

convenient alternative that could provide very accurate quantification of Pb(II) in a plethora 

of environmental water samples. 

 

❖ PtNPs/graphene nanocomposites for sensing of metabolites of dipyrone 

The successful synthesis of high-quality 6-7 layers thick graphene in the presence 

of acetone, controlled ultra-sonication (40 Hz/ 4 h), and microwave irradiation (700 W/ 3 

min) was developed that could act as an alternative green method to the well-known 

Hummer’s or modified hummers method. One-pot bioinspired synthesis of PtNPs 

decorated graphene nanocomposites was achieved that showed very high sensitivity 

towards sensing of the metabolites of dipyrone. The detailed mass spectral analysis and 

electrokinetic studies could establish a mechanism of the formation of the oxygenates of 

dipyrone. A highly selective electrochemical sensor based on the PtNPs/graphene 

nanocomposite was developed which could successfully sense the metabolites of dipyrone 

in spiked environmental water samples with ~100% recovery results. 

 

❖ Bioinspired carbon dots for electrocatalytic sensing of chlorpyrifos 

This study aimed at utilizing the guava leaves biomass wastes generated after the 

bio-extract separation. The hydrothermal synthesis of the leaves biomass powder at 200°C 

for 10 h could produce carbon dots of 3.7 nm size. These carbon dots possessed various 

functional groups like carboxylic acid, hydroxyl, and amine groups on their surface that 
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could successfully capture chlorpyrifos (an organophosphate pesticide) and electrocatalyze 

its reduction reaction. This electrochemical sensor could effectively quantify chlorpyrifos 

in agricultural formulations that are generally applied in various agricultural fields to 

control pests. The sensor system provides an alternative sustainable approach towards 

environmental monitoring of chlorpyrifos and opens an avenue to direct research for 

developing more sustainable bioinspired electrochemical sensors to monitor pesticides, 

insecticides, and fertilizers. 

 

❖ Miniaturized electrochemical sensing device for simultaneous heavy metal sensing 

A portable electrochemical sensing device that can be applied for on-field monitoring of 

heavy metal ions was successfully developed using a fluorine-doped tin oxide (FTO) based 

three-electrode system. Silver-coated copper nanorods (Cu@AgNRs) synthesized in an 

environmentally friendly method showed improved sensing capabilities compared to 

copper nanorods (CuNRs) modified FTOs. The Cu@AgNRs modified FTOs could 

successfully quantify Pb(II), Zn(II), Cd(II), and Hg(II) both in single metal systems and in 

mixed metal systems with the detection limits in the nM range. These devices showed 

repeatability of up to 4 cycles thus providing an alternative to the conventional screen-

printed electrodes that are normally single-use devices and generate a lot of plastic solid 

wastes. 

8.2 Scopes for future studies 

❖ Work has now been done on the bioinspired synthesis of nanomaterials using crude bio-

extracts, but the specific functionality of the individual phytochemical is yet to be 

determined. 

❖ More work needs to devote in developing new selective and sensitive recognition 

layers, but the integration of these developed sensors with a user-friendly and mobile 

potentiostat device is at its nascent stage and more work can be focused on this aspect. 

❖ Different nanocatalysts are specific towards a particular group of analytes. The 

researches can be focused in developing a universal electrocatalytic system that could 

simultaneously detect varied groups of analytes.  

❖ Commercially available portable screen-printed electrodes are generally single-use 

devices, though this work presents a miniature device that shows repeatability of up to 

4 cycles; more focuses and researches should be devoted towards the development of 

reusable miniature devices. 
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Annexture-I: Selection of bio-extract for the synthesis of metal 

nanoparticles 

The source of bioextract was chosen considering factors like availability, economic 

importance, growth characteristics, reducing substance contents, etc. Three group of plants 

have been chosen i.e., one is a shrub (S. trilobata), second is a fern (D. esculentum) and third 

is a group of two higher plants, Z. marituana and P. guajava. They were expected to be rich in 

reducing substances. The availibity of these plants and their potential implications are 

summarized in Figure A1. The leaves of the plants are used as the source of reducing agent for 

the biosynthesis of nanoparticles. The leaves were collected at the particular time of the year 

right before the fruiting season to avoid the seasonal variations in the bio-components in the 

leaves extract. The leaves extract were stored in deep freeze for upto 3 months without 

affecting the reducing capability of the extracts. Quirectin a very strong anti-oxidant is 

abundantly found in the leaves of D. esculentum (J. Agri. Food. Chem., 2008, 49, 3106–3112.) 

and P. guajava (J. Ethnopharmacol., 2001, 117, 1, 1–27). Among other important groups of 

compounds that help in reduction of metal ions are flavonoids, saponins, terpenoic acid, 

oleanolic acid, ascorbic acid and other organic acids are found in the selected sources (Figure 

A2).  

To establish the formation of AgNPs, the absorbance was taken using UV-vis 

spectrophotometer that shows characteristic peak for AgNPs. In this experiment, the extract 

concentration was varied with a precursor concentration of 1 mM. The characteristic peaks at 

about 420 nm for AgNPs can be evidenced from Figure A2. At higher leaves concentration 

upto water to leaves ratio of 50, the intensity of the characteristic peak for the formation AgNPs 

was increased irrespective to the type of the leaves. After that there is a decrease in the peak 

intensity due to higher particle size which was resulted from the reduction in surface plasmon 

effect of AgNPs. So, the water to leaves ratio of 50 was considered for the further experiments. 

Figure A3 gives the pictorial images of control bio-extract, and after reaction which shows the 

characteristic brown colour for the formation of AgNPs. Further evaluation of Figure A2 shows 

P. guajava shows comparatively faster synthesis of the AgNPs and was chosen as a source for 

the bio-extract for further experiments. 
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Figure A1: Studied sources of bio-extracts.  
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Spagneticola trilobata (S. trilobata)

Common names: Creeping daisy, Trailing Daisy or Wadelia. It is a
perenial creeper, known to have many medicinal properties. Native is wet
tropical regions of the world including India & Bangladesh (Wu et al.,
2013).

Psidium guajava (P. guajava)

Common name: Guava. It is widely found all over the world and is a
good source of antioxidants and other minerals. The leaves contain
ascorbic acid, guavanoic acid, tannins, β-sitosterol, flavonoids,
triterpenoids and volatile oil that act as good reducing agents (Kullu et al.,
2013).

Ziziphus marituana (Z. marituana)

Common name: Jujube. The leaves of the plant are a great source of
ascorbic acid. It is a tropical decidious plant. It is also known for its many
medicinal applications. The leaves contain many organic acids and
flavonoids (Abalaka et al., 2010).

Diplezium esculentum (D. esculentum)

This plant is commonly found in India, mostly, in damp places and along
the streams. It is known to have immunosupressing capability and also
used as vegetables in some places in India. It is basically an evergreen
and availabe throughout the year (Kaushik et al., 2011).
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Figure A2: UV-vis spectra for AgNPs synthesized using different leaf extracts at varying 

water to leaves ratio (mL/g) after 48 h of reaction. Experimental condition: Reaction volume 

100 mL, initial Ag+ concentration 1 mM, pH natural, stirring 150 rpm and temperature 25±5°C. 

 

 

 

Figure A3: Images showing the change in colour before and after 48 h of reaction. (a) S. 

trilobata (natural pH of 6.4), (b) D. esculentum (natural pH of 6.8) and, (c) P. guajava (natural 

pH of 5.8) extracts. Experimental condition: water to leaves ratio (v/w) 50 mL/g, reaction 

volume 100 mL, initial Ag+ concentration 1 mM, stirring 150 rpm and temperature 25±5°C. 
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Cu and Cu@Ag Nanorods based Miniaturized Electrochemical Heavy Metal 

Sensors 

 

A portable electrochemical sensing device that can be applied for on-field 

monitoring of heavy metal ions was successfully developed using a fluorine-
doped tin oxide based three-electrode system. Silver-coated copper nanorods 

(Cu@Ag) synthesized in an environmentally friendly method showed improved 

sensing capabilities than copper nanorods modified FTOs. The Silver-coated 

copper nanorods modified FTOs could successfully quantify Pb(II), Zn(II), Cd(II), 

and Hg(II) both in single metal systems and in mixed metal matrices with the 
detection limits in the nanomolar range. These devices showed repeatability of 

up to 4 cycles, thus providing an alternative to the conventional screen-printed 

electrodes that are typically single-use devices and generate a lot of plastic 

wastes. 

Ph.D.  
Bioinspired Engineering of Nanomaterials for Electrocatalytic Sensing of 

Heavy Metals and Organic Analytes 

 

In my PhD, I worked on the bioinspired synthesis of various spherical and tailor-

made nanoparticles using reducing and capping agents present in the leaves extract 
of the Psidium guajava (guava) plant. These bioinspired synthesized nanoparticles 

were used in the modification of graphite paste electrodes (GPEs) and glassy carbon 

electrodes (GCEs) by drop-casting method for electrochemical sensing of different 

organic analytes like ascorbic acid, dipyrone (drug), chlorpyrifos (an 

organophosphate pesticide), and inorganic analytes (heavy metal ions). The 

fabrication of a miniaturized three-electrode system was also successful for the 
electrochemical sensing of heavy metal ions. The mass spectra analysis of the bio-

extract revealed the presence of various antioxidants and polyphenols like ascorbic 

acid, quercetin, chlorogenic acid, caffeic acid, naringenin, and rutin. These 

components could successfully reduce metal precursors like silver nitrate and 

chloroplatinic acid to produce stable silver, platinum, and tailor-made bimetallic 
core-shell Ag@Pt nanoparticles. The biomass residue generated during bio-extract 

preparation was also used to synthesize carbon dots for electrocatalytic sensing of 

chlorpyrifos. 
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Anaerobic Biphasic Process for The Recovery of Hydrogen and Methane from 

Distillery Wastewater Using AnSBR 

 

The objective of this project was to produce cleaner fuels in the form of Hydrogen 

and Methane gas from distillery wastewater and studying the treatment efficiency 

of the process. Dark fermentation was implemented in anaerobic bioreactors 

using enriched biological sludge obtained from distillery wastewater treatment 
plants. The segregation of the acidogenesis and the methanogenesis phases of 

the anaerobic fermentation process in two separate AnSBR in series resulted in 

enhanced biofuels production and improved the COD reduction of the 

wastewater. 

B.Tech Ethyl Alcohol Fermentation Based on Starch Grains 

 

The objective of this project was to develop process parameters to enhance 

alcohol production in grain-based distilleries with minimizing the energy 

required for the process. The rice grain powders were first subjected to Jet 

cooking, followed by liquefaction and saccharification of the grains using 

thermostable α-amylase and glucoamylase. These saccharified grains were then 
fermented using Yeast to generate ethanol. It was found that the jet cooking at 

high temperatures resulted in the formation of non-fermentable sugars that 

hampered the efficiency of alcohol production, whereas bypassing the jet cooking 

increased the alcohol production by 20%. 
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