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Abstract 

The issue of foodborne related illnesses due to additives and contaminants poses a significant 

challenge to food processing industries. Electrochemical-based strategies offer simple and robust 

analytical tools, which are ideal for food safety and the quality assessment process, in contrast to 

conventional instrumentation methods. The development of nanomaterials based electrochemical 

sensors has garnered significant attention due to their capacity for accurate analytical 

quantification, which has strong potential toward the replacement of conventional techniques by 

offering advantages such as high sensitivity and selectivity, real-time monitoring, and ease of use.  

 During my Ph.D. study, four distinct types of nanostructured materials were used to 

develop electrochemical sensors for the detection of food preservatives in food and beverage 

products. The consumption of excessive amounts of nitrite (NO2
-) can be detrimental to the human 

body. In light of this, we developed an electrochemical sensor based on cobalt oxide nanosheets 

and gold nanoparticles (Co3O4/Au) for NO2
- sensing. The nanomaterial was synthesized through 

the electrodeposition of gold (Au) on Co3O4 nanosheets. The Co3O4/Au/GCE was capable of 

electrooxidizing nitrite with a higher anodic peak current, and the sensor exhibited excellent 

linearity with a limit of detection (LOD) value of 0.11 µM.  

 A nanoporous gold microelectrode was synthesized for the determination of contaminants 

(hydrazine, N2H4) and preservatives (sulfite (SO3
2-), nitrite (NO2

-)). The fabricated microelectrode 

was characterized via scanning electron microscope (SEM) and energy dispersive X-ray 

spectroscopy (EDX). The nanoporous gold microelectrode exhibited excellent electrochemical 

performance for the simultaneous electrochemical oxidation of N2H4, SO3
2-, and NO2

-. In addition, 

the nanoporous gold microelectrode possessed high selectivity and stability. The performance of 
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the electrochemical sensor was further validated using actual samples such as water, wine, apple 

cider beer, and beef with good recovery rates, thereby confirming its potential for food safety and 

quality control applications. 

 A novel electrochemical sensor was developed using fluorine-doped graphene oxide (F-

GO) for the detection of caffeic acid (CA). The fabricated nanomaterial was systematically 

characterized using SEM and X-ray photoelectron spectroscopy (XPS). The electrochemical 

investigation of F-GO/GCE for CA oxidation revealed that it demonstrated high electrocatalytic 

activity compared with other electrodes (e.g., bare GCE and GO/GCE). The analytical quantitation 

of CA recorded with the F-GO/GCE produced a stable oxidation signal over the selected CA 

concentration range (0.5 μM to 100.0 μM, R2 = 0.9960) with a LOD value of 0.018 μM. The 

fabricated sensor successfully exhibited the capacity to directly detect CA in assorted wine samples 

without pretreatment.  

 To further explore the applications of the F-GO, a nanocomposite material synthesized 

with Au and F-GO was employed for the development of an Au/F-rGO/GCE sensor for the 

detection of vanillin. The electrochemical performance and the analytical capabilities of this novel 

electrochemical sensor were investigated using electrochemical techniques such as CV and DPV. 

The excellent sensitivity, selectivity, augmented electrocatalytic activity, and reproducibility of 

these developed electrochemical sensors can be attributed to the high conductivity of the 

nanostructured materials. The dimensions and morphologies of the developed nanomaterials 

played a critical role in enhancing the electrochemical performance of these sensors. 
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Chapter 1: Introduction and Thesis Scope 

 Food safety and quality are of primary global concern due to the existence of vast quantities 

of chemical preservatives/additives and biological contamination that are encountered during the 

production of processed foods and beverages. Despite the rapid upsurge in domestic and 

international standards for food quality and safety, there continues to be a growing demand for 

these products. This translates to the food industry having to ensure the utmost quality and safety 

of their products for consumers. An article published by WHO indicated that due to the lack of 

rigorous food safety and quality control processes, foodborne ailments severely impact the 

financial systems of underdeveloped nations. Additionally, an estimate released by the Center for 

Disease Control and Prevention (United States) disclosed that over 9 million cases of food 

contamination (chemical/biological in nature) are reported every year in North America. On a 

global scale, there are an estimated 1.5 billion reported incidents of diarrhea yearly, of which three-

quarters are attributed to biological infections from food sources. As a result, it has become 

imperative for food and beverage industries to uphold high quality and safety standards for their 

products. Presently, established analytical techniques such as hydrodynamic chromatography 

(HDC), high-performance liquid chromatography (HPLC), gas chromatography (GC), inductive 

coupled plasma atomic emission spectroscopy (ICP-OES), size exclusion chromatography (SEC), 

and matrix-assisted laser desorption/ionization (MALDI-TOF) are used for food and beverage 

testing. However, on the downside, these techniques are expensive, time-consuming and arduous. 

Therefore, it is of enormous importance to developing analytical methods for the rapid and 

accurate detection and quantification of food preservatives/additives and contaminants. Typically, 

most chemical analyses are performed in centralized laboratories, where only a limited number of 

samples can be tested. In order to address the setbacks that are linked to food-related diseases, 
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electrochemically based analytical methods are an excellent choice to effectively ease the 

investigation of additives and contaminants for large batches of product in the food industry. 

Though progress has been made with conventional analytical testing procedures, these methods 

involve complex multistep sample pretreatment stages, which are labour intensive and expensive 

to perform. Thus, food processing industries are inclining toward new and innovative methods that 

are economical, convenient, and accurate, combined with speed and efficiency to further improve 

the safety testing and quality control of foods and beverages. 

1.1 Role of nanomaterials and their significance  

 Nanotechnology involves the alteration of structures at the atomic scale, and the 

characterization and fabrication of nanomaterials with at least one dimension in the range of from 

1 to 100 nanometers (nm) or below.1 By reducing the dimensions of a given material to the 

nanoscale, its physical and chemical attributes can be notably transformed in contrast to the 

properties of the identical material observed at the macroscale. It has been projected that the 

nanotechnology industry will contribute  ~$3 trillion to the world economy in five years.2 At 

present, there are many companies and research labs around the world that are focused on the 

fabrication of new classes of nanomaterials with an extensive range of applications, including 

medical therapeutics and diagnostics, energy generation and conservation, DNA, computing, and 

building materials. Remarkable advancements have also been made in the synthesis of different 

nanomaterials for biomedicine, biofuel cells, and energy storage applications.3-5 Nanomaterials 

based electrochemical sensors offer the benefits of a reliable point of care diagnostics with 

improved safety, reliability, and rapid-testing capabilities. Over the last decade, advances in 

nanotechnology have risen steeply, which continues to create an ever-growing demand by 

permeating the market.6 The technological advancement and potential uses of nanomaterials 
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toward the development of sensitive electrochemical sensors are inevitable in the food industry to 

facilitate safety and quality control monitoring.7,8 

 Recent progress in nanotechnology, coupled with advancements in nanomaterials synthesis 

have enabled prospects for the development of enhanced sensing systems and portable 

instrumentation. Electrochemical detection systems are readily available via inexpensive platforms 

such as patterned paper, which facilitates on-site analysis.9 These portable, low cost and user-

friendly sensors function as an alternative to conventional analytical methods for point-of-care 

analysis and food quality control.10, 11 There is extensive literature that describes the application of 

screen-printed carbon electrodes (SPCE) as a portable electrochemical sensor platform for 

environmental monitoring as well as pharmaceutical and food quality control.12-14 Miniaturized 

graphene oxide-ionic liquid based electrochemical devices have been demonstrated for the very 

sensitive electrochemical detection of a wide variety of electroactive targets of importance, 

encompassing food analyses, environmental monitoring, and clinical diagnoses.15  

1.2 Role of electrochemical sensors for the detection of food additives and contaminants 

 The development of nanomaterials based electrochemical sensors is an active area of 

research that is predicted to deliver state-of-the-art technologies for maintaining food integrity, 

which will supplant traditional techniques.16 Electrochemistry based analytical methods and 

electrochemical sensors have positively impacted multiple fields, including medical diagnostics, 

environmental analyses, food sciences, enzymatic kinetics, and pharmacology.17-19 Various signal 

amplification strategies coupled with functional nanomaterials have recently garnered 

considerable interest in the emergence of high-performance analytical tools for the trace level 

determination of analytes. Products derived from nanotechnology include an extensive range of 
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materials that have strong potential to enhance the stability, selectivity, sensitivity, and measuring 

capabilities of sensors. Nanotechnology is most widely employed in electronics, sensing, 

biomaterials, and catalysis, and has more recently made its way into the food industry.20,21 

 The perpetual demand for processed foods and beverages directly forces the 

implementation of stringent safety and quality standards. Innovative approaches must be put into 

practice to meet the requirements for maintaining the safety of food and beverages. 

Electrochemical sensors may serve as alternatives to conventional methods; thus, improving 

portability and rapid response, while negating the requirements of highly skilled operators and 

high-cost operation. The development of these sensors for the determination of different 

preservatives/contaminants in numerous food matrices will have high value. Electroanalytical 

techniques coupled with distinct nanomaterials offer direct and efficient methods for the detection 

of hydrazine, sulfite, nitrite, caffeic acid, and vanillin. High-performance nanomaterials based 

electrochemical sensors have, and will continue to unlock, myriad prospects in the research and 

development of advanced analytical devices for the safety and quality control of foods and 

beverages. 

1.3. Thesis scope 

The aim of this Ph.D. thesis is to elucidate the synthesis and integration of novel nanomaterials 

toward the development of high-performance electrochemical sensors, for the detection and 

determination of preservatives and contaminants in foods. The specific objectives of this Ph.D. 

project are to investigate the electrochemical performance of different carbon and metal-based 

nanomaterials/nanocomposites for the detection and determination of various preservatives and 

contaminants in different food matrices. Carbon-based materials such as graphene, graphene oxide 

(GO), carbon nanotubes (CNTs) possess advantageous attributes such as high conductivity, rapid 
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heterogeneous electron transfer, and large surface areas, making them ideal materials for the 

electrochemical detection of a wide range of targeted molecules.22-24 Gold (Au) is one of the most 

popular metal for sensor development exhibiting excellent catalytic and electrochemical 

properties, and gold nanoparticles have been employed for the fabrication of a wide array of 

sensors. From an electroanalytical standpoint, Au nanoparticles gained a research appreciation due 

to their excellent conductivity, biological compatibility, and high surface to volume ratio. 

Furthermore, the combination of metal nanoparticles with carbon-based materials increases the 

overall electrochemical performance of nanostructured materials. The use of metallic 

nanocomposites and bimetallic nanostructures might vastly improve electrochemical activity, 

sensitivity, and selectivity for the detection of compounds in food and beverage matrices.  

 Chapter 2 of this thesis assesses the various state-of-the-art nanomaterials based 

electrochemical sensors that have been developed and reported for their applicability in the 

detection of food additives and contaminants. Various electrochemical techniques and an array of 

nanomaterials for sensing applications are discussed in detail. Distinct types of food 

preservatives/additives and contaminants are comprehensively compared, as well as the 

nanomaterials and electrochemical techniques currently used to detect them, including their 

appropriate figures of merit. Further, the applications and advantages of electrochemical sensors 

for the detection of various analytes in foods and beverages are highlighted.  

 Chapter 3 introduces basic materials, methods, characterization techniques, and synthetic 

methods employed for the fabrication of various carbon and metal-based nanomaterials or 

nanocomposites.  
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 Chapter 4 introduces the development of an electrochemical sensor based on cobalt oxide 

(Co3O4) nanosheets and gold (Au) for nitrite (NO2
-) sensing. This nanomaterial was fabricated by 

electrodepositing gold (Au) on Co3O4 nanosheets. The experimental results revealed that the 

Co3O4/Au was capable of electrooxidizing nitrite with a higher anodic peak current value, coupled 

with high selectivity and good stability. The performance of the developed sensor was scrutinized 

further using commercial bottle water with good recovery rates. 

 In Chapter 5, the development of a high-performance electrochemical sensor is described 

that used a gold microelectrode with a nanoporous surface structure which was further employed 

for the simultaneous detection and determination of hydrazine (N2H4), sulfite (SO3
2-), and nitrite 

(NO2
-) in water, beer, and beef samples. The nanoporous structure attained on the gold 

microelectrode was achieved by employing an alloying/dealloying method. The nanostructured 

material exhibited a high surface area and increased roughness. The 3D nanoporous structure 

played a significant role in enhancing electrochemical sensing capabilities, and improved 

selectivity for the simultaneous oxidation of N2H4, SO3
2-, and NO2

-.  

 In Chapter 6, Fluorine (F) was doped with graphene oxide (F-GO) and was used for the 

development of a novel electrochemical sensor for the detection of caffeic acid (CA) in red wine. 

Doping F with GO multiplied the electrochemically active surface area (EASA) of the F-GO 

by ~10 times, in contrast, to GO. Moreover, the F-GO sensor possessed good sensitivity, long-

term stability, and reproducibility. The practical application of the F-GO electrochemical sensor 

was tested using commercially available wine. This study also showed that the developed sensor 

was capable of detecting CA in red wine without pretreatment. 

 Chapter 7 presents the fabrication of a novel electrochemical sensor for the detection of 

vanillin. The sensor was developed using F-GO as the carbon support material, and Au was 
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deposited on the carbon surface. The presence of F and Au significantly improved the overall 

electrochemical performance of the nanostructured material. This improved electrochemical 

activity was associated with the increased surface area, and the synergistic effect of metal-metal 

and metal-graphene, thereby increased the availability of active sites. 

 Chapter 8 presents concluding remarks from the above chapters and presents an overall 

summary of the thesis. 
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Chapter 2: Literature Review* 

2.1 Introduction 

 Food safety is a major global concern due to the existence of vast quantities of chemical 

additives that are currently used in the production of foods and beverages. Food safety has been 

placed among the top 11 primacies by the World Health Organization (WHO). A report from WHO 

has suggested that due to the lack of proper food safety, foodborne ailments severely impacts the 

financial systems of underdeveloped nations. Moreover, an estimation by the U.S. Centers for 

Disease Control and Prevention revealed that over 9 million Americans become ill due to food 

contamination each year.1 It has been estimated that 1,500 million cases of diarrhea are reported 

annually on a global scale, of which three-fourths are attributed to biological infection from food 

sources.2 Conventional analytical techniques such as hydrodynamic chromatography (HDC), high-

performance liquid chromatography (HPLC), size exclusion chromatography (SEC), and matrix-

assisted laser desorption/ionization (MALDI-TOF) are expensive and laborious. A promising 

replacement is required to simplify the process of food safety testing. 

 Therefore, it is of monumental importance to developing analytical methods to swiftly and 

accurately detect and quantify food preservatives/additives and contaminants. Typically, most 

chemical analysis is performed in centralized laboratories, and only a limited number of samples 

can be tested. In order to address the setbacks that are linked to food-related diseases, 

electrochemical-based analytical methods are an excellent choice to effectively ease the 

investigation of additives and contaminants for large batches of product in the food industry.  

 
*Most of this chapter has been published in the journal Analyst, 2018, 143, 4537-4554. 
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Though progress has been made with conventional analytical testing procedures, these methods 

involve complex multistep sample pretreatment stages, which are labour intensive and expensive 

to perform. Thus, food processing industries prefer convenient, accurate, and efficient analytical 

models to more seamlessly improve the levels of safety and quality of foods and beverages. 

Nanomaterials based electrochemical sensors offer the benefits of a reliable point of care 

diagnostics with improved safety, reliability, and rapid-testing capabilities. Over the last decade, 

advances in nanotechnology have improved drastically, which continue to create an ever-growing 

demand by permeating the market.3 It has been projected that the nanotechnology industry will 

contribute about $3 trillion to the world economy by 2020 while engaging at least 6 million 

workers by the end of the decade, which will contribute towards a dynamic change in the area of 

nanomaterials research.4  

 At present, there are many companies that are focused on the fabrication of new classes of 

nanomaterials, with a more extensive range of applications, including therapeutics and medical 

diagnostics, energy generation and conservation, DNA, computing, and building materials. 

Nanotechnology involves the alteration of structures at the atomic scale and the characterization 

and fabrication of nanomaterials with at least one dimension in the range of 1 to 100 nanometers 

(nm) or below.5 By reducing the dimensions of a given material at the nanoscale, its physical and 

chemical attributes are significantly transformed in contrast to the properties of the identical 

material at the macroscale. Noteworthy progress has been made in synthesizing different 

nanomaterials for biomedical, biofuel cells and energy storage applications as well.6-8 The 

technological advancement and potential uses of nanomaterials toward the development of 

sensitive electrochemical sensors are inevitable in the food industry for safety and quality control 

monitoring.9,10 
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 Electroanalytical techniques have positively impacted multiple fields, including medical 

diagnostics, environmental analysis, food sciences, enzymatic kinetics, and pharmacology.11-13 

The development of nanomaterials based electrochemical sensors is an active research area that is 

predicted to deliver state-of-the-art technologies for maintaining food integrity that will supplant 

traditional techniques.14 Various signal amplification strategies coupled with functional 

nanomaterials have recently garnered considerable interest in the emergence of high-performance 

analytical tools for the trace level determination of analytes. Products derived from 

nanotechnology include an extensive range of materials that have strong potential to enhance the 

stability, selectivity, sensitivity, and measuring capabilities of sensors. Nanotechnology is most 

widely employed in electronics, sensing, biomaterials, and catalysis, and has more recently made 

its way into the food industry.15,16 

This review assesses various state-of-the-art nanomaterials based electrochemical sensors that 

have been developed and reported for their applicability in the detection of food additives and 

contaminants. Various electrochemical techniques and an array of nanomaterials for sensing 

applications are discussed in detail. Distinct types of food preservatives/additives and 

contaminants, the nanomaterials and electrochemical techniques used for the detection of these 

food additives, including the calibration range and the limits of detection, are comprehensively 

compared. Further, the applications and advantages of electrochemical sensors for the detection of 

different analytes in foods and beverages are highlighted.  

2.2 Electrochemical techniques  

To a significant degree, electrochemical techniques and their associated methods may be 

applied in the area of food chemistry, where either two-electrode or three-electrode systems can 
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be utilized for electrochemical sensing. A typical three-electrode electrochemical cell consists of 

a working electrode that is comprised of chemically stable and conductive materials, such as 

platinum, gold, or carbon (e.g., graphene oxide, graphene nanoplatelets, carbon nanotubes), a 

reference electrode (e.g., Ag/AgCl), and a counter electrode (e.g., graphite, platinum, gold).17,18 

Sensors are devices that detect changes in physical, chemical, or biological properties and convert 

these changes into measurable signals. Electrochemical sensors offer a diverse range of advantages 

such as instrumental robustness, low cost, and point of care application.  

 Durst and co-workers defined an electrochemical sensor as an independent integrated 

device that is efficient for providing accurate analytical information by means of a chemically 

modified element and an electrochemical signal transducer component that is linked to a data 

acquisition and processing system.19 The sensitivity, selectivity, and stability of the designed 

sensors are dependent on the nanomaterials used and the sensing analytes.20 The critical parameters 

of electrochemical sensors are sensitivity, detection limit, dynamic range, selectivity, linearity, 

response time, and stability.21 A variety of electrochemical methods have been explored for the 

detection of food additives, biological contaminants, and heavy metals.22-25 In electrochemistry, 

reactions under investigation typically generate a measurable (amperometric) current, a 

measurable (potentiometric) potential or charge accumulation, or measurably alter the 

(conductometric) conductive properties of a medium between electrodes.26 Other types of 

electrochemical detection techniques, such as impedimetric, measures impedance (both resistance 

and reactance) through an electrochemical impedence spectroscopy method.27,28  

 Voltammetry belongs to a category of electroanalytical methods, through which analyte 

data can be obtained by varying the potential and subsequently measuring the resulting current. It 

is, therefore, considered as an amperometric technique. As there are many ways to vary a potential, 
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there are also many forms of voltammetry, linear sweep, differential staircase, normal pulse, 

reverse pulse, differential pulse, and more.29,30 

 Typically, voltammetric techniques such as cyclic voltammetry (CV), linear sweep 

voltammetry (LSV), differential pulse voltammetry (DPV), square wave voltammetry (SWV) are 

extremely useful in translating the processes involved at the electrode material surface toward the 

sensitive detection and determination of various target analytes.31-37 The CV is one of the most 

widely employed voltammetric techniques for the acquisition of data regarding redox potential 

and electrochemical reaction rates (e.g., the chemical rate constant) of analyte solutions. The scan 

rate, (V2 − V1)/(t2 − t1), is a critical factor, as the duration of a scan is important in order to provide 

sufficient time for a meaningful chemical reaction to occur. Varying the scan rate, therefore, yields 

correspondingly varied results.38 DPV is a suitable technique for the detection of trace amounts of 

analytes that require high sensitivity.39 The current is measured twice during each pulse 

period (prior to the pulse and following the pulse), and the difference between these two current 

values is calculated and displayed.  

 SWV is an effective electrochemical technique that is appropriate for analytical 

applications, understanding electrode mechanisms, and the measurement of electrokinetics.40,41 

SWV may be employed to investigate catalytic reactions, reversible and irreversible reactions, as 

well as reactions with sluggish electron transfer. Pulse techniques are based on the principle of 

variation in the decay rates of the charging and faradic currents. The charging current, as an 

exponential function, degenerates at a much more rapid rate than the faradic current, while the 

decay of the faradic current is inversely proportional to the square root of time.42,43 Consequently, 

the capacitive current is almost negligible as compared to the faradaic current at the end of each 

pulse, thereby increasing the ratio of faradaic to non-faradaic current.44 CA is one of the simplest 
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waveform potentiostats, where the current is monitored as a function of time.43,41 These techniques 

play a key role in the development of electrochemical sensors and for the analytical quantification 

of the targeted molecules.  

2.3. Nanomaterials 

  Recent developments in nanotechnology and nanomaterials synthesis have enabled 

opportunities for the development of advanced sensing systems and portable instrumentation. 

Electrochemical detection systems are readily available via inexpensive platforms such as 

patterned paper, which facilitates on-site analysis.40 These portable, low cost and user-friendly 

sensors function as an alternative to conventional analytical methods for point-of-care analysis and 

food quality control.41, 43  

 There is extensive literature that describes the application of screen-printed carbon 

electrodes (SPCE) as a portable electrochemical sensor platform for environmental monitoring as 

well as pharmaceutical and food quality control.44-46 Miniaturized graphene oxide-ionic liquid 

based electrochemical devices have been demonstrated for the very sensitive electrochemical 

detection of a wide variety of electroactive targets of importance, spanning food analyses, 

environmental monitoring, and clinical diagnosis.47  

 Nanomaterials play a crucial role in the development of the electrochemical sensors for 

molecule sensing. These nanostructured materials possess the desirable properties necessary to 

improve the overall electrochemical oxidation/reduction, aid in increasing the sensitivity and also 

help mitigate the drawbacks associated with selective detection and issues related with interference 

molecules and co-existing molecules/ions in different food and beverage matrices. Figure 2.1 
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represents a schematic diagram of different types of nanomaterials that are broadly used for the 

analysis of preservatives and contaminants in food and beverages. 

 

Figure 2.1 Schematic illustration of diverse types of nanomaterials for the electrochemical 

monitoring of different analytes in food and beverages. 



17 
 

2.3.1 Carbon-based nanomaterials 

 Since graphene was first characterized in 2004, a variety of graphene-based materials have 

been produced (e.g., electrochemically and chemically modified graphene) using various 

procedures.48, 49 Graphene possesses attributes such as high conductivity, rapid heterogeneous 

electron transfer, and a large surface area, making it an ideal material for the electrochemical 

detection of a wide range of targeted molecules.50-52 Chemically modified graphene and graphene-

based materials have been employed for diverse applications owing to their superior analytical 

performance.53-60 Graphene oxide (GO) is hydrophilic by nature and possesses the ability to 

disperse well in water as it holds hydrophilic functional groups (OH, COOH and epoxides) on the 

edge of the sheet and on the basal plane. Although, GO has lower conductivity in comparison to 

graphene, it is used as support material in biosensing applications.61  

 

Figure 2.2. SEM image of K-doped graphene (A); AFM image of graphene sheets (B); and TEM 

image of nitrogen-doped graphene sheets (C). Adapted and reproduced with permission from ref. 

64, ref. 127 and ref. 171, respectively. 

 Recently, an electrochemical sensor was reported based on fluorine doped graphene oxide 

for the detection of heavy metal ions Cd2+, Pb2+, Cu2+ and Hg2+. Square wave anodic stripping 
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voltammetry was employed for the detection of the above-mentioned heavy metal ions. The 

contact between metal ions and the GCE surface should not be too strong or too weak for the 

stripping voltammetry technique. In comparison to GO, the F doped GO enables the formation of 

semi ionic C-F bond making the FGO/GCE a favorable platform for the accumulation of metal 

ions and for the stripping process. In addition, the presence of fluorine aided in enhancing the 

electrocatalytic activity. Li et al. developed a nafion-graphene composite film based 

electrochemical sensor for the detection of metal ions, Pb2+ and Cd2+. The synergistic effect from 

graphene nanosheets and nafion promoted better sensitivity for the metal ion detections and also 

enhanced the anti-interference ability of the electrochemical sensor.62, 63  Potassium was doped 

with graphene and was further used to modify a glassy carbon electrode (GCE), by Xiao-Rong et 

al., for the simultaneous determination of sulfite (SO3
2−) in water under neutral conditions. It 

exhibited a linear response over the concentration range of from 2.5 μM to 10.3 mM, with a 

detection limit of 1.0 μM (S/N = 3) for SO3
2-. The doping of graphene with K played a critical role 

in altering its electronic properties.64  

 A novel electrochemical sensor was developed based on hexadecyl trimethyl ammonium 

bromide (CTAB) functionalized graphene oxide (GO)/multiwalled carbon nanotubes (MWCNTs) 

(CTAB/GO/MWCNTs/GCE) for the simultaneous detection of ascorbic acid (AA) and nitrite. The 

amalgamation of GO and MWCNTs endowed the electrochemical sensor with high 

electrocatalytic activity, increased surface area, good stability and sensitivity. Moreover, the 

synergistic effect of the interaction between the functionalized CTAB, graphene oxide and 

MWCNTs provided the sensor with the capability to oxidize the molecules at less positive 

potentials with enhanced current response. The various beneficial properties of carbon based 
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materials may facilitate the selective oxidation and enhance the electrochemical activity toward 

oxidation of AA and nitrite in a simultaneous system.65  

2.3.2 Gold based nanomaterials 

Gold (Au) is one of the most popular materials that exhibit excellent catalytic and 

electrochemical properties. Since the emergence of gold nanoparticles, they have been employed 

for the fabrication of a wide array of sensors. From an electroanalytical standpoint, Au 

nanoparticles gained significant reputation due to its excellent conductivity, biological 

compatibility and high surface to volume ratio.  

 

Figure 2.3. FE-SEM images of the polypyrrole nanowires (A) and the Au/polypyrrole (B), SEM 

image of the nanoporous gold microelectrode (C), Adapted and modified with permission from 

ref. 76 and ref. 77. 

Methods such as surface-enhanced Raman spectroscopy, exploit gold nanoparticles as 

substrates to enable the measurement of the vibrational energies of chemical bonds. Further, in 

contrast to other materials, gold nanoparticles are dense, which renders them suitable as probes for 
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transmission electron microscopy.66 Gold nanoparticles may be used for selective oxidation, or in 

certain cases, reduction. Gold nanoparticles have also been developed and tested for fuel cell 

applications.67 This strategy could also be utilized for the label-free detection of proteins, 

pollutants, and other molecules. The inclusion of Au nanoparticles in nanomaterial synthesizing 

certainly revitalized the area of electrochemical sensors. Vast improvements have been made to 

the synthesis of Au nanoparticles for electrochemical sensing, however, researchers are faced with 

challenges, such as size control, morphology and monodisperse. The recent progress achieved in 

developing novel nanoporous Au material will play a key role in overcoming the aforementioned 

challenges. Hierarchical gold nanoporous material has been recently reported for biomedical 

applications.68 Gold nanoparticles combined with 3D macroporous carbon structure for the 

sensitive detection of chlorogenic acid in therapeutic products.69 Ali and co-workers fabricated a 

sensor for the qualitative detection of pork adulteration in meatballs.70 Pascal et al. developed an 

electrochemical sensor using a gold microwire electrode for the simultaneous sensitive 

electrochemical detection of copper and mercury in seawater and dilute acid through the use of 

anodic stripping voltammetry.71 Similarly, using a vibrating gold microwire electrode combined 

with stripping voltammetry, a rapid, reliable and low-cost sensor was developed by Soares and co-

workers for the simultaneous electrochemical determination of arsenic, copper, mercury, and lead 

ions in freshwater.72 Nanoporous gold prepared by alloying/dealloying method enhances the 

electrochemical sensing capability and increase the electrochemically active surface area of the 

gold nanostructure.73   

Ding and co-workers prepared a nanoporous gold leaf by dealloying Au/Ag alloy in 

concentrated nitric acid medium. The resulting 3D nanostructured material consisted of ~3 layers 

of permeable pores and Au ligaments that facilitated the movement of small molecules within the 
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structural framework. The performance of the nanoporous gold leaf electrode exhibited excellent 

electrocatalytic behaviour toward nitrite oxidation. Also, the peak current obtained with 

nanoporous gold leaf electrode for the electrooxidation of nitrite was significantly higher in 

comparison to the glassy carbon electrode (GCE) and a planar gold electrode. The higher activity 

towards nitrite oxidation attributes to the increased surface area, high electron conductivity and 

high specific activity of the 3D nanoporous material. In addition, the presence of the several 

exposed Au sites on the radial curvature of the nanostructured material promoted to the higher 

specific activity of the nanoporous gold leaf.74 Jia et al. developed a nanoporous gold electrode 

surface through a multicyclic electrochemical alloying/de-alloying processes in a “green” 

electrolyte that was composed of ZnCl2 and benzyl alcohol. The resulting nanoporous gold film 

electrodes possessed an ultrahigh surface area and electrochemical activity coupled with excellent 

selectivity. This study provided a simplistic green route for the preparation of nanoporous metal 

film electrodes.75  

Lin et al. reported on a novel electrochemical sensor that was fabricated via the 

electrodeposition of Au nanoparticles on polypyrrole (PPy) nanowires, which were coated onto a 

glassy carbon electrode (GCE) substrate. The Au nanoparticles were amalgamated with the pre-

synthesized PPy nanowires and subsequently transformed into an Au nanoparticle-PPy matrix on 

the GCE. Figure 2.3B depicts FE-SEM images of the Au/PPy nanowire. The Au nanoparticles had 

a diameter of 15 nm and were aligned along the PPy nanowires. Further investigation of 

nanomaterial with XPS revealed an Au nanoparticle with face-centred cubic structure. The 

addition of PPy to the Au nanoparticle improved the electronic conductivity and enhanced the 

electron transfer rate.76 Recently, nanoporous Au microelectrode was fabricated with good 

selectivity and high electrochemical active surface area. The nanoporous Au was prepared by 
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electrochemical alloying/dealloying method. The SEM image illustrates the nanoporous structure 

of the Au microelectrode (Figure 2.3C) and shows a definite 3D structure with pore sizes that vary 

between ~200.0 - 400.0 nm. The nanostructured material exhibited a high surface area and 

increased roughness. The 3D nanoporous structure played a significant role in enhancing the 

electrochemical sensing capabilities and improved selectivity toward the oxidation of hydrazine, 

sulfite and nitrite under simultaneous condition.77  

2.3.3 Metal Nanocomposites 

 In order to enhance the electrochemical properties and sensitivity, as well as the selectivity 

of electrochemical sensors, metal oxides and their nanocomposites, are often synthesized by 

combining graphene-based materials, polymers such as polypyrrole, chitosan, PEDOT, and 

polystyrene. Infusing conductive polymer with metal-based nanomaterials significantly enhances 

the electrochemical catalytic activity, increases the specific surface area and mitigates the issue of 

selectivity toward the oxidation of desired molecules.78-80  

 An electrochemical sensor comprised of polypyrrole–chitosan–titanium dioxide (Ppy-

CS-TiO2) nanocomposite was developed for the detection of glucose. Interactions between the 

TiO2 nanoparticles (NPs) and the conducting polymer resulted in enhanced current responses 

and improved the sensitivity toward the electro-oxidation of glucose.81 Electrochemical sensors 

based on bimetallic Au-Pt/rGO nanocomposites, Au/Pt alloy and Au/rGO have also been reported. 

The combination of two metal nanoparticles and/or metal nanoparticles with carbon-based 

materials increases the overall electrochemical performance of the nanostructured material. The 

use of metallic nanocomposites and bimetallic nanostructures may vastly improve the 

electrochemical activity, sensitivity and selectivity towards the detection of compounds in food 

and beverage matrices. The improved electrochemical activity is associated with the increase in 
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surface area, synergistic effect of metal-metal and metal-graphene, increased availability of active 

sites.82-84 Feng et al. fabricated worm-like Au–Pd nanostructures supported on rGO, which was 

based on a simple wet-chemical approach using polyethylene glycolmonooleyl ether (Brij-35) as 

a stabilizing agent.85 The nanocrystals of this worm-like Au–Pd had an average width of 2.0 nm 

and length of 10.0 nm, and the nanocrystals were uniformly distributed and deposited on the 

surface of rGO. Peaks from the XRD pattern showed the efficient reduction of GO to rGO and 

revealed the development of single-phase Au-Pd alloy. Similarly, another bimetallic Au-Pd based 

composite nanomaterial was reported for the determination of caffeic acid (CA) by Thangavelu et 

al. The Au-Pd nanomaterial was electrochemically deposited on the graphene nanoflakes and was 

used for the sensitive determination of CA. The nanomaterial exhibited good electrocatalytic 

activity towards the oxidation of CA and possessed good sensitivity and a low detection limit of 

6.0 nM. 86 Ghaedi and co-workers developed a modified material by combining gold nanoparticles 

with MWCNT using a carbon paste electrode as a substrate. The images generated by SEM 

revealed that the nanoparticles followed a randomly distributed pattern with a larger surface area. 

Further, the material combination displayed excellent electrocatalytic behaviour for the 

electrochemical oxidation of nitrite.87 Using size-selected Pt nanoparticles, Wu et al. developed a 

metal nanocomposite by assembling these nanoparticles on a graphene surface. The TEM images 

in Figure 2.4 D reveal well distributed Pt nanoparticles on the surface of the graphene. The 

dimensions of the Pt nanoparticles were between 1.0 and 3.0 nm, whereas the size of the graphene 

was 750.0 nm. The composite electrode was employed for the electrochemical oxidation of 

ascorbic acid (AA), uric acid (UA), and dopamine (DA). This nanomaterial exhibited excellent 

distinguishing abilities through the provision of enhanced peak separation and large potential 

differences of 185 mV (AA-DA), 144 mV (DA-UA), and 329 mV (AA-UA) for the 
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electrochemical oxidation of the aforementioned analytes.88 A novel electrochemical sensor, based 

on a Pt nanocomposite, was reported by Chen and co-workers for the electrochemical detection of 

α-Methylglyoxal.  

 

Figure 2.4. TEM (a, b) and HR-TEM (c, d) images of worm-like Au–Pd/RGO (A), XRD pattern 

of Au-Pd/RGO (B), SEM image of GNPs/MWCPE (C), (D) TEM images of (a) graphene, (b) Pt 

nanoparticles and (c and d) graphene/Pt nanocomposite under different magnifications, SEM 

image of Pt/SWCNT/GCE (E) and EDX pattern for Pt/SWCNT/GCE (F), Adapted and modified 

with permission from ref. 36, ref. 85, ref. 87 and ref. 88. 
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The platinum nanoparticles were deposited onto a GCE surface, which was coated with single-

walled carbon nanotubes (SWCNTs). The FE-SEM image of the material revealed a uniformly 

distributed pattern of Pt nanoparticles on the SWCNT/GCE surface (Figure 2.4E).Further, the 

presence of Pt nanoparticles on SWCNT/GCE was confirmed by an EDS spectrum (Figure 2.4F). 

The sensor demonstrated good linearity in the increasing concentration range of from 0.1 - 100 

µM, and a low detection limit of 2.8 nM. The sensor exhibited excellent sensitivity and selectivity 

and showed its ability to quantify α-Methylglyoxal in wine and beer samples.36 Yegnaraman and 

co-workers reported an Au based nanocomposite material for the detection of AA, UA and DA. In 

this work, the authors addressed the challenges faced in detecting electroactive compounds in a 

mixture with improved selectivity. The nanocomposite film was synthesized by incorporating Au 

nanoparticles into the PEDOT polymer matrix and a thin film of the material was electrodeposited 

on the GCE. The modified electrode was able to detect AA, UA and DA simultaneously with 

superior selectivity and sensitivity. The PEDOT polymer matrix facilitated the catalytic oxidation 

of the three molecules with high selectivity and the formation of the Au nanoparticles within the 

nanofibrillar matrix allowed for high sensitivity and selectivity.89  

2.4. Electrochemical sensors for the detection of food additives and contaminants 

 In view of the perpetual demand for processed foods and beverages, there are direct 

implications in regard to stringent demands for sustaining higher safety and quality standards. 

Along with the present quality control guidelines, novel approaches must be implemented to meet 

the requirements for maintaining and improving the safety and quality standards of food and 

beverages. Electrochemical sensors may serve as alternatives to conventional methods; thus, 

bettering portability and rapid response, also negate the requirement of highly skilled operators. 

The development of these sensors for the determination of different molecules in numerous food 
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matrices would be very beneficial. Electroanalytical techniques coupled with various 

nanomaterials based electrochemical sensors offer direct and efficient methods for the detection 

of food contaminants such as hydrazine, malachite green, bisphenol A, and some of the commonly 

used preservatives such as caffeic acid, caffeine, ascorbic acid, sulphite, and nitrite.  

2.4.1 Hydrazine 

 Hydrazine (N2H4) and its products are commonly used in the manufacture of pesticides, 

chemical blowing agents, intermediates in pharmaceutical drugs, and for corrosion control in hot 

water heating systems in boiler water treatment systems.90 The entry of N2H4 and its derivatives 

into the ambient environment is due to its usage and applications in aerospace fuels, explosives, 

and industrial chemicals.91 N2H4 may readily be absorbed into the human body via oral ingestion, 

transdermal, or inhalation routes. Further, as N2H4 is lethal and volatile in nature, it may have 

detrimental effects on organs such as the kidneys, liver, and brain.92 The Environmental Protection 

Agency (EPA) has designated N2H4 as a cancer-causing compound; hence, it is a major 

consideration for the International Agency for Research on Cancer (IARC).93 The risk level of 

minimal N2H4 inhalation has been established to be 0.004 μg/ml.64  

 The National Institute for Occupational Safety and Health has a strict level for N2H4 that 

is permitted in the workplace atmosphere, which must not exceed 0.03 μg/mL when it is 

continuously measured over a two-hour period.94 Due to the toxicological nature of hydrazine 

compounds, sensitive and reliable analytical techniques are required for the determination of N2H4. 

Nahid et al. have reported on a sensitive and selective electrochemical sensor for the determination 

of hydrazine through the use of a modified carbon nanotube paste electrode.95 The fabricated 

electrode showed good electrocatalytic capability for the electrochemical oxidization of N2H4. 

This electrochemical sensor possessed a wide linear range of from 0.6 - 900.0 μM, and a low 
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detection limit of 0.13 μM. This selective sensor also demonstrated the precise determination of 

N2H4 in water samples. In other work, Lin and co-workers prepared an electrochemical sensor 

(Au/PPy) for the sensitive and selective  

 

Figure 2.5. (A) DPVs of 0.5 M H2SO4 containing various concentrations of N2H4 at the 

Pd/MWNT–Nafion modified electrode; (B) CVs of 5.0 × 10−4 M N2H4 in 0.1 M PBS (pH 7.0, scan 

rate 50 mV s−1) at bare GCE (a), PPy/GCE (b), Au/GCE (c) and Au/PPy/GCE (d); (D) DPV 

responses for the increasing concentration of hydrazine, Adapted and modified with permission 

from ref. 76 and ref. 97. 
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detection of hydrazine. The CV revealed a well-defined and sharp peak for the oxidation of N2H4 

(Figure. 2.5A). The oxidation peak potential for N2H4 occurred at 135 mV, which is useful for 

practical applicability, as there is less chance of interference from other compounds.  

N2H5
+ → N2 (g) + 5H+ + 4e− 

The reaction mechanism for the electro-oxidation of hydrazine at the Au/PPy/GCE is a 4e− process. 

Figure 2.5B shows the DPV responses to different concentrations of N2H4 with a linear calibration 

range of from 0.0010 - 0.50 mM. The developed hydrazine sensor had excellent sensitivity, good 

analytical reproducibility, and a detection limit of 0.20 μM. The improved electrochemical activity 

is attributed to high surface area of the nanomaterial, higher electron transfer rate due to the PPy 

nanowires and the electrocatalytic ability of Au nanoparticles.76 Lu et al. used the complexing-

reduction method, whereby a complex is formed by combining Pd nanoparticles and 

ethylenediamine-tetramethylenephosphonic (EDTMP) acid to produce an EDTMP-Pd complex. 

This catalyst was further modified by adding multiwall carbon nanotubes to form Pd/MWNTs, 

which was used as the sensor material. The CV depicted in Figure 2.5C exhibited higher activity 

for the oxidation of hydrazine in an acidic electrolyte solution. Furthermore, the responses from 

DPV showed a steady increase in the oxidation peak current with the subsequent addition of N2H4 

(Figure 2.5D). The Pd/MWNT sensor exhibited good linearity across a broad calibration range of 

from 2.5 – 700.0 µM and had a low detection limit of 1.0 µM.96 

2.4.2 Malachite green 

 Malachite green (MG), a byproduct of triphenylmethane, is used in the dyeing industry. It 

is notably used in the food industry and aquaculture due to its antifungal, antimicrobial and 

antiparasitic properties. By law, the use of MG is forbidden in the United States, China, Canada 
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and several other countries. Yet, the illegal use of MG in the aquafarming industry is still in 

practice owing to its low price and high effectiveness against fungus and bacteria.97 However, 

toxicological tests and scientific investigations uncovered the presence of MG in the tissues of 

edible fish for a longer duration.98 Due to the carcinogenic and mutagenic nature of MG, 

consuming such contaminated fish possess a health risk to human beings.99 Presence of MG is  

 

Figure 2.6. SEM image of the graphene-QDs/Au-NPs (A), CVs of MG oxidation at different 

electrode, bare GCE (a), graphene-QDs/GCE (b), Au-NPs/GCE (c), and graphene-QDs/Au-NPs 

/GCE; curve (d) and curves (a, b, c and e) shows the response in the absence and in presence of 

4.0 × 10−5 mol L−1 MG, respectively in a 0.05 M H2SO4 buffer solution. Adapted and modified 

with permission from ref. 106 

analyzed using conventional instruments such as HPLC-MS, surface enhanced Raman 

spectroscopy (SERS) and spectrophotometry due to their sensitivity and efficiency.100-102 

However, they might not particularly be applicable for on-site testing. Therefore, it is imperative 

to develop low-cost electrochemical sensors for the sensitive and selective determination of MG. 

Muresan et al. reported an electrochemical sensor for the detection of MG using CeO2 and nafion. 
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The sensor exhibited good sensitivity and selectivity toward MG oxidation and exhibited good 

stability for 50 successive CV cycles and had a low detection limit of 3.20 µM. Also, the developed 

CeO2-nafion sensor demonstrated its capability to detect MG in commercial biocide products.103 

Huang and co-workers developed a highly selective electrochemical sensor for the detection of 

MG utilizing MWCNT and dihexadecyl hydrogen phosphate (DHP), a special surfactant. The 

MWCNT-DHP modified electrode facilitated the electron transfer by decreasing the overpotential 

and enhanced the peak current obtained for the oxidation of MG. The electrode retained 90% of 

its initial peak current response for the oxidation of MG in the presence of a 200-fold concentration 

of ascorbic acid, caffeine, vitamin E and dopamine. Thus, proving the modified film electrode is 

very selective toward the determination of MG. In addition, the electrode exhibited excellent long-

term stability for a period of 21 days, with a decrease of only 6.2 % from the initial value. The 

practical applicability of the electrochemical sensor to detect MG in fish samples yielded effective 

results, which was in consensus with the results from HPLC method.97 In another work, hidayah 

and co-workers reported an electrochemical biosensor for the detection of MG using carbon paste 

electrode by immobilizing butyrylcholinesterase enzyme (BuChE) onto polypyrrole. The 

amperometric technique was utilized to determine the total MG content. The enzyme-modified 

electrochemical biosensor offered higher sensitivity, selectivity and successfully detected the 

presence of MG in tilapia fish. The sensor displayed good linearity over the wide concentration 

range from 0.00068 to 0.027 µM with a LOD limit at 0.00068 µM.104 Wang and co-workers 

designed an electrochemical sensor based on graphene quantum dots/Au nanoparticles/GCE to 

quantify MG in salmon. Figure 6A shows the SEM image of graphene-QDs/Au-NPs multilayers. 

The surface morphological study revealed the uniformly dispersed quantum dots (10 - 15 nm in 

diameter) over the primarily distributed Au nanoparticles (150 - 300 nm in diameter). The 
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modification with graphene quantum dots and Au nanoparticle increased the electrochemical 

active surface area (EASA) of the GCE 4 times higher. The synergistic effect of quantum dots/Au 

nanoparticles decreased the peak potential to a less positive side (at 0.502 V) for the oxidation of 

MG and amplified the peak current obtained (Figure 2.6B, curve e). More notably, the absence of 

redox peak at the quantum dots/Au nanoparticle/GCE alludes the modified electrode’s 

electrochemical inoperativeness within the particular potential window.105 

2.4.3 Bisphenol A 

 Bisphenol A (2,2-bis-(4-hydroxyphenyl)-propane, BPA) is an important industrial 

compound used in the manufacturing of epoxy resins, plastic water bottles, and polycarbonate 

materials.106,107 BPA is a xenobiotic and an endocrine disruptor that has the ability to mirror the 

function of androgen hormones and poses severe health risk to humans, such as brain damage, 

fertility issues and prostate cancer.108 Also, it is catalogued as a non-biodegradable compound with 

high chemical resistance.109 Analytical techniques such as high-performance liquid 

chromatography (HPLC), liquid chromatography-mass spectrometry (LC-MS), and gas 

chromatography-mass spectrometry (GC-MS) are used for the determination and quantification of 

BPA.110-112 However, these expensive instruments demand long hours of analytical procedures, 

skilled personnel and strenuous sample preparation protocols. In this milieu, developing sensors 

for the electrochemical detection of BPA presents an inexpensive alternate route with the benefits 

of quick response time, simple operating procedure and real-time sensing. BPA is an 

electrochemically active molecule; however conventional unmodified electrodes yield sluggish 

response toward its oxidation. Therefore, it is of monumental importance to developing novel 

nanostructured materials with high surface area, excellent catalytic activity and stability for the 

electrochemical sensing of BPA. Several research articles are published based on several 
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The amperometric responses of BPA oxidation at the Cu2O/rGO/GCE modified electrode in 

presence of interference compounds (D), Adapted and modified with permission from ref. 113, ref. 

114 and ref. 115 

The SEM investigation revealed that the nanoparticle was consistently distributed in the polymer 

structure (Figure. 2.7A). The developed electrochemical sensor was utilized for the analytical 

detection of BPA. The CV studies revealed a well-defined peak for the oxidation of BPA. The 

electrochemical reaction for the oxidation of BPA at the Fe3O4-Si4Pic+Cl−/Au-NPs-

Si4Pic+Cl−/GCE is an irreversible process. The peak current for the oxidation of BPA is 4 times 

higher in comparison with the bare GCE (Figure 2.7B). The increased anodic current response for 

the oxidation of BPA arises from the high active surface area and the high conductivity imparted 

by Fe3O4-NPs and Au-NPs. The analytical performance of the electrochemical sensor tested using 

DPV revealed a detection limit of 7.0 nmol L-1 in the increasing linear range of 20.0 to 1400.0 

nmol L-1 and yielded good recovery rates with real sample testing (90 - 120 %). Furthermore, the 

electrochemical sensor exhibited high precision, excellent sensitivity, selectivity and long-term 

stability. The synergistic effect of Fe3O4-NPs/Au-NPs played a significant role in enhancing the 

catalytic activity and electrochemical sensing ability toward the detection of BPA.113  

113 

 Chen and co-workers developed an electrochemical sensor using bimetallic nanoparticles 

and a carbon material for the electrochemical sensing of BPA. They loaded the graphene 

nanosheets with gold-palladium nanoparticles (Au-Pd NPs/GNs/GCE). The electrochemical 

characterization performed by CV elucidated that the electro-oxidation of BPA at the Au-Pd 
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NPs/GNs/GCE sensor occurred in two stages; (i) BPA is adsorbed onto the surface of 

nanostructured material because of the GNs excellent capacity for adsorption; (ii) the superior 

electrochemical activity of Au-Pd NPs elector-oxidizes the BPA adsorbed onto the surface. The 

GCE modified with Au-Pd NPs/GNs showed enhanced peak current response for BPA oxidation. 

The increased oxidation response is associated with the large electroactive surface area and high 

conductivity. The modification of the GCE improved the direct electron transfer for BPA oxidation 

at the electrode and lowered the oxidation peak potential. The analytical performance was tested 

using DPV by constructing a linear concentration curve for the BPA oxidation in the range of 0.05 

µM to 10.0 µM (Figure 7C). The calibration curve showed a linear trend in each addition of BPA 

(R2 = 0.997) and a LOD value of 8.0 nm. In addition, the electrochemical sensor unveiled high 

accuracy with real sample testing and had good stability. The combined advantages such as the 

high specific surface area of the nanomaterial, exceptional electron conductivity of GNs and the 

synergistic effect of Au and Pd played a significant role in enhancing the sensing capabilities of 

Au-Pd NPs/GNs/GCE sensor.114  

 In another work, Zhao et al. reported on a Cuprous oxide-reduced graphene oxide 

(Cu2O/rGO) based electrochemical sensor for the determination of BPA. The synthesized 

Cu2O/GO nanocomposite was coated on the GCE surface and electrochemically reduced to from 

Cu2O/rGO/GCE. The electrochemical measurements performed using CV showed that the 

nanocomposite material oxidized BPA with higher peak current. The prepared nanocomposite 

material had a high surface area, improved conductivity and enhanced electron transfer rate 

between the modified electrode and BPA. Moreover, the linear relationship between peak current 

and increasing concentration yielded a linear trend for the selected concentration range (0.1 µmol 

L-1 to 80.0 µmol L-1, R2 = 0.998, LOD = 0.085 µmol L-1). The amperometric measurement proved 
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the Cu2O/rGO/GCE sensor’s superior selectivity toward the oxidation of BPA in presence of 

interference molecules (Figure 2.7D). The excellent electrochemical activity of the fabricated 

sensor could be attributed to the synergistic effect Cu2O-rGO, high conductivity of graphene and 

electrocatalytic properties of Cu2O.115 

2.4.4 Caffeic acid 

 Caffeic acid (CA, 3, 4-dihydroxycinnamic acid) is one of the most important compounds 

in the classification of phenolic acids. CA is commonly found in red wines, cloves, coffee, star 

anise, olive oil, as well as some vegetables and fruits. It has several pharmacological functions 

as it exhibits antioxidant, anti-inflammatory, antibacterial, and immune-modulatory 

properties.116 Interestingly, some studies have reported that CA acts as an anti-tumour agent, 

while other reports showed that CA has carcinogenic effects.117-119 Numerous methods for the 

determination of phenolic compounds and acids are available; however, the fabrication of 

electrochemical sensors for the quantitative detection of CA is necessary.120,121 Santos and co-

workers fabricated an electrochemical sensor by modifying a GCE with a poly(glutamic acid) 

(PG) film for the electrochemical detection and quantification of CA in red wine.122 The 

chemically reduced graphene oxide sensor reported for the determination of CA oxidation 

showed good sensitivity and selectivity with minimal interference and high reproducibility.123 

Further, an electrochemical biosensor was prepared by Fernandes et al. for the detection and 

quantification of CA in white wine. This complex biosensor constructed by immobilizing green 

beans in the chitin matrix was incorporated into a carbon paste electrode. The caffeic acid 

content of white wine was investigated using square-wave voltammetry, where the biosensor 

showed high selectivity and long-term stability.124 Glassy polymeric carbon electrodes modified 

with an electroactive poly(caffeic acid) film was used for the detection of CA in red wine.125 
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Chen H-A et al. recently developed a sensor based on the modification of GCE with nitrogen-

doped carbon (NDC). From the cyclic voltammetric investigation, the redox peak current 

obtained with NDC/GCE was significantly higher than that of GO/GCE and bare GCE (Figure  

 

Figure 2.8. CV responses of bare GCE, GO/GCE, and NDC/GCE for the oxidation of 5 mM 

[Fe(CN)6]3−/4− in 0.1 M KCl (A), DPV responses of NDC/GCE toward CA oxidation in presence 

of interference molecules 0.05 M PB solution (B), CV responses of Pd–Au/PEDOT/rGO/GCE 

at different scan rates of 10.0 - 500.0 mV s−1 in a BR buffer, at pH 3.0 (C), DPV responses of 

Pd–Au/PEDOT/rGO/GCE to subsequent additions of CA (0.001 - 55.0 μm) in a BR buffer, at 

pH 3.0 (D), Adapted and modified with permission from references. Adapted and modified with 

permission from ref. 127 and ref. 128.  
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2.8A). The NDC enhanced the electrocatalytic activity of the sensor for the oxidation of CA, 

which indicated the presence of electroactive functional groups. The oxidation of CA to O-

quinone followed a 2-electron process. 

C9H8O4 (CA) → C6H4O2 (O-quinone) + 2H+ + 2e- 

The electrochemical NDC/GCE sensor demonstrated good linearity over the wider calibration 

range of from 0.01 - 350 µM and a very low detection limit of 0.0024 µM for CA detection.126 

Yue and co-workers fabricated an electrochemical sensor for the determination of CA using Pd-

Au/PEDOT/graphene nanoparticles. The presence of Pd/Au nanostructures enhanced the 

electrocatalytic activity and increased the surface area of the material for the electrochemical 

oxidation of caffeic acid. This sensor exhibited excellent sensing capabilities for the detection 

of CA. Figure. 2.8D illustrates the relationship between the concentration of, and the current from, 

CA oxidation, which was studied by employing DPV with a wider linear range of from 0.001 - 55 

μM, and a lower detection limit of 0.37 nm. The excellent electrochemical sensing ability is 

attributed to the synergistic effect of Pd-Au interaction, high conductivity of graphene 

nanoparticles which promoted towards the sensitive determination of CA at the Pd-

Au/PEDOT/graphene sensor.127 

2.4.5 Caffeine 

 Caffeine (3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione, or 1,3,7-trimethylxanthine) is 

an active alkaloid component, which is present with other trace purines that are primarily found in 

cola nuts, cocoa beans, tea leaves, yerbamate, and guarana berries.128 Caffeine is one of the most 

prevalent molecules that is present in a variety of teas, coffee-based beverages, and as an additive 



µ
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results of testing with commercial samples showed that the obtained values were in close 

agreement with the results of HPLC-PDA. The 3D network of AuNPs formed within the chitosan 

matrix facilitated an efficient electron transfer ability, enhanced electrical conductivity, and 

increased selectivity.33 An additional electrochemical sensor has been fabricated for the detection 

of caffeine through the electropolymerization of 4-Amino-3-hydroxynaphthalene sulfonic acid 

(AHNSA) on a GCE. Figure 2.9C shows the SWV curve, which reveals an enhanced current 

response for the polymer-modified electrode in contrast to the unmodified GCE for the oxidation 

of CA. The relationship between the increasing concentration of CA and its corresponding current 

response was investigated by subsequent addition, where the linear range for CA was 0.06 - 40.0 

µM and the LOD was 0.067 µM. This sensor showed excellent responses to the spiked caffeine 

samples.133 Brett et al. developed an electrochemical sensor that was based on multi-walled carbon 

nanotubes (MWCNTs) for the determination of caffeine in commercial beverages. The reported 

sensor had excellent sensitivity, with a very low detection limit of 38.0 nm, and a wide linear 

range. The results from testing with actual off-the-shelf samples also exhibited the sensor’s 

amenability for commercial use.134 

2.4.6 Ascorbic Acid 

 Ascorbic acid (AA) is known for its reductive properties, which is readily oxidable to 

dehydroascorbic acid. It acts as a powerful antioxidant, which fights against free-radical induced 

diseases, and plays a crucial role in the development and repair of collagen.135 Despite such 

advantageous properties, high levels of AA in the human body may lead to gastric irritation and 

the formation of kidney stones.136 AA can easily be altered when exposed to excessive heat, light, 

and atmospheric oxygen.137 Thus, AA may be employed as a quality indicator that requires careful 

monitoring. There are sophisticated mainstream techniques for the determination of AA; however, 
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they require long hours for sample quantification, specific expertise, and in-depth knowledge of 

the operation of instrumentation. These factors have spurred the development of electrochemical  

 

Figure 2.10. Amperometric responses of the graphene/Pt-modified GC electrode for different 

ascorbic acid concentrations (0.15 - 34.40 μM), Adapted and modified with permission from ref. 

88.  

sensors for the detection AA. Li et al. developed an electrode that was based on hexadecyl 

trimethyl ammonium bromide (CTAB) functionalized graphene oxide (GO)/MWNTs. The GCE 

was modified with the as-prepared material (CTAB-GO/MWNT), which was incorporated as a 

novel system for the determination of AA. The sensor exhibited good linearity over the increasing 
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concentration range from 5.0 - 300.0 µM with a detection limit of 1.0 µM.65 A novel 

electrochemical sensor was reported using graphene/Pt nanoparticle nanocomposite for the 

electrochemical determination of AA. The CV responses for the graphene/Pt electrochemical 

sensor revealed a higher peak current for the oxidation of AA with the lowest onset potential 

(Figure 2.10). This sensor showed excellent performance in terms of peak potential with a low 

detection limit of 0.15 µM, and a calibration range between 0.15 - 34.40 μM. The presence of 

graphene aided in the uniform distribution of Pt nanoparticles and enhancing their electro-catalytic 

properties.88 Moreover, stable and sensitive amperometric sensors have been reported for the 

detection of AA in commercial juice samples.138,139 

2.4.7 Sulfite 

 Sulfite (SO3
2-) is known for its excellent reducing properties and has played a pivotal role 

as a food additive for several decades.140 It is primarily employed by the food industry for the 

prevention of oxidative deterioration and bacterial growth in foods and beverages during their 

production and plays a significant role in increasing the shelf life of these products.141 Some of the 

common SO3
2- containing foods are wine, alcoholic and non-alcoholic beer and cider, as well as 

bottled juices and concentrates.142 Unfortunately, many people have an allergic reaction to SO3
2-, 

which ranges from mild to severe, due to probable toxic and harmful effects that are associated 

with it. According to the FDA, it is compulsory for manufacturers to display caution labels on any 

food or beverage packaging that contains SO3
2- of 10 ppm and above.143,144  The excessive intake 

of SO3
2- may cause headaches, nausea, and asthma.145 Therefore, it is necessary to incorporate 

electrochemical sensors for the robust and precise quantification of sulfites in food and beverages. 

Recently, Chen et al. fabricated an electrochemical sensor based on the nanoporous gold 

microelectrode for the detection of SO3
2-. The DPV measurements revealed the peak potential at 



42 
 

~0.30 V for the SO3
2- oxidation. The SO3

2- molecule was oxidized to SO4
2- at the nanoporous gold 

sensor. The anodic reaction for the SO3
2- oxidation is as follows: 

SO3
2- + H2O → SO4

2- + 2H+ + 2e- 

The electroanalytical performance of the sensor was tested by constructing a linear calibration 

curve, in the range of 5.0 µM to 4000.0 µM. Figure. 2.11A shows that peak current for SO3
2- 

oxidation increased with subsequent increase in SO3
2- concentration with an R2 value of 0.995 and 

an LOD value of 0.3 µM. The electrochemical sensor exhibited good sensitivity, selectivity and 

stability. The sensor demonstrated good anti-interference ability and detected the presence of SO3
2- 

in alcoholic beverages. The nanoporous structure on the surface allowed the movement of 

molecules through the pores and promoted toward the enhance peak current for the electro-

oxidation of    SO3
2-.77 Santos and co-workers fabricated a sensor using carbon-paste electrode that 

was modified with MWCNTs to quantify sulfite levels in various beverage samples using DPV 

and amperometry.  

 The electrochemical sensor exhibited an increasing current response to the subsequent 

addition of SO3
2- in the linear range of from 25.0 - 500.0 μM, and a lower detection limit of 16.0 

μM. The sensor was also tested for its performance with actual samples for SO3
2- detection and 

produced good responses from the spiked samples.146 Fang and co-workers developed a sensor for 

the sensitive electrochemical determination of sulphite by modifying a GCE with graphene, 

chitosan,  and AuNPs.147 Figure 2.11B reveals the analysis investigated with amperometry 

technique for increasing SO3
2- concentration, and the respective current that was obtained from its 

oxidation. The electrochemical sensor exhibited superior electrochemical performance throughout 

the linear range of from 5.0 µM to 0.41 mM. The developed sensor did not show any interference 

when  
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other processed meats. Also, it facilitates the preservation of the pink colour in meat products by 

forming nitroso-myoglobin.149 On the other hand, NO2
- has a noxious impact on the human body 

if it is added to food products at levels that are higher than prescribed safety standards.150 

Molecular NO2
- possesses the ability to readily bind with hemoglobin to form methemoglobin, 

thus restricting the ability of red blood cells to transport oxygen.151 The World Health Organization 

(WHO) has fixed a maximum limit of 3.0 mg L−1 (65.22 μM) for nitrite in drinking water.152 

Therefore, the quantification of NO2
- is one of the critical aspects of food analysis. Among the 

different available methods for the determination of nitrite, electrochemical methods offer rapid, 

inexpensive, and safer means for its quantitative determination. John S.A and co-worker developed 

an electrochemical sensor for the quantitative determination of NO2
- in milk samples. The sensor 

material was constructed using functionalized multi-walled carbon nanotubes (FMWCNTs) and 

5-amino-1,3,4-thiadiazole-2-thiol (ATT). The nanostructured composite material showed good 

linearity with increasing NO2
- from 10.0 nm - 1000.0 nm and a detection limit of 0.2 nm. The 

fabricated sensor demonstrated excellent anti-interference ability and its practical capability was 

scrutinized by quantifying the presence of nitrite in commercial milk samples.153  

 An electrochemical sensor was developed by Feng and co-workers for the oxidation of 

nitrite based on the interconnected platinum nanowire. Owing to the material’s unique architecture, 

the electrochemical sensor exhibited high electrocatalytic activity and enhanced electroanalytical 

performance toward nitrite determination. The developed sensor showed good linearity throughout 

the very wide linear range of 1.0 µM - 132.0 mM and a low detection limit of 0.14 µM combined 

with excellent selectivity and good anti-interference ability.155 Chou and co-workers reported on 

the fabrication of an electrochemical sensor for nitrite quantification based on boron-doped cubic 

SiC NWs (silicon carbide nanowires). 
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Figure 2.12. DPV (A) and amperometric (B) responses of increasing nitrite concentrations (5.0 - 

8000.0 μm) at a B-doped cubic SiC NWs electrode in 0.1 M PBS; DPV response for the 

electrochemical oxidation of 250.0 μM nitrite at a gold nanoporous microelectrode (C), DPV 

responses for the increasing concentration of NO2
- (5.0 - 4000.0 μm), in 0.1 M PBS (pH 6.5) (D), 

Adapted and modified with permission from ref. 85,155 and 77  

This nanomaterial exhibited good sensitivity and selectivity, and a wide linear range of from 5.0 - 

8000.0 μmol L−1 for NO2
- (Figure. 2.12A and 2.12B).154 In another reported work, Feng et al. 

synthesized a metal nanocomposite by utilizing Au-Pd and rGO for the amperometric detection of 

nitrite. This fabricated electrochemical sensor had high sensitivity and rapid response, a wider 
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linear range from 0.05 to 1000.0 µM, with a detection limit of 0.02 µM.85 An electrochemical 

sensor based on a nanoporous gold microelectrode was used for the detection and determination 

of NO2
-. Figure  2.12C shows the response obtained from DPV for the oxidation of 250.0 µM in       

0.1 M PBS at pH 6.5. The anodic reaction mechanism at the nanoporous electrode is as follow:  

NO2
- + H2O → NO3

- + 2H+ + 2e- 

The fabricated sensor exhibited excellent sensitivity, high stability and wide linear range for 

increasing NO2
-, from 5.0 - 4000.0 µmol L-1  (Figure. 2.12D).77 Ding and co-workers developed 

an ultrathin gold electrode for the determination of nitrite. The amperometric study conducted with 

this electrode showed good linearity across a wide calibration range of increasing NO2
- 

concentrations, from 1.0 µM to 1.0 mM. The electrode demonstrated good selectivity, high 

stability, and repeatability for the detection of NO2
-.150 

2.5. Electrochemical based immunosensors  

 Electrochemical-based immunosensors is deemed as a subclass of biosensors. The 

biological recognition element in an electrochemical immunosensor is either a fragment of an 

antibody or an antigen. The principle of immunosensors is based on the ability of the antibody to 

interact with the desired antigen.155 Immunoglobulin (IgG) is the commonly used antibody in 

immunosensors with a molecular weight of 150 kDa.156 Electrochemical immunosensors have the 

ability to detect and quantify contaminants because of the beneficial attributes such as enhanced 

sensitivity, lower limits of detection and swift analysis of the targeted molecule.157, 158 Bisphenol 

A (BPA) is an extensively researched compound because of its associated toxicity and health risks 

to humans. Rahman and co-workers reported on the development of an immunosensor for the 

detection of BPA. The sensor was fabricated by binding antibody to polythiophene (functionalized 



47 
 

with COOH) covalently. The analytical performance was tested in the linear range from                             

1.0 to 100.0 ng mL-1 with a LOD value of 0.3 ng mL-1.159 Recently, Zhang et al. prepared a label-

free electrochemical immunosensor for the quantitation of BPA using acetylene black, chitosan, 

gold composite (AB–CS–Au) and gold nanoparticles (Au NPs). The quantification of BPA was 

conducted in the increasing range of 0.0075 - 1.0 μmol L−1 with a LOD of 0.0065 μmol L−1. The 

developed immunosensor demonstrated excellent sensitivity, selectivity toward the determination 

of BPA and long-term stability.160 Another important molecule is malachite green (MG) that is 

used as a biocide in fish farming. This may cause possible cross-contamination and enter into the 

water sources and pose a severe threat to the human immune system.161 Zhu and co-workers 

modified a GCE with bovine serum albumin and decorated it Au nanoclusters (BSA/Au-NCs) for 

the determination of MG. The analytical performance of the sensor was improved by modifying 

the GCE with 1, 4-phenylenediamine and covalently bonded to the prepared BSA/Au-NCs. 

Furthermore, a polyclonal antibody was immobilized onto the surface of the nanostructured 

material. The calibration curve constructed for MG determination was in the concentration range 

of 0.1 to 10.0 ng mL-1 and LOD value of 0.03 ng mL-1. The electrochemical immunosensor 

exhibited excellent testing capabilities in real samples with good recovery rates (89.7 - 99.2%).162  

2.6. Summary and Outlook 

 Electrochemical techniques and nanomaterials have demonstrated the capacity to enhance 

detection and confirmed their competency over conventional analytical methods. A variety of 

electrochemical sensors based on these reported nanomaterials and their fabrication methods have 

shown superior performance, high selectivity and sensitivity, followed by their ability to detect the 

target analytes at low concentrations. In terms of selectivity and electrode modification, a plethora 

of nanostructured materials are developed to overcome the challenges of selective oxidation of 
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targeted molecules. The excellent sensitive, selective and enhanced electrocatalytic toward the 

quantitation of the targeted molecules sensors can be attributed to the high conductivity of the 

carbon nanostructured materials, the synergistic effect of the noble bimetallic and monometallic 

nanoparticles and other metal nanocomposites. The size and shape of the nanomaterial also played 

a substantial role in the enhancement of the electrochemical catalytic performance of the reported 

sensors. The infusion of conductive polymer materials with metal and carbon nanostructured 

materials increased the specific surface area and improved the distribution of nanoparticles along 

the surface of the nanomaterial. In addition to that, electrochemical immunosensors is a growing 

area that is extensively looked at and improved upon by the researchers with novel nanomaterials 

in terms of the type of detection, improving selectivity and increasing the sensitivity. The future 

of nanomaterials is very promising for sensing applications and have greater potential for research. 

A comparative study of the applications of reported nanomaterial based electrochemical sensors 

for different food contaminants/additives is listed in Table 2.1.  

 Although most of the reported sensors exhibited possible usefulness as portable 

instruments, most of them have been verified only in the laboratory. Precise and thorough 

validation studies using established methods are imperative to transition these electrochemical 

sensors to real applications in the industrial model for food and beverage safety testing. The 

impacts of environmental constraints, storage, and operational stability in the field ought to be 

ascertained. Also, there are concerns relating to the probable toxicity of these nanomaterials. This 

aspect should be further taken into consideration and addressed prior to progressing with their 

introduction to the consumer market. There is an overabundance of reported electrochemical 

sensors for the detection of additives and contaminants; however, the number of commercially 

available sensors for the detection of additives and toxic contaminants remains negligible. 
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Table 2.1. List of various electrochemical sensors associated with electrochemical techniques for 

the detection of different target analytes 

Nanomaterial Target analyte 
Electrochemical 

technique 
Linear range LOD Ref 

ZnO/CNTs/ILCPE Ascorbic acid DPV 0.1 – 450 μM 0.07 μM 163 

Graphene/Pt nanocomposite Ascorbic acid CA 0.15 – 34.4 µM 0.15 µM 88 

Pd/CNFs/CPE Ascorbic acid DPV 0.05 – 4 mM 15.0 µM 164 

Nitrogen doped graphene Ascorbic acid DPV 5 - 1300 µM 2.20 µM  165 

Pt disc electrode Ascorbic acid SWV 0.1 - 10 mM 90.0  μM  166 

MWCNT/GCE 
Ascorbic acid and 

caffeine 
SWV 10 - 500 µM 

0.01 and 0.004 

μM 
167 

MWCNT/PEDOT/Nafion/GCE Caffeine DPV 0.085 - 7 mM 0.04 μM  134 

Functionalized MWCNT/GCE Caffeine DPV 10 - 100 µM  3.54 µM  168 

Nafion/Gr/GCE Caffeine DPV 0.4 - 40 µM 0.12 µM  169 

poly(AHNSA) Caffeine SWV 0.06 - 50 µM  0.067 µM 133 

PST/Nafion/GCE Caffeine LSV 0.3 - 100 µM  0.10 µM  170 

Nafion/GCE Caffeine DPV 0.99 - 10 µM  0.80 µM 171 

Nafion/MWCNT/GCE Caffeine DPV 0.6 - 0.04 µM 0.23 µM  132 

SWCNT/Carbon ceramic electrode Caffeine DPV 0.25 - 0.01 µM  0.12 µM 172 

SWCNT/Carbon ceramic electrode Caffeine DPV 0.4 - 300 µM 0.25 µM  173 

Large mesoporous 

carbon/Nafion/GCE 
Caffeine DPV 1.3 - 230 µM 0.47 µM  174 

MIP/Carbon Paste Caffeine DPV 0.06 - 25 µM 0.02 µM 175 

Nafion/Boron doped diamond Caffeine DPV 0.2 - 0.012 µM  0.10 µM  176 

Boron doped diamond Caffeine SWV & DPV 0.5 - 0.83 µM 0.04 µM  131 

AuNP/Gr nanosheets/GCE Caffeic acid DPV 0.5 - 50 µM  0.05 µM  177 

PEDOT/Pt electrode Caffeic acid DPV 0.01 - 6500 µM  0.03 µM  178 

CRGO/GCE Caffeic acid DPV & CA 0.01 - 800 µM  0.002 µM  123 

Nafion/ERGO/GCE Caffeic acid SW-AdSV 0.1 - 10 µM  0.091 µM  179 

Molecularly imprinted Siloxanes Caffeic acid DPV 0.5 - 60 µM  0.15 µM  180 

Au-PEDOT/rGO/GCE Caffeic acid DPV 0.01 - 46 µM  0.004 µM 181 

Pb/GCE Caffeic acid DPV 0.01 - 0.5 µM  0.004 µM 182 

Activated GCE Caffeic acid DPV 0.1 - 1 µM 0.068 µM  183 

Glassy Polymeric carbon Caffeic acid DPV 0.97 - 11 µM 0.29 µM  125 
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Green bean/Chitin/CPE Caffeic acid DPV 0.97 - 11 µM  0.29 µM  124 

Sulfite oxidase/GCE Sulfite CV 200 - 2800 µM 20 µM 184 

BF/IL/Graphene-nanosheets paste Sulfite SWV 0.05 - 50 µM 0.02 µM 185 

MWCNT/Carbon paste electrode Sulfite SWV 25 - 500 µM 16 µM 146 

FeHCF/GCE Sulfite CV 100 - 2380 µM 80 µM 186 

nanostructured copper/Pt  Sulfite CA 4.0 - 69.0 µM 1.2 µM 187 

Chitosan-ferrocene/MWCNT/GCE Sulfite CA 5 - 1500 µM  2.8 µM 188 

SOX/Fe3O4@GNPs/Au Sulfite CV 0.50 - 1000 μM  0.15 μM 141 

SOx/PBNPs/PPY/ITO Sulfite CV 0.50 - 1000 μM  0.12 μM 189 

 CILE Sulfite SWV 6–1000 μM  4 μM 145 

K-doped Gr/GCE Sulfite & Nitrite DPV 0.5 to 3900 μM 0.2 μM  64 

Au-Ag NPs/SPCE Sulfite CA 9.80 to 83.33 μM 5 μM 190 

nano-Au/P3MT/GCE Nitrite CA 10 - 1000 μM 2.3 μM 191 

Hb/Gr-AuNP/GCE Nitrite CA 0.05 to 1000 µM 0.01 µM 192 

GNPs/MWCNT/CPE Nitrite SWV & CA 0.05–250.0 µM 0.01 µM 87 

Au-Pd/rGO/GCE Nitrite CA 0.05 - 1000.0 μM 0.02 μM  85 

Pd/SWCNT/GCE Nitrite DPV 2 - 1230.0 μM  0.25 μM  193 

Au/ZnO/MWCNTs/GC Nitrite CA 7.8 - 4000.0 μM 4 μM  194 

Cu-NDs/RGO/GCE Nitrite CA 1.25 - 13.0 mM 0.4 μM 195 

PEDOT/MWCNTs-modified 

SPCEs 
Nitrite CA 0.05 - 1 mM  0.96 μM  196 

Graphene nanoribbons/GCE Nitrite CA 0.5 to 105.0 µM  0.22 µM  197 

Cu/MWCNT/RGO Nitrite SWV 0.1 - 75.0 µM 30 nM 198 

Pd/CILE Hydrazine SWV 5.0 - 800.0 μM  0.82 μM  199 

ZnO/CNTs Hydrazine SWV 0.7 - 550 μM 9.0 nM 200 

PSS-graphene Hydrazine CA 3.0 - 300.0 µM 1 µM 201 

PEDOP/MWCNTs–Pd/GCE Hydrazine CA 0.1 - 5000.0 µM  0.08 µM 202 

Au/ SW nanohorns Hydrazine CA 0.005–3.345 mM 1.1 µM 203 

Pd/MWCNTs Hydrazine DPV 2.5–700.0 μM 1 μM 96 

AuNPs/CNTs-ErGO/GCE Hydrazine CA 0.3 - 319.0 μM 0.065 μM 204 

Graphene QDs/Au-NPs/GCE Malachite green DPV 0.4 - 10.0 μM  0.1 μM 105 

BuChE/PPy/CPE Malachite green DPV 
0.00068 - 0.027 

µM 
0.00068 µM 104 

MWCNT/DHP/GCE Malachite green DPV 0.05 - 8.0 µM  0.006 µM 97 
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Fe3O4-Si4Pic+Cl−/Au-NPs-

Si4Pic+Cl−/GCE 
Bisphenol A DPV 20.0 - 1400.0 nM 7.0 nm  113 

Au-Pd NPs/GNs/GCE Bisphenol A DPV 0.05 to 10.0 µM 8.0 nm 114 

Cu2O/rGO/GCE Bisphenol A DPV 0.1 to 80.0 µM 0.085 µM 115 

* µM - micromolar, mM - millimolar, nM - nanomolar, PSS - poly (sodium styrenesulfonate), PST - Poly(safranine T), 

CILE - Carbon Ionic liquid electrode, Gr - Graphene, MWCNTs - Multiwalled Carbon nanotubes, CNT - Carbon nanotubes, 

CPE - Carbon paste electrode, ILCPE - Ionic liquid carbon paste electrode, GCE - Glassy carbon electrode, CRGO - 

Chemically reduced graphene oxide, ERGO - Electrochemically reduced graphene oxide, MIP - Molecularly imprinted 

polymer, ZnO - Zinc Oxide, Hb - Hemoglobin, FeHCF - Iron hexacyanoferrate, SOX - Sulfite oxidase, AuNP - Gold 

nanoparticles, PEDOT - Poly(3,4-ethylenedioxythiophene), PEDOP - Poly(3,4-ethylenedioxypyrrole),  Poly (AHNSA) - 

Poly (4-Amino-3-Hydroxynaphthalene Sulfonic Acid), P3MT - poly(3-methylthiophene), CV - cyclic voltammetry, DPV 

- Differential Pulse Voltammetry, SWV - Square wave voltammetry, CA - Chronoamperometry, SW-AdSV - Square wave 

Anodic Stripping Voltammetry, BuChE - butyrylcholinesterase, DHP - dihexadecyl hydrogen phosphate, Si4Pic+Cl− - 3-n-

propyl-4-picolinium silsesquioxane chloride, Cu2O - Cuprous oxide, GNs- Graphene nanosheets 

The validation and testing of statistically-relevant numbers of samples, comparability, and 

interlaboratory studies to validate the robustness of such platforms are the next critical steps for 

the achievement of industry level acceptance and regulatory approvals. It would be of high value 

if these sensors were to be incorporated by food manufacturing companies to monitor the safety 

and measure the quality of processed foods and beverages.  
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Chapter 3: Materials and Methods 

3.1 Introduction 

An overview of various types of nanomaterials employed in the detection and 

determination of common preservatives and contaminants in food and beverages was presented in 

previous chapters. Also, the shortcomings and the underlying challenges for commercial 

applications were discussed. In this chapter, the main experimental methodologies and techniques 

employed to synthesize and characterize materials will be described briefly. Details of the 

experimental procedures and equipment pertaining to each specific study are presented in Chapters 

4-7. 

3.2 Experimental 

3.2.1 Materials  

Hydrazine hydrate; sodium sulfite; sodium nitrite; orthophosphoric acid; sodium 

hydroxide; sodium dihydrogen phosphate monobasic; disodium hydrogen phosphate dibasic; 

sodium chloride; chloroauric acid; caffeic acid; potassium ferrocyanide and potassium chloride, 

were all obtained from Sigma-Aldrich. Glacial acetic acid and boric acid were purchased from 

Alfa Aesar. 

A gold microwire (99.9%, diameter of Ø127 μm) was received from Sigma-Aldrich and 

was cut into 10 mm in length. Pt wire (99.9%, 0.5 mm diameter) were used as received from Alfa-

Aesar. Glassy carbon electrodes (GCEs, dia. 3.0 mm) with a surface area of 0.05 cm2 were 

purchased from Pine Research Instrumentation. The water was purified with the NANOpure® 

DiamondTM UV ultrapure water purification system was used for cleaning purposes and the 
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preparation of all samples and solutions. Gases utilized in all the experiments in this thesis are 

ultrapure argon (99.99%) and ultrapure nitrogen (99.9%). 

3.2.2 Instruments and Electrochemical Experiments 

 The surface morphology and composition of the prepared nanomaterial were characterized 

using a Hitachi SU-70 Schottky Field Emission Scanning electron microscope (SEM) and an FEI 

Quanta FEG 250 SEM. The EDX pattern and elemental mapping of the samples were recorded via 

the EDX technique using a Hitachi Su-70 Schotty. X-ray photoelectron spectroscopy studies were 

done using a Thermo Scientific K-α XPS spectrometer. All samples were run at a takeoff angle 

(relative to the surface) of 90°. A monochromatic Al Kα X-ray source was utilized, with a spot 

area of 400 μm. Charge compensation was provided, and the position of the energy scale was 

adjusted to place the main C 1s feature (C−C) at 284.6 eV. All data analysis was performed using 

XPS peak software.  

The catalytic activity and electrochemical performance of all the catalyst were investigated 

using a CHI-D660 potentiostat (CHI-660, CHI, USA). A three-electrode cell system was employed 

in all the electrochemical studies. A coiled platinum wire served as the counter electrode, which 

was flame treated and rinsed with double distilled water and a standard silver-silver chloride 

(Ag/AgCl) electrode was employed as the reference electrode. All measurements were conducted 

at room temperature (22 ± 2°C). 

3.2.3 Fabrication of Electrodes 

3.2.3.1 Fabrication of Co3O4/AuNPs sensor 

 The Co3O4 sheets were synthesized by chemical reduction followed by calcination in order to 

form the nanosheets. Initially, 4.0 mM of Co(NO3)2 was subjected to reduction under a constant state 
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of stirring using aqueous NaBH4 solution (at a concentration of 0.1 g/10 mL). Then by centrifugation, 

the product obtained after the reduction process was gathered by centrifugation. The collected product 

was rinsed carefully with a solution mixture (water/ethanol) and was dried at 70 ˚C. Furthermore, the 

final washed product was annealed at 450 ˚C for 4 h.1 

 The Co3O4 nanosheets/Au modified glassy carbon electrode (GCE) was fabricated by dissolving 

the Co3O4 nanosheets in double distilled water (2.0 mg mL−1). The prepared ink was drop-casted (3.0 

μL) onto a GC electrode (d = 3.0 mm) surface and allowed to dry at room temperature (20.0 °C) for 4 

h. The Co3O4/GCE was further modified by electrodepositing Au on the electrode (1.0 mM of 

HAuCl4.3H2O in 0.1 M KNO3) to form Co3O4/AuNPs/GCE. 

3.2.3.2 Fabrication of the nanoporous gold microelectrode  

 A nanoporous gold microelectrode was fabricated by sealing a Ø127 μm Au wire within a 

pipette tip. And a 10-cm length copper wire was inserted into a 10-cm glass tube and its end was 

plunged into a conductive gold paste, which acted as a conductive adhesive. Subsequently, a 10-

mm long gold microwire (Ø127 μm, 99.9%, Sigma-Aldrich) was fed halfway through the pipet tip 

until the microwire gently contacted with the copper wire. An epoxy resin was used to wrap the 

top and bottom ends of the pipette tips to seal them firmly. The microelectrode was kept in the 

oven at 60ºC for 90 min, followed by cooling in ambient air; and finally, the microwire was cut to 

1.0 mm. The nanoporous structure of the gold microelectrode was attained through the application 

of an electrochemical alloying/dealloying method.2 

3.2.3.3 Synthesis of FGO and fabrication of the F-GO sensor 

 FGO was synthesized by the improved Hummers' method with some modifications.  

Initially, a mixture was prepared by blending 1 g graphite, 90 mL of sulfuric acid (H2SO4), 10 
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ml of orthophosphoric acid (H3PO4), and 20 ml of hydrogen fluoride (HF). Secondly, the 

prepared mixture was stirred for 2 h vigorously; the temperature was kept at 50 °C. About 4.5 

g of KMnO4 was slowly added to this blend and stirred constantly for 15 h. Thirdly,  the reaction 

mixture was supplemented with 100 ml of ice, also 5 ml of 30% H2O2 was added after a short 

while. Furthermore, the obtained final product (F-GO) was separated and thoroughly washed 

with 30% hydrochloric acid (HCl), pure water, ethanol, and diethyl ether. Lastly, the subsequent 

F-GO solid was kept in the oven at 50°C for drying.3 

 The prepared F-GO was mixed with water (4 mg/ml) and ultrasonicated for 1 h to ensure 

thorough mixing. Glassy carbon electrode (GCE) was polished with 1.0 and 0.3 μm alumina 

slurry, then washed with ethanol and water ultrasonically for 10 mins. The F-GO ink was drop 

cast on the surface of GCE and air dried for 24 h to obtain F-GO/GCE. The as-prepared F-

GO/GCE was subjected to partial electrochemical reduction in 0.1 M Phosphate buffer solution 

at pH 7.4. Similarly, another GCE was prepared by drop casting graphene oxide (GO) on its 

surface using the same procedure. For comparison, a bare GCE and the GO/GCE was tested 

alongside F-GO/GCE for CA oxidation. 

3.2.3.4 Synthesis of Au/F-rGO Nanocomposite 

 The F-GO ink prepared by mixing 2.0 mg/ml with water was ultrasonicated for 1 h. Glassy 

carbon electrode (GCE) was polished with 1.0 and 0.05 μm alumina slurry, then the polished 

electrodes were ultrasonicated in water for 5 mins. The prepared F-GO ink was drop cast on the 

surface of the GCE and left to air-dry for 4 h (F-GO/GCE). The as-prepared F-GO/GCE was 

subjected to electrochemical reduction in 0.1 M Phosphate buffer solution (PBS) at pH 7.4 (r-

FGO/GCE). Additionally, gold was electrochemically deposited on the electrode (Au/F-
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rGO/GCE) by immersing the F-rGO/GCE in a 0.1 M KNO3 solution containing 2.0 mM HAuCl4. 

Similarly, another GCE was prepared by electrodepositing gold on its surface using the same 

procedure (Au/GCE). For comparison of the electrochemical, the Au/GCE and unmodified bare 

GCE was tested together with Au/F-rGO/GCE toward the oxidation of vanillin. 

3.3 Summary 

 This chapter has presented the materials used in this Ph.D. thesis. The experimental 

procedures and techniques used for the fabrication and characterization of gold, carbon and cobalt-

based nanomaterials were discussed in detail. The following chapter will present the development 

and study of Co3O4 nanosheets/Au nanoparticle for the electrochemical detection of nitrite. 
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Chapter 4: Electrochemical Detection of Nitrite Based on Co3O4-Au 

Nanocomposites for Food Quality Control 

4.1. Introduction 

 NO2
- functions as an antimicrobial agent to preserve perishable food items such as ham, 

salami, and other processed meats.1,2 It is also accountable for maintaining the pink colour in meat 

products by forming nitroso-myoglobin.3 Despite these positive effects, NO2
- has a downside 

associated with it, as it can be detrimental to the human body if supplemented in a surplus of the 

set safety limit (200 ppm).4 Another drawback of having excess NO2
- in the bloodstream is that it 

can swiftly attach with hemoglobin to form methemoglobin complex, thus tumbling the red blood 

cells oxygen carrying capacity.5-7 Moreover, NO2
- is transformed into an intoxicating compound 

(e.g. N-nitrosamines) in the stomach, which is a probable carcinogen.8-10 There are numerous 

traditional methods for the determination of NO2
-, such as titration, spectrofluorometry, 

chemiluminescence, phosphorimetry, spectrophotometry, and flow injection analysis (FIA).11 

However, these methods require large sample volumes, arduous pretreatment steps, and the 

preparation of reagents. Despite the practice of several instrumentation methods for NO2
- 

determination, electrochemical techniques and -based sensors present an effective approach 

toward the direct detection and quantification because of their simplicity, high selectivity, long-

term stability and good sensitivity.12-18  

 Electrochemical sensors and their methods of quantitation have various benefits, they are 

as follows: (i) The analytes can be detected and measured swiftly as strenuous sample preparation 

is eliminated; (ii) high selectivity is achievable because of the analytes specific oxidation/reduction 

potentials, which enable the determination of multiple analytes without the need for separation; 
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and (iii) the analytical capability of the sensor to analyze diverse food and beverage matrices.19 

Owing to the restrictions with multiple assays, time-consuming steps, irreversible loss in activity 

of the enzymatic electrochemical sensors, earlier attempts have been made to develop 

electrochemical sensors without incorporating a redox mediator.20, 21 In recent years, several 

nanomaterial based electrochemical sensor has been reported for the detection of nitrite.22-28 John 

S.A and co-worker developed an electrochemical sensor based on functionalized multi-walled 

carbon nanotubes (FMWCNTs) and 5-amino-1,3,4-thiadiazole-2-thiol (ATT) for the quantitative 

determination of NO2
- in milk.29 S-M. Chen et. al developed an electrochemical sensor by 

decorating graphene-multiwalled carbon nanotubes (GR-MWCNTs) with iron nanoparticles for 

quantitation of NO2
-.30 

 Limitations associated with electrochemical sensors mandate the requirement for 

considerable electroactivity toward the analyte of detection. The electrochemical oxidation of NO2
- 

occurs at a higher positive potential at the surface of bare glassy carbon electrodes (GCE), and 

there is a possibility that numerous species could adsorb on to the electrode surface and subdue its 

sensitivity and selectivity.31 Moreover, the problems posed by the interfering species at higher 

concentrations than the analyte of interest could cause fluctuations in the electrochemical response 

and could eventually lead to electrode fouling. Therefore, the selectivity and sensitivity toward the 

detection of nitrite could be enhanced by employing the right electrocatalysts. 

 Gold (Au), a noble metal, is one of the most well studied and employed materials amongst 

researchers for the fabrication of sensors.32 Compared to other Nobel metal based electrocatalyst, 

Au nanomaterials have advantageous attributes such as high stability, chemical robustness, faster 

electron transfer rate, mass transport, unique catalytic activity.33 Au nanoparticles are extremely 

redox active with the remarkable possibility for uses in chemical and biological sensing.34-36 Feng 
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et al. developed a metal nanocomposite using Au-Palladium (Pd) and reduced graphene oxide 

(rGO) for the determination of NO2
-.37 Maduraiveeran et. al. developed a silicate sol-gel embedded 

with Au nanoparticles to form a three-dimensional network and demonstrated the possible 

detection of NO2
-.38 Recently, a sensor based on a nanoporous gold microelectrode was reported 

for the electrochemical detection and determination of NO2
-.39 In another work, Ding and co-

workers reported on the development of ultrathin gold electrode for the electrochemical sensing 

of NO2
-.40 Taking the exceptional individual properties of Au and Co3O4 into account, a 

combination of these two materials might yield greater electrochemical performance towards NO2
- 

sensing. Also from an economic perspective, combining Au with metal oxides can make the 

nanomaterial significantly cheaper. 

 Cobalt oxide (Co3O4) nanosheets/nanoparticles have recently gained significant attention 

as they are economical, biocompatible, possess excellent electrocatalytic properties and good 

conductivity.41, 42 Co3O4 with their promising capacitive characteristics makes it an apt material 

for a variety of applications such as supercapacitors, electrocatalysts and magnetic materials.43-48 

The increase of the available surface area enhances the ability of the composites to interact with 

other materials, are one of the main advantages of this type of material.49 Due to its valuable 

properties, Co3O4 nanoparticles, by itself have been reported for an array of applications.50-56 Until 

now, no literature work has been reported on the use of Co3O4/Au for the electrochemical detection 

of NO2
-. 

 Herein, we report on the structural morphology and electrochemical performance of a 

nitrite sensor based on the Co3O4/Au nanocomposite modified GCE by a facile method. The 

Co3O4/Au prepared by drop casting Co3O4 ink followed by the electrodeposition of Au was 

employed for the detection of nitrite for the first time. The electrochemical performance and the 
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analytical capabilities of this nitrite sensor were investigated using linear sweep voltammetry 

(LSV), cyclic voltammetry (CV), Differential pulse voltammetry (DPV) and square-wave 

voltammetry (SWV). The fabricated sensor demonstrated good sensitivity, stability and 

satisfactory reproducibility. 

4.2. Experimental Section 

4.2.1. Reagents 

 Sodium dihydrogen phosphate monobasic, Disodium hydrogen phosphate dibasic, sodium 

nitrite, sodium hydroxide, orthophosphoric acid were purchased from Sigma-Aldrich. All reagents 

used for the experiments were of analytical grade. All the experiments were performed using 

deionized water (18.2 MΩ cm), and all glassware was carefully cleaned before each analysis. 

Phosphate buffer solution (PBS), pH 4.5 was chosen as the electrolyte medium to conduct all the 

electrochemical analysis. All the electrochemical experimentations were performed at room 

temperature, 20±2 °C. 

4.2.2 Characterization and electrochemical measurements 

 Surface morphology and composition of the Co3O4/Au nanocomposite was characterized using 

a field-emission scanning electron microscopy (FE-SEM) (FEI QUANTA FEG 250) and energy-

dispersive X-ray spectroscopy (EDX) (Hitachi SU-70). All the electrochemical studies were carried out 

in a nitrogen purged atmosphere, using a CHI - 660D electrochemical workstation with a typical three-

electrode cell system. A glassy carbon electrode (GCE) was utilized as the working electrode substrate, 

platinum (Pt) wire as the counter electrode and 3M KCl Ag/AgCl as the reference electrode, 

respectively. Phosphate buffer (PB) (pH 4.5) was used as the supporting electrolyte. 
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4.2.3 Electrode preparation and modification 

 The Co3O4 sheets were synthesized by chemical reduction followed by calcination in order to 

form the nanosheets. Initially, 4.0 mM of Co(NO3)2 was subjected to reduction under a constant state 

of stirring using aqueous NaBH4 solution (at a concentration of 0.1 g/10 mL). Then by centrifugation, 

the product obtained after the reduction process was gathered by centrifugation. The collected product 

was rinsed carefully with a solution mixture (water/ethanol) and was dried at 70 ˚C. Furthermore, the 

final washed product was annealed at 450 ˚C for 4 h.57 

 The Co3O4 nanosheets/Au modified GCE was fabricated by dissolving the Co3O4 nanosheets in 

double distilled water (2.0 mg mL−1). The prepared ink was drop-casted (3.0 μL) onto a GCE (d = 3.0 

mm) surface and allowed to dry at room temperature (20.0 °C) for 4 h. The Co3O4/GCE was further 

modified by electrodepositing Au on the electrode (1.0 mM of HAuCl4.3H2O in 0.1 M KNO3) to form 

Co3O4/Au/GCE. The as-fabricated GCE was used as the working electrode. Preceding the modification 

step, all the GC electrodes were polished with a 0.05 µM alumina slurry and ultrasonicated in ethanol 

and water for 10 min.  

4.2.4. Sample preparation 

 The beef sample purchased from a local grocery store was used for (Canadian Minced Beef) 

nitrite analysis. About 5.0 g of the beef sample was treated with 50 ml of boiling water for 10 min. Then, 

using Whatman filter paper the treated mixture was filtered, and the final solution was adjusted to a pH 

of 4.5.  

4.3. Results and Discussion 
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4.3.1. Surface morphology and optimization of the Au deposition time 

 The morphology of the Co3O4/Au was characterized using SEM. Figure 4.1 shows the SEM 

images of Co3O4/GCE and Co3O4/Au/GCE.  

a  

Figure. 4.1. The SEM image of the Co3O4 nanosheets (A) and the SEM image of the Au deposited 

on the surface of the Co3O4 nanosheets (B); EDX spectrum for the Co3O4 nanosheets and Au 

deposited Co3O4 nanosheets (C). 
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 Figure 4.1A illustrates a typical SEM image of the Co3O4 nanosheet with 100000 

magnification. It can be observed from the image that the structure of Co3O4  nanosheet was 

crumpled and had a transparent layer.  From Figure 4.1B, it can be spotted that the Au is dispersed 

on the Co3O4 nanosheets. Also, this showed that Au is deposited on the sheets of Co3O4. 

Furthermore, EDX analysis was performed to confirm the presence of Au on Co3O4 sheets. Figure 4.1C 

shows the EDX spectrum of Co3O4 with peaks dedicated to only cobalt and Co3O4/Au with the presence 

of Au and cobalt. 

 The effect of the Au deposition on the Co3O4/GCE was studied using the amperometric i-

t curve in 0.1 M KNO3. Au/Co3O4 on the GCE was achieved by applying a potential of −0.4 V (vs 

Ag/AgCl) for 1.0, 2.0, 3.0, 5.0, 7.5, 10.0 and 12.5 min (Figure 4.2A). The current response 

increased with increasing Au deposition time and a peak current value for the anodic oxidation of 

NO2
- was achieved at the deposition time of 7.5 min. Further, when the duration of Au deposition 

was increased from 7.5 to 10.0 and 12.5 min, the peak current value displayed a downward trend 

for the NO2
- oxidation (Figure 4.2B). Therefore, 7.5 min was assigned as the optimal Au deposition 

time and was used in later experiments. 

4.3.2 Comparison of performances of the modified electrodes 

 The electrochemical performance of Co3O4/Au/GCE (blue curve) towards the oxidation 

1.0 mM NO2
- in 0.1 M PB pH 4.5 was investigated by LSV and the resultant voltammogram is 

displayed in Figure 4.3. As an evaluation of the electrochemical performance, other modified 

electrodes such as bare GCE (red), Au/GCE (green) and Co3O4/GCE (light green) were tested and 

compared under similar conditions. A small anodic peak was observed for the bare GCE toward 

the oxidation of NO2
- at 1.10 V, while a sharp oxidation peak was observed at 0.90 V for Au/GCE 

and broad oxidation peak appeared at ~1.07 V for Co3O4/GCE. On the contrary, a sharper oxidation 
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peak appeared at 0.86 V for the Co3O4/Au/GCE, with an increase of the anodic peak current by 

~2.0 times and a slightly negative shift in the peak potential in comparison with the Co3O4/GCE 

and Au/GCE. 

 

Figure 4.2. CV curves recorded for the oxidation of 1.0 mM nitrite with Au deposited at different 

times (1.0, 2.0, 3.0, 5.0, 7.5, 10.0 and 12.5 minutes) on the Co3O4 nanosheets (A); Plot illustrating 

the improvement in the anodic peak current with respect to increasing Au deposition time (T, min) 

(B) in 0.1 M PB pH 4.5. 
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Figure. 4.3. LSV curves show the comparison of the performance of Co3O4/Au/GCE (blue line), bare 

GCE (red line), Au/GCE (green line), Co3O4/GCE (light green line), at the scan rate of 50 mV s-1 in 0.1 

M PB pH 4.5. 

 The increase in peak current value coupled with a negative potential shift in the NO2
- oxidation 

might be attributed to a faster electron transfer process at the Co3O4/Au/GCE. Thereby, displaying the 

synergistic ability of the Au and Co3O4 nanosheets to proficiently catalyze the electrooxidation of      

NO2
-. Furthermore, the oxidation peak potential and the anodic peak current values were found to be 

invariable over the successive cycles. This could be attributed to the excellent electrochemical properties 
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of Co3O4 nanosheets, such as good electrocatalytic activity and improved surface area.57 Also, the 

presence of Au on the Co3O4 nanosheets promoted towards the efficient electrooxidation of NO2
-. 

 

Figure. 4.4. CV (A) and DPV (B) curves of the Co3O4/Au/GCE recorded in the absence (dotted 

lines) and in the presence (solid lines) of 1.0 mM of NO2
- where the supporting electrolyte is 0.1 

M PB pH 4.5. 
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4.3.3 Electrochemical behaviour of NO2
- using CV and DPV 

 The electrooxidation behaviour of NO2
- molecule (using 1.0 mM NaNO2) at the 

Co3O4/Au/GCE was inspected using CV. The CV scan was cycled between 0.0 and 1.2 V at the 

scan rate of 0.1 M PB pH 4.5. Figure 4.4A represents the response curves recorded for the 

oxidation of NO2
- at the Co3O4/Au/GCE in 0.1 M PBS without (dashed line) and with (solid line) 

1.0 mM of the analyte. This could be attributed to the following anodic reaction: 

                                           NO2
- + H2O → NO3

- + 2H+ + 2e-     (1) 

 Also, it is observed from Figure 4.4A, the addition of NO2
- into the solution shows an 

irreversible peak in the chosen potential range. The corresponding peak current for the NO2
- 

oxidation obtained with CV was calculated to be 28.72 µA. Differential pulse voltammetry (DPV) 

has better sensitivity in comparison with CV, hence, the techniques of DPV was used to study the 

oxidation behaviour of NO2
- on the as-prepared Co3O4/Au/GCE (Figure 4.4B). The associated 

peak current was measured to be 39.43 µA and a prominent peak appeared at ~0.78 V for the 

electrochemical oxidation of 1.0 mM NO2
-. The above-mentioned results from the CV and DPV 

results indicated that the Co3O4/Au/GCE greatly facilitated the oxidation of NO2
-. 

4.3.4 Effect of scan rate, concentration and electrolyte pH 

 The effect of scan rate was studied using LSV in 0.1 M PBS (pH 4.5). Figure 4.5A 

illustrates the influence of scan rate (ʋ) on the electro-oxidation of 500.0 µM NO2
- at 

Co3O4/Au/GCE from 10 to 100 mV s-1. For an anodic oxidation process the Randles–Sevcik 

equation is as follow: 

                            Ip = 3.01 × 105 n[(1-α) nα]1/2ACbD1/2 ʋ 1/2                      (2) 
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where n denotes the number of electrons transferred, α signifies the electron transfer coefficient, 

nα is the number of electrons, A refers to the area of the electrode, Cb is bulk concentration of the 

analyte (NO2
-, 1 mM) and D stands for the diffusion coefficient of the analyte. 

 The values of the anodic peak current increased steadily with increasing scan rate, however, 

the curves observed in the voltammogram exhibited a shift in the peak potentials of nitrite 

oxidation (Figure 4.5A). The oxidation peak current demonstrated an increasing linear trend with 

the square root of the scan rate ranging from 10 - 100 mV s-1, which is expressed by the following 

regression equation: Ip = 4.833 + 2.605 ʋ1/2 (R2 = 0.9988).  

 The results from the calibration plot (Figure 4.5B) suggest that the oxidation process of 

NO2
- at the Co3O4/Au/GCE is diffusion controlled. Additionally, it is perceived from Figure 4.5B 

inset that the peak potential of nitrite oxidation shifted towards the more positive direction of the 

potential window with the increasing of scan rate. The calibration plot between Epa and ʋ1/2 

displayed a linear relationship with the regression equation as follow: Epa = 0.823 + 0.072 log ʋ 

(R2 = 0.9976). Moreover, the results obtained from the calibration plot indicated that the oxidation 

of nitrite at the Co3O4/Au/GCE is irreversible.  

 The electrooxidation behavior of NO2
- was further investigated using LSV in 0.1 M PBS 

pH 4.5 (scan rate = 50 mV s-1) at various concentrations. It is evident from Figure 4.6A that there 

is no appearance of the peak for the absence of the analyte while a sharp response is spotted for 

the addition of 250.0 μM NO2
-. The peak current value for the oxidation of NO2

- grew linearly 

with each successive addition in the concentration range from 0.0 to 3000.0 µM. Figure 4.6B 

displays the calibration plot obtained for the peak current value for the oxidation against the 

different concentrations of NO2
-. 
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Figure 4.6. CV response recorded with the Co3O4/Au/GCE toward the oxidation of NO2
- at 

different concentrations ranging from 250.0 to 3000.0 μM (A); and the corresponding plot of 

anodic peak current vs. increasing concentration of NO2
- (B) in 0.1 M PB pH 4.5, at the scan rate 

of 50 mV s-1.  
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 It is visible from the calibration plot that there is excellent linearity within the selected 

concentration range with the following linear regression equation of Ipa (μA) = 4.726 μA/μM + 

0.082 μA an R2 value of 0.9982. 

 

Figure 4.7. CV response of the Co3O4/Au/GCE toward the oxidation of 1.0 mM NO2
- at different 

pHs (3.5 - 8.5), at the scan rate of 50 mV s-1.  

 The pH of the electrolyte medium contributes significantly to enhancing the 

electrocatalytic performance of the sensor and determining the electrooxidation ability of the 

analyte. The electrochemical behaviour of NO2
- was investigated utilizing CV in 0.1 M PBS in 

different pH conditions consisting of 1.0 mM of the analyte (at the scan rate of 50 mV s-1). Fig. 
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4.7 exhibits the peak current response for the oxidation of the NO2
- in the electrolytes with distinct 

pH values ranging from 3.5 to 8.5. The peak current value increased with changing pH on the scale 

of 3.5 to 8.5, however, the peak current value for anodic oxidation NO2
- declined when the pH of 

the electrolyte was higher than 4.5 and upwards. It is known from the literature that nitrite anions 

are not stable in strongly acidic media (<  pH 4.0) and the reaction (Eq. 2) can be written as follow: 

                                          2𝐻+ +  3𝑁𝑂2
−  →  2𝑁𝑂 + 𝑁𝑂3

− +  𝐻2𝑂     (3) 

 On the other hand, because the pKa of HNO3 is 3.3, protonation of most nitrite anions takes 

place in acidic condition. When the electrolyte pH is higher than 4.5, the lesser availability of 

protons in the basic medium makes the electro-oxidation of nitrite more challenging.39 Hence, 0.1 

M PBS at pH 4.0 was selected as the supporting electrolyte for further experiments. 

4.3.5 Analytical determination of NO2
-  

 Square wave voltammetry (SWV) was employed to scrutinize the analytical capability of 

the developed Co3O4/Au sensor for the determination of NO2
- (0.1 M PB, pH 4.5) with a range of 

concentrations of the analyte from 1.0 - 4000.0 μM. The Co3O4/Au/GCE did not show any 

noticeable response in the absence of NO2
- signifying the sensor’s inactivity without the molecule 

in the selected potential range.  

 As seen in Figure 4.8A, the curves recorded with SWV exhibited a linear increase in the 

current value for NO2
- oxidation with respect to the increasing analyte concentration. Figure 4.8B 

shows the linear relationship between the concentration (c, µM) and the current (Ipa, µA) for the 

electrochemical oxidation of NO2
- in the concentration ranges of 1.0 – 1000.0 μM and 1250.0 – 

4000.0 μM. The linear regression equation are as follows: Ipa = 9.165 + 0.107c (µM); [R2 = 

0.9994] and Ipa = 78.953 + 0.097c (µM); [R2 = 0.9994]. 
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Figure 4.8. SWV responses obtained with Co3O4/Au/GCE toward the oxidation of NO2
- in a 

concentration range from 1.0 µM to 4000.0 µM (A); the corresponding calibration plot for anodic 

peak current vs concentration (B) in 0.1 M PB electrolyte solution (pH 4.5). 

 The limit of detection (LOD) for the electrochemical sensor was calculated to be 0.112 µM 

using the formula: 

                                                                           LOD = 
3𝜎

𝑏
,      (4) 
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where  stands for the standard deviation of blank measurement and s signifies the slope estimated 

from the calibration plot. The two calibration plots attained from the analytical determination NO2
- 

were comparable to the previously reported literature that contained the measurement of analytes 

such as acetaminophen and valacyclovir, ascorbic acid, dopamine, uric acid and NADH.34,58-60  

Table 4.1. Comparison of the electrochemical performance of Co3O4/Au/GCE sensor other 

reported sensors toward NO2
- detection 

Electrode materials Linear range (μM) Detection limit (μM) Ref. 

PEDOT/AuNPs 3.0–300.0 0.1 61 

RGO/MWCNT/Pt/Mb 1.0–12000.0 0.93 62 

Au/ZnO/MWCNT 0.78 - 400.0 0.4 63 

Heteroatom enriched 

porous carbon 
3.0 - 90.0 0.13 64 

Au/SG 10.0 - 3960.0 0.2 65 

Cu-NDs/RGO 1.25–13000.0 0.4 66 

Co3O4/Au/GCE 1.0 - 4000.0 0.1 This work 

*PEDOT - poly(3,4-ethylenedioxythiophene); Au - gold; AuNPs - gold nanoparticles; RGO - reduced graphene oxide; 

MWCNT - multiwalled carbon nanotubes; Pt - platinum; Mb - molybdenum; ZnO - Zinc oxide; Cu-NDs - copper 

nanodendrites; Co3O4 - cobalt oxide; GCE - glassy carbon electrode 

 The sensitivity of the modified electrode was calculated to be 1.57 μA μM−1 cm−2. The 

linear range and detection limit of other reported works on nitrite sensing was compared with the 

performance of Co3O4/Au/GCE (listed in Table 4.1). 
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Figure 4.10. Interference response of the Co3O4/AuNPs/GCE for the oxidation of 1.0 mM NO2
- 

in the presence of 5-fold (5.0 mM) concentration of interfering molecules (glucose, CH3COONa, 

CaCl2, CuSO4, MgCl2, KCl and NH4NO3), in 0.1 M PB electrolyte medium (pH 4.5). 

4.3.6. Stability, reproducibility and interference measurements 

 The stability of the sensor was tested by utilizing DPV for 30 successive scans (Figure 

4.9A). The sensor retained ~95% of its initial peak current response toward 1.0 mM NO2
- oxidation 

in 0.1 M PB buffer (pH 4.5), thereby demonstrating the sensor’s good stability and could be 

applicable in evaluating the real sample. Additionally, the reproducibility of the Co3O4/Au/GCE 

was evaluated by preparing 4 different GCEs and the experiments were performed in 0.1 M PB 

with 1.0 mM of NO2
- under the same experimental conditions (Figure 4.9B). The RSD value for 
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the anodic peak current measured at 4 different electrodes was estimated to be 1.92%, thus 

signifying the Co3O4/Au/GCE sensor’s good reproducibility.  

 The selectivity of the Co3O4/Au/GCE electrochemical sensor was verified for its anti-

interference ability in the presence of interfering species using DPV. Figure 4.10 shows the DPV 

response obtained for the oxidation of 1.0 mM NO2
- in the presence of 5-fold (5.0 mM) 

concentration of interfering molecules such as glucose, CH3COONa, CaCl2, CuSO4, MgCl2, KCl 

and NH4NO3. Further, the interference study revealed that the Co3O4/Au/GCE sensor retained 

96.31% of its activity for the oxidation of 1.0 mM NO2
- the presence of interference molecules. 

These aforementioned observations indicated that the developed sensor could be applicable to the 

real-time detection of NO2
-. 

 

Figure 4.11. SWV of the Co3O4/Au/GCE recorded in 0.1 M PB (pH 4.5) showing the presence of 

nitrite in the Canadian minced beef sample. 
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Table 4.2. Performance of the Co3O4/Au/GCE electrode for the determination of NO2
- in bottled 

water and beef sample. 

Real sample Actual (µM) Spiked 
(µM) 

Observed 
(µM) 

RSD% 

(n = 3) 

Recovery (%) 

Bottled water -- 30.00 29.20 1.89 97.33 

-- 40.00 39.91 2.57 99.75 

-- 50.00 48.46 2.13 96.92 

-- 60.00 58.72 2.26 97.84 

Beef sample 

1.36 2.00 3.33 2.18 98.70 

1.34 4.00 5.32 2.34 98.51 

 

4.3.7. Real sample analysis 

 The practicability of the developed sensor was verified by the determination of nitrite in 

commercially bottled water. The water samples were spiked with known concentrations of nitrite 

and evaluated using Co3O4/Au/GCE. Table 4.2 summaries the quantities of NO2
− found in the 

bottled water and the beef samples. The calculated values from the spiked samples showed good 

recovery rates from 96.92 to 99.75 % revealing the considerable applicability of the proposed 

sensor for real sample testing. Furthermore, a commercially purchased beef sample was tested for 

the presence of nitrite to exhibit the performance of fabricated the sensor. The DPV measured for 

NO2
− in the beef sample is presented in Figure 4.11. The initial amount of nitrite in the beef sample 

(diluted with buffer solution) was found to be 1.36 μM. The final amount of nitrite determined in 
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the beef Sample was ~170.13 μM (after accounting for dilution), which was calculated by 

extrapolating against the constructed calibration plot and multiplying with the dilution factor. The 

relative standard deviation (RSD) for each sample was less than 3%, calculated based on three 

experimental trials. Also, the determined amount of nitrite in the beef product was within the 

permissible limit (~200 ppm) set by the Public Health Agency of Canada. All these results showed 

the effectiveness of the developed sensor for the detection of NO2
-
 in real samples. 

4.4. Conclusions 

 An electrochemical sensor based on Co3O4 nanosheets and Au was successfully developed 

and employed for the first time towards the electrochemical detection of NO2
-. The results from 

the CV studies demonstrated that electro-oxidation of NO2
- is efficient at the Co3O4/Au/GCE in 

terms of enhanced current response and a decrease in overpotential compared to bare GCE and 

Co3O4/GCE. The fabricated electrochemical sensor showed agreeable analytical capabilities with 

good linearity over the wide calibration range, high sensitivity and a low LOD of 0.11 µM. The 

sensor also displayed superior selectivity towards the NO2
- determination in the presence of co-

existing ions and other interference molecules. The developed Co3O4/Au/GCE sensor exhibited 

appreciable repeatability, good reproducibility and possessed good chemical stability. Moreover, 

the sensor yielded satisfactory recovery rates with the real sample studies and proved its practical 

applicability representing it a promising candidate for food quality control. 
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Chapter 5: Simultaneous Detection of Hydrazine, Sulfite, and 

Nitrite Based on a Nanoporous Gold Microelectrode* 

5.1. Introduction 

 Despite the rapid upsurge in the domestic and international standards for food 

quality and safety, there continues to be a growing demand for processed foods and 

beverages. This translates to the food industry having to ensure the utmost quality and 

safety of their products for consumers. Hydrazine (N2H4) and its by-products are commonly 

used as pesticides, chemical blowing agents, intermediates in pharmaceutical industries, 

photography chemicals, and for corrosion control in hot water heating systems in boiler 

water treatments.1 Primarily, N2H4 and its derivatives enter the environment due to its usage 

and applications in aerospace fuels, the production of explosives, and industrial chemicals.2 

Since N2H4 is lethal and volatile in nature, it may readily ingress into the human body either 

by oral means through the skin or via inhalation, and may subsequently cause detrimental 

effects to organs such as the kidneys, liver, and brain.3 The Environmental Protection 

Agency (EPA) has categorized N2H4 and its derivatives as group B2 (human carcinogens). 

Due to the carcinogenic nature and its potential risks, N2H4 is a major concern of the 

International Agency for Research on Cancer (IARC).4 A minimal N2H4 inhalation risk 

level is estimated to be 0.004 μg mL-1 according to the EPA and Agency for Toxic 

Substance and Disease Registry.5 The permitted level of N2H4 in the workplace atmosphere 

should not be in excess of 0.03 μg mL-1 continuously over two hours, as recommended by 

the National Institute for Occupational Safety and Health.6  

* Most of the results presented in this chapter have been published in the Journal of 
Electroanalytical Chemistry, 2018, 819, 524-532. 
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Due to the environmental and toxicological implications associated with N2H4, sensitive and 

reliable analytical methods are mandatory for its determination.  Electrochemical sensors based on 

graphene-bismuth nanoparticles, or Au/CNTs-rGO have been reported for the selective 

determination of N2H4.7-9 Carbon-based materials such as multi-walled carbon nanotubes play a 

significant role in the development of sensors.10,11  

Sulfite (SO3
2-) is known for its excellent reducing properties and has been widely used as an 

additive in the food industry.12 It plays a significant role in preventing oxidative deterioration and 

bacterial growth in foods and beverages during their production as well as in increasing the shelf 

life of these products.13 The common SO3
2- containing beverages include wine, alcoholic and non-

alcoholic beer and cider, as well as bottled juices and concentrates.14 According to the Food and 

Drug Administration (FDA), it is mandatory that caution labels should be included on any food or 

beverage that contains more than 10 ppm of SO3
2- with a maximum concentration of up to 50 mg 

L-1 in beer and 350 mg L-1 in wine.15,16 However, many people have an allergic reaction to SO3
2- 

due to the probable toxic and harmful effects that are associated with it. Therefore, accurate 

monitoring of the SO3
2- level is crucial as excessive ingestion might lead to headaches, nausea, 

dizziness, and asthma.17 Because of its important role, Davis et al has reviewed the latest 

development in the determination of sulfite in food and beverages with the electroanalytical 

methods.18 Besides, nanosensor comprised of K-doped graphene and graphene-gold 

nanocomposite have been reported for the simultaneous determination of SO3
2- and NO2

-.19,20 

Similarly, multiple studies have described the detection of SO3
2- and NO2

- using gold 

nanoparticles, graphene oxide, and graphene nanoribbons.21,22 On the other hand, NO2
- has been 

serving as an antimicrobial agent to preserve perishable food items such as ham, salami, and other 

processed meats. It is also responsible for retaining the pink color in meat products by forming 



117 
 

nitroso-myoglobin.23 However, NO2
- has a noxious impact on the human body if it is added to food 

products in excess of the prescribed safety standard.24 It readily binds with hemoglobin to form 

methemoglobin, thereby reducing the capacity of blood to transport oxygen.25 Moreover, NO2
- is 

converted to potent N-nitrosamines in the stomach, which is extremely carcinogenic.26 There are 

numerous conventional methods for the determination of N2H4, SO3
2- and NO2

-, such as titration, 

spectrofluorometry, chemiluminescence, phosphorimetry, spectrophotometry, and flow injection 

analysis (FIA). However, they require large sample volumes, essential pretreatment, and the 

preparation of reagents. Although there are several instrument-based methods in use, 

electroanalytical techniques comprise an efficacious strategy for the direct and rapid detection of 

N2H4, SO3
2-, and NO2

- 27-29, providing opportunities for the development of robust and portable 

devices and systems. Due to the limitations of multiple assay steps, time-consuming, irreversible 

loss in activity of the enzymatic electrochemical sensors, much effort has been made to develop 

non-enzymatic electrochemical sensors without the usage of a redox mediator.30,31 In recent years, 

advancements in electrode fabrication, encompassing microfabrication and surface modifications 

have invigorated an ever-growing interest in the utilization of noble metals such as gold, platinum, 

palladium and silver towards the development of sensors for a wide array of applications.32-36 Gold 

(Au), as an electrode material, is one of the most recurrently used and sought-after materials for 

the fabrication of microelectrodes, and also serves as a reinforcement material in the fabrication 

of biosensors.37 Nanoparticles composed of Au, when incorporated in electrochemical sensors, are 

highly redox active with exceptional potential for applications in biological and chemical 

detection. Furthermore, Au-based nanomaterials possess the merits of the chemical robustness, 

higher rates of electron transfer, distinct catalytic activities, which leads to a larger potential profile 

in contrast to platinum (Pt).38, 39 Au has been combined with palladium (Pd) to produce Au-Pd 
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alloys for the determination of uric acid and levodopa.40 Yao and co-workers have recently 

reported a biosensor based on gold nanocluster coupled with horseradish peroxidase enzyme.41 

Sensors based on bimetallic Au-Pt/rGO nanocomposites and Au/rGO have been developed for the 

detection of nitric oxide in rat cardiac cells and NADH in human urine, respectively.42,43 As 

acknowledged, due to the unique physicochemical properties and surface chemistry, nanoporous 

materials, especially gold, have received increasing attention in a wide range of energy, 

environmental and medical applications.44,45 Extensive studies of Au nanoporous and Au 

nanocomposite electrodes have been reported on the development of sensors for the detection of 

glucose in the blood, Hg (II) ions in water, and various other electrochemical sensing 

applications.46-48 Maduraiveeran et. al. embedded gold nanoparticles into silicate sol-gel to form a 

three-dimensional network and showed the possible detection of N2H4, SO3
2-, and NO2

-.49 The 

nanoporous gold was fabricated via chemical etching of the Au-Ag alloys, and tested for the 

detection of N2H4.5,50 However, their fabrication process was complicated; and no real sample 

analysis was reported.  

In the present work, a facile electrochemical alloying/dealloying method was developed for 

the direct formation of a three dimensional (3D) nanoporous structure for the simultaneous 

detection of N2H4, SO3
2-, and NO2

-. The surface morphology of the electrode was investigated 

using SEM and EDX, followed by additional techniques such as cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV), to study its electrochemical behaviours. The prepared 

nanoporous gold microelectrode was further employed to detect sulfite in beverages (e.g., wine 

and beer) and nitrite in beef. 

5.2. Experimental Section 
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5.2.1. Reagents 

Hydrazine hydrate, sodium sulfite, and sodium nitrite were purchased from Sigma-Aldrich. 

All reagents used for the experiments were of analytical grade. Deionized water (18.2 MΩ cm) 

was utilized for all experiments, and all glassware was thoroughly cleaned prior to each analysis. 

Phosphate buffer saline (PBS) was used as the electrolyte, which was prepared by combining 

Na2HPO4 (0.079 M), NaH2PO4 (0.023 M) and NaCl (0.091 M) to make up a final volume of 100 

mL. The pH of the electrolyte solution was adjusted to 6.5 with 0.1 M H3PO4 and 0.5 M NaOH 

solutions. 

5.2.2. Electrode preparation and modification 

A nanoporous gold microelectrode was fabricated by sealing a Ø127 μm Au wire within a 

pipette tip. And a 10-cm length copper wire was inserted into a 10-cm glass tube and its end was 

plunged into a conductive gold paste, which acted as a conductive adhesive. Subsequently, a 10-

mm long gold microwire (Ø127 μm, 99.9%, Sigma-Aldrich) was fed halfway through the pipet tip 

until the microwire gently contacted with the copper wire. An epoxy resin was used to wrap the 

top and bottom ends of the pipette tips to seal them firmly. The microelectrode was kept in the 

oven at 60ºC for 90 min, followed by cooling in ambient air; and finally, the microwire was cut to 

1.0 mm. The nanoporous structure of the gold microelectrode was attained through the application 

of an electrochemical alloying/dealloying method 51, which was based on a three-electrode 

electrochemical cell, where a Zn plate and Zn wire were used as the auxiliary electrode and the 

reference electrode, respectively. The geometrical surface area of the gold microwire before the 

alloying/dealloying treatment was 0.85 mm2. The nanoporous Au microelectrode was fabricated 

under an optimized condition in a mixture of benzyl alcohol and 1.5 M ZnCl2 at a scan rate of 10 

mV s-1 (50 cycles) and 120ºC.52 The multicyclic potential sweep was performed between -0.70 and 
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1.80 V (vs. Zn). The fabricated nanoporous gold microelectrode was held vertically in a 

micropipette tip.  

5.2.3. Sample preparation 

For the analysis of sulfites in beverages, three different red wine samples and one beer sample 

were analyzed: (i) Yellow Tail Shiraz (Australian - wine 1); (ii) Cabernet Sauvignon (chile - wine 

2); (iii) Boshendal – The Pavilion (South African – wine 3); and (iv) Apple Cider beer (Canadian 

beer). The wine and beer samples were diluted 50 folds and adjusted to a pH of 6.5, and their 

respective bottles were opened only prior to the analysis. A grocery store purchased beef samples: 

Canadian Beef I (Tenderloin Beef) and Canadian Beef II (Minced Beef) were used for nitrite 

analysis. The beef samples were homogenized in a blender first; then 5.0 g of the sample was 

treated with 50 ml boiling water for 10 min. Finally, the mixture was filtered using Whatman filter 

paper, and its pH was adjusted to 6.5 for analysis. 

5.2.4. Characterization techniques 

The nanoporous Au microelectrode was characterized using a Hitachi SU-70 Schottky Field 

Emission SEM with an energy dispersive X-ray spectrometer. Voltammetric techniques such as 

CV and DPV were performed using a CHI-D660 potentiostat (CHI-660, CHI, USA). CV was 

utilized for the elucidation of the redox behaviour and kinetics of the electrodes, while DPV was 

suitable for the trace determination of electroactive analytes in actual systems.38,53 The 

electrochemical experiments were carried out in an electrochemical cell that comprised a three-

electrode system. The gold microelectrode served as the working electrode; a coiled platinum wire, 

which was flame treated and rinsed with double distilled water, as the counter electrode, and a 

standard silver-silver chloride (Ag/AgCl) electrode as the reference electrode. All measurements 

were performed in a PBS (0.1 M, pH 6.5) at room temperature. Prior to analysis, all of the solutions 

javascript:popupOBO('CMO:0000794','C3CS35518G')
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were deaerated via purging with argon gas for 15 min. All the potentials reported in this paper are 

with respect to the Ag/AgCl electrode. 

5.3. Results and Discussion 

5.3.1. Surface morphology and electrochemical characterization 

The surface morphology of the gold microwire was characterized using the SEM. Figure. 5.1A 

depicts a typical SEM image observed for the gold microwire following the alloying/dealloying 

treatment, which revealed a uniformly formed nanoporous structure on the surface of the gold 

microwire. Further, the nanoporous structure was consistently present throughout the surface, 

showing a well-defined 3D structure with pore dimensions that ranged from ~200 - 400 nm. In 

contrast, before the treatment, the gold microwire showed a smooth surface (Figure 5.1B). The 

nanoporous structure of the electrode surface exhibited high roughness and an increased surface 

area. Through the course of the electrochemical alloying, Zn (a highly reactive component) was 

deposited onto the Au film and blended to form an Au/Zn alloy. The Au/Zn alloy layer eventually 

lost the highly reactive Zn to form a nanoporous Au layer during the electrochemical dealloying.54 

The chemical composition of the gold microelectrode was confirmed using EDX, showing a 

primary Au peak. 

CV was employed to electrochemically characterize the nanoporous gold microelectrode after 

alloying/dealloying treatment. Figure 5.2 displays the CV curves of the gold microelectrode and 

the nanoporous gold microelectrode recorded in 0.1 M H2SO4 at the scan rate of 20 mV s-1. A 

broad anodic peak centred at 1.34 V appeared when the potential was scanned from 0.0 to 1.50 V, 

which can be attributed to the formation of gold oxide55; while a cathodic peak was observed at 

0.89 V in the reverse scan, resulting from the electrochemical reduction of the gold oxide that was 

formed during the forward scan. The reduction peak current for the nanoporous gold 
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microelectrode was approximately 19.1 times higher than that of the unmodified Au 

microelectrode. The electrochemically active surface area (EASA) was calculated based on the 

integrated charge of the reduction peak, assuming that the charge for the reduction of monolayer 

of gold oxide is 390 µC cm-2.56  

 

Figure 5.1. The SEM image of the gold microwire before alloying/dealloying treatment (A); SEM 

image of the gold microelectrode after the alloying/dealloying process. 
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 The integrated charge of the reduction peak of the nanoporous gold microelectrode was 

91.5 µC, which was 25.5 times larger than that of the unmodified gold microelectrode (4.25 µC). 

The roughness factor of the electrode may be estimated by dividing the EASA by its geometrical 

surface area. The calculated roughness factor of the nanoporous gold microelectrode was 27.7, 

showing that the actual surface area of the electrode was significantly enhanced following the 

alloying/dealloying treatment. 

 

Figure 5.2. Cyclic voltammograms of the unmodified gold microelectrode (red line) and the 

fabricated nanoporous gold microelectrode (blue curve) recorded in 0.1 M H2SO4 at the scan rate 

of 20 mV s-1. 
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5.3.2. Electrochemical oxidation of individual N2H4, SO3
2- and NO2

- analytes 

The electrooxidation behaviour of N2H4, SO3
2- and NO2

- molecules at the nanoporous gold 

microelectrode was examined using CV and DPV. Figure. 5.3A and 5.3B depict the response 

curves for the oxidation of N2H4 at the nanoporous gold microelectrode recorded in 0.1 M PBS in 

the absence (dashed line) and in the presence (solid line) of 250.0 µM of the analyte. The 

electrochemical oxidation peak appeared at ~0.03 V in the CV curve and at ~ -0.01 V in the DPV 

curve. The anodic oxidation of N2H4 could be expressed as follows57: 

N2H4 → N2 + 4H+ + 4e-                           (1) 

The associated peak currents were measured to be 3.48 and 3.22 µA with the CV and DPV 

techniques, respectively. Figure 5.3C and 5.3D reveal a strong peak centred at ~0.33 and ~0.30 V 

for the electrochemical oxidation of 250.0 µM oxidation of SO3
2- using CV and DPV, respectively, 

which could be attributed to the following anodic reaction49:  

SO3
2- + H2O → SO4

2- + 2H+ + 2e-   (2) 

The associated peak current was measured to be 5.98 and 8.82 µA. Correspondingly, the anodic 

peaks of the CV (Figure 5.3E) and DPV (Figure 5.3F) curves for the oxidation of 250.0 µM NO2
- 

were observed at ~0.75 and ~0.72 V, which was more positive than the peak potentials of the 

electrochemical oxidation of N2H4 and SO3
2-. The anodic oxidation of NO2

- could be expressed as 

follows58: 

                        NO2
- + H2O → NO3

- + 2H+ + 2e-    (3) 

The corresponding peak current for the NO2
- oxidation obtained with CV and DPV was 1.47 and 

2.33 µA, respectively. The aforementioned CV and DPV results indicated that the nanoporous  
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Figure 5.3. CV curves of the nanoporous gold microelectrode recorded in the absence (dotted lines) 

and in the presence (solid lines) of 250.0 µM of: (A) N2H4, (C) SO3
2- and (E) NO2

- at the scan rate 

of 20 mV s-1, where the supporting electrolyte was 0.1 M PBS (pH 6.5). (B), (D) and (E) represents 

the corresponding DPV curves obtained for the oxidation of N2H4, SO3
2- and NO2

-. 
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gold microelectrode exhibited strong current responses to the individual N2H4, SO3
2- and NO2

- 

species at different electrode potentials. 

 Figure. 5.4A presents the CV curves of the nanoporous gold microelectrode recorded in 

0.1 M PBS in the absence (dashed line) and in the presence of a mixture of N2H4, SO3
2- and NO2

- 

(solid line), with each analyte having a concentration of 500.0 µM. The peaks for the anodic 

oxidation of N2H4, SO3
2- and NO2

- appeared at ~0.05, ~0.34, and ~0.76 V, which were similar to 

the peak potentials observed in Figure 5.3A, C and E, respectively. The electrochemical oxidation 

of the mixture of the analytes was also evaluated using DPV under the same condition as shown 

in Figure 5.4B. The DPV response exhibited sharp and well-defined peaks for the simultaneous 

oxidation of N2H4, SO3
2- and NO2

- at ~0.00, ~0.30 and ~0.72 V (3.85, 11.10 and 4.30 µA), 

respectively. Additionally, the electrochemical activity of the nanoporous gold microelectrode was 

compared with the unmodified gold microelectrode using CV and DPV for the oxidation of N2H4, 

SO3
2- and NO2

-. In contrast to the gold nanoporous microelectrode, the behaviour of the 

unmodified gold microelectrode was sluggish and the analytes were oxidized at more positive 

potentials centred at 0.04, 0.34 and 0.76 V (Figure 5.4B) for N2H4, SO3
2- and NO2

-, respectively. 

In comparison to the electrochemical performance of the unmodified gold microelectrode, the 

nanoporous gold microelectrode exhibited much higher current responses to N2H4, SO3
2- and NO2

- 

with a negative shift on the oxidation potential. The enhanced activity of the nanoporous gold 

microelectrode might be attributed to the uniform 3D nanoporous structure, resulting in a similar 

effect of to the usual semi-infinite linear diffusion to the thin layer diffusion.59-61 Further, the 

oxidation of N2H4, SO3
2-, and NO2

- at the nanoporous gold microelectrode remained stable for 

recurring experiments. The nanoporous structure promoted the peak-to-peak separation of the 

electrochemical oxidation of N2H4-SO3
2- and SO3

2--NO2
- for 0.27 and 0.41 V, respectively.  
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Figure 5.4. (A) CV and (B) DPV responses of the unmodified gold microelectrode (red line) and 

the nanoporous gold microelectrode (blue line) towards N2H4, SO3
2- and NO2

- in 0.1 M PBS (pH 

6.5).  
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The concentration of each analyte is 500 μM. The black dash line was baseline derived from the 

nanoporous gold microelectrode. The appearance of the well-separated peaks indicated a potential 

application of the gold nanoporous microelectrode for the simultaneous determination of N2H4, 

SO3
2- and NO2

- species. 

5.3.3. Effects of the pH of the electrolyte and the scan rate 

 As seen in Reactions (1) to (3), protons are involved in the electrochemical oxidation of 

N2H4, SO3
2-, and NO2

-. The pH of the supporting electrolytes may influence the electrochemical 

behaviour of N2H4, SO3
2-, and NO2

- and the electrochemical performance of the nanoporous gold 

microelectrode. The electrochemical oxidation of N2H4, SO3
2-, and NO2

- at the nanoporous gold 

microelectrode was investigated in a 0.1 M PBS under different pH conditions (5.0, 5.5, 6.0, 6.5 

and 7.0) using DPV.  

 

Figure 5.5. Peak current response for the oxidation of 500 µM N2H4, SO3
2- and 250 µM NO2

- in 

0.1 M PBS solution at different pH values: 5.0, 5.5, 6.0, 6.5 and 7.0.  
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Figure 5.5 presents the anodic peak current response of the nanoporous gold microelectrode 

towards the electrochemical oxidation of N2H4 (red), SO3
2- (blue) and NO2

- (green). With the 

increase in the pH value from 5.0 to 7.0, the peak current of the N2H4 oxidation was gradually 

increased. Similarly, the peak current of the oxidation of SO3
2- was increased with the increase of 

the pH from 5.0 to 6.5, but it was decreased with the further increase of the pH to 7.0. On the other 

hand, the peak current response for the oxidation of NO2
- was slightly decreased when the pH was 

increased from 5.0 to 6.5; but it was notably decreased with the further increase of the pH to 7.0, 

which is consistent with the previous observation.62 The decrease of the current response might be 

attributed to the decrease of the protonation degree of nitrite ions with the increase of the pH. The 

aforementioned results revealed that 6.5 was the optimal pH for the simultaneous detection of 

N2H4, SO3
2-, and NO2

- to obtain optimal anodic currents and peak separation. 

By employing CV, the effect of the scan rate on the electrochemical oxidation of 250.0 μM 

N2H4 (Figure 5.6A), 250.0 μM SO3
2- (Figure 5.6B) and 500.0 μM NO2

- (Figure 5.6C) in 0.1 M 

PBS (pH 6.5) at the nanoporous gold microelectrode was also investigated. As seen in Figure 5.6, 

with the increase of the scan rate from 20 to 175 mV s-1, the oxidation peak potential was shifted 

towards the more positive side. The corresponding plots of the oxidation peak current Ipa vs the 

square root of the scan rate (v1/2) are presented in Figures 5.6D-F, respectively. The linear 

relationship, with correlation coefficients of 0.998, 0.993 and 0.994 for the electrochemical 

oxidation of N2H4, SO3
2, and NO2

-, indicated that the oxidation of these species occurring at the 

nanoporous gold microelectrode was a diffusion-controlled process. Similarly, the scan rate effect 

of the electrochemical oxidation of 250.0 μM N2H4, 250.0 μM SO3
2- and 250.0 μM NO2

- (Figure 

5.7A) in a mixture in 0.1 M PBS (pH 6.5) at the nanoporous gold microelectrode was also 

investigated. 
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Figure 5.6. CV curves of the nanoporous gold microelectrode measured in (A) 250.0 µM H2H4, 

(B) 250 µM SO3
2-, (C) 250 µM NO2

- at various scan rates (20, 50, 75, 100, 125, 150, 175 mV s-1); 

(D), (E) and (F) represents the corresponding linear relationship between the oxidation peak 

current Ip and the square root of the scan rate v1/2 of the respective analytes in the electrolyte 

medium of 0.1 M PBS (pH 6.5). 
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Figure 5.7. (A) CVs of the nanoporous gold microelectrode recorded in in 0.1 M PBS (pH 6.5) 

containing 250 µM N2H4, 250 µM SO3
2- and 250 µM NO2

- at different scan rates (20, 50, 75, 100, 

125, 150 mV s-1); (B), (C) and (D) The linear relationship between the oxidation peak current Ip 

and the square root of the scan rate v1/2, respectively. 

 From Figure. 5.7A, it is evident that the oxidation peak potential moved towards the more 

positive side with the increasing scan rate (20 to 175 mV s-1). The corresponding plots of the 

oxidation peak current Ipa vs the square root of the scan rate (v1/2) are presented in Figures 5.7B-
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D, respectively. The linear relationship, with correlation coefficients of 0.998, 0.993 and 0.994 for 

the electrochemical oxidation of N2H4, SO3
2, and NO2

-. 

5.3.4. Detection limit and calibration plots 

The effect of the concentrations of N2H4, SO3
2-, and NO2

- on the current responses of the 

nanoporous gold microelectrode was investigated using the DPV technique as presented in Figure 

5.8. All the peak current responses to the electrochemical oxidation of N2H4 (Figure 5.8A), SO3
2- 

(Figure 5.8C) and NO2
- (Figure 5.8E) exhibited a proportional increase with respect to their 

concentrations increasing from 5.0 x 10-6 to 4.0 x 10-3 mol L-1. The linear regression equations 

between the concentration (c, µM) and the current (ipa, µA) for the electrochemical oxidation of 

N2H4, SO3
2-, and NO2

- individually were: iHydrazine (µA) = 1.15 + 0.005[N2H4] (Figure 5.8B); iSulfite 

(µA) = 1.07 + 0.011[SO3
2-] (Figure 5.8D); and iNitrite (µA) = 0.118 + 0.012[NO2

-] (Figure 5.8F) 

with the coefficient R2 values of 0.993, 0.991, and 0.998, respectively. The limit of detection 

(LOD) was calculated according to the formula 3/s, where  is the standard deviation of the blank 

measurements; and s is the slope obtained from the calibration plot.  

 The LODs for the oxidation of N2H4, SO3
2-, and NO2

- were found to be 9.11 x 10-7, 3.37 x 

10-7, and 1.44 x 10-6 mol L-1 for N2H4, SO3
2-, and NO2

-, respectively. In addition, the selectivity of 

the nanoporous gold microelectrode was evaluated on the simultaneous determination of N2H4, 

SO3
2-, and NO2

-. As displayed in Figure 5.9, the peak currents were increased with the increase of 

their concentrations from 5.0 x 10-6 to 4.0 x 10-3 mol L-1 and the well-defined peak-to-peak 

separation was achieved for all the three analytes. The corresponding linear regression plots are 

presented in Figure 5.9B, C and D, revealing that the R2 values obtained for the simultaneous 

determination were 0.994, 0.993, 0.996 for N2H4, SO3
2-, and NO2

-, respectively.  
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Figure 5.8. DPV responses of gold microelectrode towards the oxidation of (A) N2H4, (C) SO3
2-, 

(E) NO2
- in a concentration range from 5 µM to 4 mM in 0.1 M PBS (pH 6.5). (B), (D) and (F) 

The corresponding calibration plots. Each point was expressed as the mean ± standard deviation 

(n= 3). 
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Moreover, the slope values found from the calibration curves of the respective analytes were 

virtually the same as to the electrochemical detection of the species separately as observed from 

Figure 5.9, confirming that the nanoporous gold microelectrode was capable of detecting N2H4, 

SO3
2- and NO2

- independently as well as simultaneously. 

 

Figure 5.9. DPV responses of gold microelectrode for simultaneous oxidation of (A) N2H4, SO3
2- 

and NO2
- in a concentration range from 5 µM to 4 mM in 0.1 M PBS (pH 6.5). (B), (C) and (D) 

represent their corresponding calibration plots. Each point was expressed as the mean ± standard 

deviation (n= 3). 
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Figure 5.10. Interference response of the nanoporous gold microelectrode for the oxidation of 

500.0 µM of N2H4, SO3
2- and NO2

- in the presence of 10-fold concentrations of H2PO4
-, HPO4

2-, 

CO3
2-, F-, Cl-, NO3

-, SO4
2-, Na+, K+, Ca2+, Mg2+ and Zn2+. 

5.3.5. Interference and stability measurements 

Probable interference species prevailing in actual samples were used to scrutinize the anti-

interference ability of the nanoporous gold microelectrode. The DPV curves (Fig. 5.10) were 

recorded in 0.1 M PBS (pH 6.5) containing 500 µM N2H4, 500 µM SO3
2- and 500 µM NO2

- in 

the absence (red curve) and in the presence (blue curve) of anions (including H2PO4
-, HPO4

2-, 
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CO3
2-, F-, Cl-, NO3

-, and SO4
2-) and cations (e.g., Na+, K+, Ca2+, Mg2+ and Zn2+) each (except 

 

Figure 5.11. (A) Stability measurement of the nanoporous gold microelectrode on the 

simultaneous oxidation of N2H4, SO3
2- and NO2

- for 30 consecutive scans. The concentration of 

each was 500 µM; (B) Long-term stability of the nanoporous gold microelectrode over a period of 

ten days. 
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Na+, Cl-, H2PO4
- and HPO4

2-) at 5.0 mM, which was 10 times higher than the three analytes. No 

notable changes were observed in the current response as well as the peak potential. The small 

decrease of the current response and the slight shift of the peak potential might be attributed to the 

specific adsorption of the interfering anions and cations. The aforementioned results confirmed the 

high specific selectivity and anti-interference capability of the nanoporous gold microelectrode 

towards the simultaneous determination of N2H4, SO3
2-, and NO2

-.  

Table 5.1. The performance of the nanoporous gold microelectrode for the simultaneous detection 

of the three analytes (N2H4, SO3
2- and NO2

-) for 30 consecutive scans. 

Analytes Number of scans Mean Std. Dev 
Std. 

Error 
%RSD 

Hydrazine 30 3.80 0.05 0.02 1.44 

Sulfite 30 11.18 0.18 0.07 1.68 

Nitrite 30 4.09 0.14 0.05 3.29 

 

Table 5.2. The long-term stability of the nanoporous gold microelectrode for the simultaneous 

determination of N2H4, SO3
2- and NO2

- over a period of ten days. 

Analytes Size Mean Std. Dev Std. Error %RSD 

Hydrazine 10 4.03 0.14 0.06 3.60 

Sulfite 10 11.04 0.15 0.05 1.32 

Nitrite 10 4.20 0.07 0.02 1.62 

 

 The stability of the nanoporous gold microelectrode was evaluated by measuring the 

current response from the simultaneous oxidation of 500.0 µM N2H4, 500.0 µM SO3
2-, and 500.0 

µM NO2
- in 0.1 M PBS (pH 6.5) under the same conditions (Figure 5.11A). The DPV scans 
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obtained for 30 consecutive measurements showed the peak current responses for the oxidation of 

the analytes with a small relative standard deviation of 1.44% for N2H4, 1.68% for SO3
2- and 3.29% 

for NO2
- (Table 5.1). The repeatability of the nanoporous gold microelectrode was also validated 

using DPV measurements recorded over a period of 10 days under the same conditions (Figure 

5.11B), where there were 500.0 µM each of N2H4, SO3
2-, and NO2

- containing in 0.1 M PBS (pH 

6.5). The fabricated nanoporous gold microelectrode was stored in a micropipette tip during the 

repeatability measurement. The results in Table 5.2 showed that the peak current response 

remained within an acceptable relative standard deviation of 3.60%, 1.32% and 1.62% for the 

electrochemical oxidation of N2H4, SO3
2-, and NO2

-, respectively, demonstrating the high stability 

of the fabricated nanoporous gold microelectrode. 

5.3.6. Real sample analysis 

 The developed nanoporous gold microelectrode was further tested for the determination of 

SO3
2- in wine and beer, NO2

- in beef, and N2H4 in water. The wine, beer and beef samples were 

adjusted to pH 6.5 before the analysis. The DPV peaks obtained for SO3
2- and NO2

- from the real 

sample analysis of Chile wine and Canadian beef II (minced beef) are presented in Figure 5.12. 

Canadian Beef I (Tenderloin Beef) and Canadian Beef II (Minced Beef) samples were pretreated 

as described in the experimental section and adjusted to pH 6.5.  

 The unknown concentration of SO3
2- and NO2

- in each sample was assessed. Tap water was 

used to synthetically prepare the N2H4 sample. Table 5.3 summaries the quantities of SO3
2-, NO2

-

and N2H4 in the assorted brands of wine, apple cider beer, beef and the synthetic water samples. 

The amounts of SO3
2- found in Chile wine, Australian wine and South Africa wine were close, and 

they were well below the permissible limit of ~3000.0 µM.  
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Figure 5.12. DPVs of the nanoporous gold microelectrode recorded in 0.1 M PBS (pH 6.5) 

showing the (A) presence of sulfite in the Chile wine and (B) the presence of nitrite in the Canadian 

minced beef sample. The black dashed line in the DPVs represents the baseline derived (in the 

absence of the analyte) from the nanoporous gold microelectrode. 
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Table 5.3. Performance of the nanoporous gold microelectrode for the determination of N2H4, 

SO3
2-and NO2

- in wine, beer, beef, and water. 

 

As expected, the amount of SO3
2- found in Apple Cider Beer made in Canada was 80.64 µM, 

which was much less than that added to the wine. The permitted level of SO3
2- added in beer is 

624.0 µM. The amount of nitrite determined in Beef Sample I and II was 103.25 and 130.53 µM, 

respectively. In turn, they were converted to be 47.43 and 60.26 ppm, which were well within the 

total acceptable concentration of 200 ppm in a finished meat product (recommended by the Public 

Health Agency of Canada). The data obtained by the standard addition method showed satisfied 

recovery percentages from 97.55% - 100.24% for all the three analytes. The relative standard 

deviation (RSD) for each sample calculated based on three experimental trials was less than 2%, 

 

Sample Analyte 
Original  

Amount (µM) 

Spiked 

(µM) 
Found (µM) Recovery% 

%RSD  

(n = 3) 

Chile wine 

SO3
2- 

204.65 10.00 212.57 99.03 1.16 

Australian 

wine 
227.43 10.00 231.62 97.55 0.76 

South Africa 

wine 
228.74 10.00 234.21 98.10 1.45 

Apple Cider 

Beer 
80.64 10.00 90.38 99.71 1.09 

Canadian Beef 

I 
NO2

- 

103.25 10.00 113.08 99.84 1.06 

Canadian Beef 

II 
130.53 10.00 140.87 100.24 1.19 

 

N2H4 

- 10.00 9.82 98.20 0.91 

Water - 25.00 24.91 99.64 0.76 

 - 50.00 50.07 100.14 1.18 
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showing that the analysis was highly reproducible. All those results confirmed the effectiveness of 

the developed nanoporous gold microelectrode for the detection of N2H4, SO3
2-, and NO2

- in real 

samples. 

5.4. Conclusions 

A highly stable and selective nanoporous gold microelectrode sensor without the requirement 

of enzyme or redox mediators was devised for the sensitive detection of N2H4, SO3
2-, and NO2

- in 

real samples. The obtained results from the CV and DPV studies exhibited the strong ability of the 

sensor on the electrochemical oxidation of N2H4, SO3
2-and NO2

- individually as well as 

simultaneously in 0.1 M PBS (pH 6.5). The nanoporous gold microelectrode possessed a large 

EASA with a roughness factor of 27.7. The oxidation peaks were well-defined with the large peak-

to-peak separations of 0.27 V and 0.41 V for N2H4-SO3
2-, and SO3

2--NO2
-, respectively. The 

nanoporous gold microelectrode displayed enhanced selectivity for the simultaneous measurement 

of N2H4, SO3
2-, and NO2

-. The devised microelectrode possessed superior performance for the 

determination of SO2- and NO2
- in commercial beverages and food samples. Further, the 

electrochemical sensor demonstrated good sensing ability coupled with other desirable properties 

such as sensitivity, robustness, and low detection limit. These combined factors confirmed that the 

nanoporous gold microelectrode could be applicable as a high-performance electrochemical sensor 

for myriad applications in food and beverage safety and quality control. 
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Chapter 6: Sensitive Electrochemical Detection of Caffeic Acid in 

Wine Based on Fluorine-doped Graphene Oxide*   

6.1. Introduction 

 Caffeic acid (3, 4-dihydroxycinnamic acid) is an important compound in the 

classification of phenolic acids, which exists in certain vegetables (e.g., cabbage, cauliflower, 

and kale) and fruits (e.g., strawberries, grapes, and apples). It serves as an antioxidant, anti -

inflammatory, antibacterial, and immune-modulating agent.1-4 The molecular structure of CA 

is comprised of two hydroxyl groups adjacent to an aromatic ring, which provocatively 

contributes to its distinctive antioxidative nature.5,6 Copious amounts of CA derivatives present 

in wine, and are accountable for maintaining colour, thus protecting the alcoholic beverage from 

oxidative deterioration.7,8 Fascinatingly, scientific studies have reported that CA functions as 

an anti-tumour agent and may have the ability to lower the impacts of diabetes and cancer.9-12   

 Numerous methods, such as liquid and gas chromatography, capillary electrophoresis 

and spectrophotometry, have the capacity to determine phenolic acids and CA derivatives in 

foods and beverages.13,14 Although these analytical instruments are advanced, their operation 

requires skilled personnel and involves multistep sample treatment and testing procedures. 

Consequently, a cost-effective and efficacious method for the detection of CA is imperative to 

analyze and assure the quality of the wine.  

* Most of the results presented in this chapter have been published in the special issue of 
the journal Sensors (State-of-the-Art Sensors Technology in Canada), 2019, 19, 1604. 

 



151 
 

One of the major challenges with CA detection is the interference from other polyphenolic 

compounds (p-coumaric acid, hydroquinone, trans-ferulic acid, gallic acid) present in wine. 

Therefore, the development of sensitive and selective electrochemical sensors for the 

quantitative detection of CA is essential.  

 Several previously reported works have focused on the quantitative determination of CA 

utilizing different types of nanostructured materials in various electrolyte media.15-18 Fernandes 

et al. developed a multi-component electrochemical biosensor for the detection and 

quantification of CA in white wine. This biosensor was developed through the immobilization 

of green beans in a chitin matrix, which was subsequently incorporated into a carbon paste 

electrode. The CA content of white wine was determined using square wave voltammetry, and 

the biosensor demonstrated good selectivity.19 Although redox mediator-based biosensors may 

have good selectivity, they have disadvantages including reproducibility and long-term 

stability.20 Santos and co-workers fabricated an electrochemical sensor by modifying a glassy 

carbon electrode (GCE) with a poly(glutamic acid) (PG) film for the electrochemical detection 

and quantification of CA in red wine.21 Recently, Thangavelu and co-workers reported on the 

electrochemical determination of CA using gold and palladium decorated with graphene 

(Au/Pd/Gr) for the sensitive detection of CA.22 Yue and co-workers developed an 

electrochemical sensor using Pd-Au/PEDOT/graphene nanoparticles and investigated its 

performance for the determination of CA.23 

 As noble metals are expensive, carbon-based electrochemical sensors offer an 

inexpensive route toward the quantification of CA. Graphene and its derivatives are widely used 

in biological applications, electrochemical sensing and energy storage, due to their remarkable 

physicochemical properties.24-36 Array-based sensing approaches (nose/tongue strategies) using 
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graphene oxide have been reported for the detection of biomatrices and organic molecules.37-39 

Chemically/electrochemically reduced graphene oxide (GO) and nitrogen doped carbon 

electrochemical sensors were explored for CA detection.40-42 The doping of graphene and GO 

with heteroatoms (e.g., F, Cl, N, B, and S) at the molecular and atomic level, favourably 

enhances their electrochemical behaviour and electrocatalytic properties, while altering their 

electronic and physicochemical properties.43-45 Based on the nature of dopants and their bonding 

conformations, the characteristics of graphene may improve and be advantageous for desired 

applications. As a result, the heteroatom-doped graphene derivatives have been explored for 

their capability as an efficient electrocatalyst for oxygen reduction, energy storage and 

supercapacitor applications.46-48 F-GO and its derivatives have invigorated intense research 

activity due to their exceptional properties (e.g., resistance to high temperature, improved 

electrocatalytic activity, and outstanding chemical inertness).49-52 In contrast to carbon, fluorine 

possesses a higher electronegativity, which may bring about attributes such as ionic, semi-ionic, 

and covalent bonding.53,54 Further, the electronic structure of F-GO is dissimilar to that of 

graphene oxide. The doping of graphene with F alters its electronic structure due to the 

incorporation of sp3 carbon into graphene’s sp2 honeycomb structure.55 This alteration in its 

electronic structure might be explained by the electron withdrawing and electron donating 

nature of fluorine atoms due to their strong electronegativity and the presence of lone-pair 

electrons.56 Consequently, fluorine-based graphene derivatives are useful across a range of 

applications, such as supercapacitors, batteries, metal-free electrocatalyst, and biomedical 

devices.57-63    

 The aims of the present study were two-fold: (i) to compare the electrochemical 

properties of GO and F-GO as an advanced electrochemical sensing material; and (ii) to develop 
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a high-performance electrochemical sensor for the sensitive detection of CA. To the best of our 

knowledge, this is the first report on a highly sensitive and selective F-GO based 

electrochemical sensor for the direct measurement of CA in different brands of wine.     

6.2. Experimental section 

6.2.1. Reagents 

 Caffeic acid, potassium ferrocyanide, potassium chloride, chloroauric acid, and other 

reagents were purchased from Sigma Aldrich. All reagents used for the experiments were of 

analytical grade. All solutions used for the experiments were prepared using deionized water 

(18.2 MΩ cm, Nanopure® diamond™ UV water purification system), and all glassware was 

thoroughly washed and dried prior to each analysis.  Four different brands of red wine were 

purchased from a liquor store (i) Alamos (Chilean wine - Sample I); (ii) Bodacious (Canadian 

wine - Sample II); (iii) Radio Boka – The Pavilion (Spaniard wine - Sample III); and (iv) Santa 

Carolina (Argentinian wine - Sample IV). All experiments were conducted using a Britton-

Robinson (B-R) electrolyte medium.64 The B-R buffer solution was prepared from a mixture of 

phosphoric acid, glacial acetic acid and boric acid at a concentration of 0.1 M, and the pH values 

of the electrolyte solutions were adjusted with a sodium hydroxide solution (0.5 M).    

6.2.2. Electrode preparation and modification 

 The F-GO was synthesized via an improved Hummers' method with some 

modifications.65 Initially, a mixture was prepared by blending 1.0 g graphite, 90.0 mL sulfuric 

acid (H2SO4), 10.0 ml orthophosphoric acid (H3PO4), and 20 ml hydrogen fluoride (HF). 

Secondly, the prepared mixture was stirred vigorously for 2 h, and the temperature was 

maintained at 50 °C. Approximately 4.5 g of KMnO4 was slowly added to this blend, and stirred 
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constantly for another 15 h. Thirdly, the reaction mixture was supplemented with 100 ml of ice, 

and after a short while, 5.0 ml of 30% H2O2 was also added. Subsequently, the obtained final 

product (F-GO) was separated and thoroughly rinsed with 30% hydrochloric acid (HCl), pure 

water, ethanol, and diethyl ether. Lastly, the resulting F-GO solid was transferred to an oven at 

50°C for drying.  

 The prepared F-GO was mixed with water (4.0 mg/ml) and ultrasonicated for 1 h to 

ensure thorough mixing. A GCE was polished with 1.0 and 0.3 μm alumina slurry, then rinsed 

with ethanol and water ultrasonicated for 10 min. The F-GO ink was drop cast onto the surface 

of GCE and air dried for 4 h to obtain the F-GO/GCE. The as-prepared F-GO/GCE was then 

subjected to partial electrochemical reduction in 0.1 M phosphate buffer solution at pH 7.4. 

Similarly, another GCE was prepared by drop-casting GO onto its surface. For comparison, a 

bare GCE and the GO/GCE were tested alongside with F-GO/GCE for CA oxidation.56  

6.2.3. Characterization techniques 

 The F-GO was characterized using a Hitachi SU-70 Schottky Field Emission SEM with an 

energy dispersive X-ray spectrometer and XPS (Thermo Scientific). XPS was carried out using a 

Thermo Scientific K-α XPS spectrometer. A monochromatic Al Kα X-ray source was employed, 

with a spot size of 400 μm. Voltammetry techniques such as CV and DPV were implemented using 

a CHI potentiostat (CHI-660D, CHI, USA). The redox behaviour of the molecule and the kinetics 

of the electrodes were examined using CV, whereas the analytical determination of the 

electroactive analyte was conducted by means of DPV.  

 All electrochemical experiments were conducted in an electrochemical cell consisting of a 

conventional three-electrode system. The F-GO/GCE functioned as the working electrode, a coiled 

platinum wire acted as the counter electrode, and a standard silver-silver chloride (Ag/AgCl) 
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electrode served as the reference electrode. All analytical quantitation was performed in a 0.1 M 

B-R buffer (pH 2.65) at room temperature. Preceding the analysis, all of the solutions were purged 

with argon gas for a duration of 15 min. The potentials specified in this paper were against an 

Ag/AgCl reference electrode. 

6.3. Results and Discussion 

6.3.1 Morphology and electrochemical characterization 

 The surface morphologies of the F-GO and GO were investigated using SEM. Figure 6.1A 

presents a typical SEM image observed for the GO and Figure 6.1B illustrates the SEM image for 

the F-GO, which revealed a crumpled layered structure. In addition, XPS was utilized to 

distinguish the composition and functional group species that were present in the F-GO and GO. 

All data analysis was carried out using XPS peak software. A mixture of Gaussian and Lorentzian 

function was used to deconvolute the peaks in HR XPS spectra and the sp2 carbon is fitted at 284.5 

eV.  

 

Figure 6.1. SEM images of the synthesized (A) graphene oxide (GO) and (B) fluorinated graphene 

oxide (F-GO).  



156 
 

 

Figure 6.2. (A) XPS spectra (survey scan) of GO and FGO; (B) high-resolution XPS spectrum of 

C1s of GO and the fitting curves; (C) high-resolution XPS spectrum of C1s of F-GO and the fitting 

curves; and (D) high-resolution XPS spectrum of F1s of F-GO. 

 As perceived from the expanded inset of the XPS survey scans (Figure 6.2A), the presence 

of fluorine was verified by the occurrence of the F peak at ~ 686.75 eV. The percentages of C, O, 

and F analyzed from the data of F-GO were 65.20%, 33.64%, and 1.16%, respectively. In contrast, 

the calculation from the GO composition data revealed the percentages of C and O to be 65.17% 
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and 34.83%, respectively. The high-resolution C1s spectra of GO and F-GO were de-convoluted 

into five distinct peaks (Figures 6.2B and 6.2C). The five distinct peaks from the C1s spectrum of 

GO were as follows: C=C (284.7 eV), C-C (285.4 eV), C-O (286.8 eV), C=O (287.9 eV), and O-

C=O (289.2 eV).  

 Prominent differences were observed in terms of peak intensities when the C1s spectrum 

F-GO was equated with that of GO. The peak heights of C=O and O-C=O displayed decreased F-

GO intensity, whereas a higher intensity of C-O peak was observed, which was attributed to the 

attack of F on the C=O group, and the formation of C-O and C-F bonds. Further validation was 

supplemented by the use of the high-resolution F1s spectrum of F-GO (Figure 6.2D). It may be 

observed from the spectrum that the main peak appeared at 686.38 eV, which was ascribed to the 

semi-ionic nature of the C-F bond, and the shoulder peak appearing at 689.15 eV, paralleled to the 

C-F bond, which was covalent in nature.  

 The electrochemical characteristics of the bare GCE, GO/GCE, and F-GO/GCE were 

examined in a KCl-Ferricyanide medium (5.0 mM [Fe(CN)6]3−/4− in 0.1 M KCl). Figure 6.3A 

exhibits the well-defined cyclic voltammetric curves obtained for the oxidation and reduction of 

5.0 mM [Fe(CN)6]3−/4− at the bare GCE, GO/GCE, and F-GO/GCE. In contrast to the bare GCE 

and GO/GCE, the F-GO/GCE demonstrated a higher anodic-cathodic peak current and a smaller 

peak-to-peak potential separation. The potential separation for the bare GCE, GO/GCE, and F-

GO/GCE was calculated to be 294, 158, and 113 mV, respectively. The smaller peak-to-peak 

separation demonstrated the better electrochemical reversibility and improved electron transfer 

efficiency.61 Furthermore, the value obtained from the ratio of the anodic to cathodic peak current 

(Ipa/Ipc = 0.96) confirmed that the oxidation-reduction of [Fe(CN)6]3−/4− redox probe at the F-

GO/GCE was reversible.  
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Figure 6.3. (A) CV curves of the bare GCE (black dashed line), GO/GCE (blue line), and F-

GO/GCE (red line) in the presence of 0.1 M KCl containing 5.0 mM [Fe(CN)6]3−/4− at the scan rate 

of 50 mV s-1; (B) CV curves of the F-GO/GCE recorded in the presence of 5 mM [Fe(CN)6]3−/4− 

in 0.1 M KCl at various scan rates, ranging from 10 - 100 mV s-1; (C) the corresponding plots of 

vs the anodic/cathodic peak current vs the square root of the scan rates 
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Subsequently, Figure 6.3B shows a series of CV curves obtained at different scan rates (10 – 100 

mV/s) in the KCl-ferricyanide medium to study the redox behaviour of the modified electrode, and 

to calculate the electrochemically active surface area (EASA) of the F-GO/GCE using the Randles-

Sevcik equation:66 

𝑖𝑝 =  2.69 ∗  105 𝑛3/2 𝐴𝐷1/2 𝐶 ʋ1/2 (1) 

 

where ip represents the peak current, D stands for the diffusion coefficient (cm2 s−1), C denotes the 

concentration of the [Fe(CN)6]3−/4− molecules in mol L−1, A is the EASA (cm2), n signifies the 

electron transfer number, and ʋ is the scan rate (V s−1). Figure 6.3C displays the slopes obtained 

for the Ipa versus ʋ1/2 plots; the EASA was calculated to be 0.045, 0.075, and 0.745 cm2 for the 

bare GCE, GO/GCE, and F-GO/GCE, respectively. These observed results verified that the 

fabricated F-GO/GCE had a higher EASA compared to GO and bare GCE. 

6.3.2 Electrooxidation behaviour of CA 

 Cyclic voltammetry was primarily employed to investigate the electrooxidation behavior 

of CA at the F-GO modified GCE. Figure 6.4A illustrates the response curves for the bare GCE, 

GO/GCE, and F-GO recorded in a 0.1 M B-R buffer solution at a scan rate of 50 mV/s in the 

absence of CA. There were no anodic/cathodic peaks that appeared for the prepared GCEs without 

CA in the B-R buffer solution. It was evident from the CV that the F-GO/GCE had a larger 

background current when equated to the bare GCE and GO/GCE which further confirmed that F-

GO had a much larger EASA. From Figure 6.4B, it can be seen that the CV displayed well-defined 

peaks for the oxidation and reduction of 50.0 µM CA. As shown in Figure 6.4C, the modified 

GCEs exhibited a sharp quasi-reversible peak for the oxidation and reduction of 50.0 µM CA at 

different peak potentials.  



160 
 

 

Figure 6.4. CV curves of bare GCE (dashed black line), GO/GCE (blue line), and F-GO/GCE (red 

line) recorded in the absence of CA (A); F-GO/GCE response in the presence of 50.0 μM CA (B); 

comparison of the modified GCEs in the presence of 50.0 μM CA (C) in a 0.1 M B-R buffer 

solution pH 2.65, at a scan rate of 50 mV s-1. 
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The emergence of the redox peaks was due to the formation of o-quinone following CA oxidation. 

The chemical reaction for the oxidation of CA followed a 2-electron transfer process 41: 

C9H8O4 (CA) ⇋ C9H6O4 + 2 H+ + 2 e-  

The F-GO/GCE amplified the rate of the electron transfer and enhanced the overall response 

toward the electrochemical oxidation of CA. The current response recorded with the F-GO/GCE 

showed a higher anodic and cathodic peak intensity for the oxidation/reduction of CA, as opposed 

to the bare GCE and GO/GCE. The presence of the C-F semi-ionic bond and higher conductivity 

facilitated the higher electrocatalytic of F-GO toward the oxidation of CA. Further, the ΔEp values 

calculated from the oxidation/reduction peak potentials for the CA oxidation with F-GO/GCE  (90 

mV) was lower than that of the bare GCE (117 mV). These findings suggested that F-GO/GCE 

possessed good electrocatalytic activity toward the oxidation of CA. Furthermore, as caffeic acid 

is an electroactive species, the F doped GO yielded higher signal sensitivity towards the oxidation 

of the chosen analyte. Also, the fluorination of GO has significantly enhanced electrocatalytic 

activity and improved its overall oxidation toward CA.61  

6.3.3 Effect of scan rate, electrolyte pH, and concentration 

 Based on the effect of the scan rate, the electrocatalytic oxidation of CA was investigated 

further by employing CV. Figure 6.5A illustrates the effect of the scan rate on the 

electrochemical oxidation of 50.0 µM CA at the F-GO/GCE recorded in a 0.1 M B-R buffer, 

from 10 to 200 mV s-1. The values of the anodic/cathodic peak current were incremental with 

an increasing scan rate; however, the observations from the CV exhibited a shift in the 

oxidation/reduction peak potentials. indicating that the electrochemical oxidation/reduction 

process was quasi-reversible. At higher scan rates, the electrochemical reaction became less 
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reversible due to the slow electron-transfer rate.40,67 The displaced peak potential could also be 

attributed to the change of the thickness of the diffusion layer, which varied with the scan rate.68 

On the contrary, the growth of the diffusion layer was substantially lower at higher scan rates. 

Therefore, the reason for the shift in the oxidation/reduction peak potential could be  attrib-  

 

Figure 6.5. CV response of F-GO/GCE recorded in the presence of 50.0 μM CA at different 

scan rates varying between 10 to 200 mV s-1 (A) and the subsequent plot of anodic/cathodic 

peak current vs. the scan rate (mV s-1) (B), in 0.1 M B-R buffer medium. 
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uted  to the minor variation in the flux at the surface of the electrode when cycled at lower scan 

rates.42 Moreover, with higher scan rates, the electrochemical reaction became less reversible 

due to the slow electron-transfer rate.40,67 The corresponding plot of the oxidation/reduction 

peak current Ipa/pc vs the scan rate (ʋ, mV s-1) is presented in Figure 6.5B. The observation 

from the plot indicated that the CA oxidation exhibited good linearity over the incrementing 

scan rate.  

 The estimated R2 values and the linear regression equation from the calibration plot, 

were: R2 = 0.9960, Ipa = 1.292 × 10-6 A/mV s-1 + 15.119 µA; and R2 = 0.9921, Ipc = -1.114 × 

10-6 A/mV s-1  - 17.114 µA (Fig. 4B). The results from the linear relationship between Ipa/pc 

and the scan rate indicated that the oxidation and reduction of CA at the F-GO/GCE was a 

surface-controlled process.  

 The effect of the electrolyte pH played a vital role in enhancing the electrocatalytic 

performance of the sensor and determined the electrochemical oxidation behaviour of the CA 

molecule. The electrochemical behaviour of CA was investigated by running CV in B-R buffer 

solution under a diverse pH range (acidic to basic), which contained 30.0 µM of the analyte at the 

scan rate of 50 mV s-1. Figure 6.6A displays the anodic peak current response of the F-GO/GCE 

toward the electrochemical oxidation of CA at different pH levels, ranging from 2.6 to 7.0. The 

peak potential was linearly shifted towards more negative potential with the increase of the pH as 

seen in the insert of Fig. 5D, which was consistent with the report in the literature.67,69 On the other 

hand, the peak current was decreased with the increase of the pH as shown in Fig. 5D. As a result, 

the B-R buffer solution with pH 2.65 was selected for carrying out further electrochemical 

experiments and for the analytical determination of CA. 
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Figure. 6.6. CV curves for the oxidation of 30.0 µM CA at different pHs (2.6 - 7.3) (A); the 

resulting plot of anodic peak current vs pH (B) and the corresponding plot of the anodic peak 

potential vs pH (insert of D). Electrolyte medium: 0.1 M B-R buffer solution (pH 2.65);               

Scan rate : 50 mV s-1.  
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Figure 6.7. CV responses of F-GO/GCE for the oxidation/reduction of CA at different 

concentrations, ranging from 10.0 to 70.0 μM (A); and the corresponding plots of anodic/cathodic 

peak current vs. the concentration of CA (B) in a 0.1 M B-R buffer solution pH 2.65, at a scan rate 

of 50 mV s-1. 
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 The oxidation behavior of CA was further investigated in a 0.1 M B-R buffer solution (pH 

= 2.65) at a scan rate of 50 mV s-1 under different concentrations. It is evident from Figure 6.7A 

that there was no apparent peak for the absence of the CA molecule, whereas a clear response was 

observed for the addition of 10.0 µM CA. The peak current for the oxidation and reduction of CA 

increased linearly, with each subsequent addition in a selected concentration range from 0.0 to 

70.0 µM. The anodic and cathodic peak current values obtained from the CVs were plotted against 

the various concentrations of CA (Figure 6.7B). 

 It may be perceived from the calibration plot that there was good linearity within the 

selected calibration range, with the linear regression equations of Ipa (μA) = 1.354 μA/μM - 13.61 

μA and Ipc = −1.362 μA/μM − 3.06 μA with the R2 value of 0.9942 for Ipa and 0.9951 for Ipc.  

6.3.4 Analytical determination of CA 

 The analytical capacity of the F-GO/GCE was investigated by employing DPV. In contrast 

to CV, DPV is more sensitive and has the ability to lower the background current.70 Figure 6.8A 

illustrates the characteristic DPV responses for different concentrations of CA using the F-

GO/GCE electrochemical sensor. The working parameters for the DPV technique were: amplitude 

= 0.08 V, pulse width = 0.08 s, sampling width = 0.0167 s, and pulse period = 0.2 s. The F-

GO/GCE did not exhibit any response in the absence of CA, which suggested that the sensor was 

inactive in the absence of the CA molecule within the selected potential window. However, the 

DPV responses obtained from the electrochemical oxidation of CA demonstrated a linear increase 

with respect to its increasing concentration, ranging from 0.5 - 100.0 μM. The linear regression 

equation between the concentration (c, µM) and the current (Ipa, µA) for the electrochemical 
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oxidation of CA in the concentration ranges from 0.5 – 10.0 μM and 15.0 – 100.0 μM (Figure 

6.8B) were Ipa = 3.935 c (µM) + 1.919 and Ipa = 0.261 c (µM) + 38.658.  

 

Figure 6.8. DPV responses of F-GO/GCE for the detection of CA in the concentration ranging 

from 0.5 to 100.0 µM (A); the corresponding calibration plot for the anodic peak current vs 

concentration (B) in a 0.1 M B-R buffer solution (pH 2.65). 



168 
 

The associated R2 coefficient values from the calibration plot were calculated to be 0.9960 and 

0.9971, respectively. The sensitivities from the calibration plots were calculated to be 5.27 and 

0.35 µAµM-1 cm-2. The limit of detection (LOD) was further calculated to be 0.018 µM using the 

formula 3/s, where  denotes the standard deviation of three blank measurements, and s 

represents the slope calculated from the calibration plot.  

Table 6.1. Comparison of the electrochemical performance of the F-GO/GCE sensor with other 

reported sensors for the detection of CA 

Modified electrode Voltammetric 
technique 

Linear range 
(µM) 

Limit of detection 
(µM) 

Ref 

Molecularly imprinted 
siloxanes 

DPV 0.5 - 60.0 0.15 76 

Electrochemically reduced 
graphene oxide–Nafion 

SWAdSV 0.1 - 10.0  0.09 40 

Laccase-MWCNT-
chitosan/Au 

Amperometric 0.7–10.0 0.15 77 

Nafion/Tyre/Sonogel-
Carbon 

Amperometric 0.08 - 2.0 0.06 78 

Glassy polymeric carbon DPV 0.1 - 96.5  0.29 79 

Glassy carbon electrode DPV 10.0 - 120.0  0.10 80 

Poly(Glutamic 
Acid)/GCE 

CV 4.0 - 30.0  3.91 21 

Fluorine doped graphene 
oxide/GCE 

DPV 0.5 - 100.0 0.018 This 
work 

*DPV - Differential pulse voltammetry, SWAdSV - Square wave anodic stripping voltammetry, 
CV - Cyclic voltammetry, MWCNT - Multi-walled carbon nanotubes, GCE - Glassy carbon 
electrode. 
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 The two calibration plots acquired in this study were similar to studies that involved the 

measurement of molecules, such as acetaminophen and valacyclovir, ascorbic acid, dopamine, uric 

acid, and NADH.25,59,71,72 This observation might be explained based on the mechanism of the 

inner-sphere electrode reaction.25,73 Important attributes such as the novelty analytical advantages 

and capabilities (e.g., linear range and LOD) of the developed F-GO/GCE electrochemical sensor 

were confirmed by comparing the performance of the CA sensors formerly reported in the 

literature as shown in Table 6.1. 

6.3.5. Stability, reproducibility, and interference measurements 

 The stability of the sensor was scrutinized by employing DPV for 30 consecutive scans 

(Figure 6.9A). The sensor retained 94.7% of its initial peak current response for 50.0 μM CA 

oxidation in a 0.1 M B-R buffer medium (pH 2.65). In addition, the long-term stability of the 

fabricated sensor was tested over ten days, where the sensor preserved 95% of its primary response 

with a relative standard deviation (RSD) value of 2.41%. This demonstrated the good stability of 

the sensor and could be applied to the evaluation of actual samples (Figure 6.9B).  

 Further, the reproducibility of the F-GO/GCE was inspected via the preparation of four 

different electrodes. The reproducibility tests were carried out in 0.1 M PBS containing 50.0 µM 

CA under identical experimental conditions (Figure 6.10A). The RSD value for the anodic peak 

current measured at the four different electrodes was calculated to be 2.1%, thereby indicating the 

excellent reproducibility of the F-GO/GCE sensor.  

 The selectivity of the developed electrochemical sensor was an essential factor for the 

detection of CA to enable the testing of actual samples. Henceforth, the prepared F-GO/GCE 

sensor was tested for its anti-interference capabilities in the presence of potentially interfering 

species using DPV. Figure 6.10B illustrates the DPV response recorded for the oxidation of 100.0 
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µM in the presence of a 10-fold (1.0 mM) concentration of interfering ions, such as p-coumaric 

acid, hydroquinone, trans-ferulic acid, glucose, gallic acid, and ascorbic acid. The results obtained 

from the interference study revealed that the F-GO/GCE sensor retained 92% of its activity for 

100.0 µM CA oxidation in the presence of interference molecules. Therefore, the developed F-

GO/GCE electrochemical sensor could be applied to the real-time analysis of CA.  

 

Figure 6.9. DPV curves of the F-GO/GCE recorded in 50.0 µM CA over 30 consecutive 

measurements (A); DPV response of F-GO/GCE measured in 50.0 µM CA for 10 days (B). 

Electrolyte: a 0.1 M B-R buffer solution (pH 2.65). 
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6.3.6 Real sample analysis 

 The electrochemical performance of the designed F-GO/GCE sensor was further validated 

for its real-time determination of CA in wine. Four different samples of red wine were used for the 

determination of CA. The wine was tested by injecting raw samples directly into the 0.1 M B-R 

buffer solution, and the concentrations of CA were determined from their respective DPV peaks. 

The DPV peaks obtained for the determination of CA in wine samples (50.0 µL to 300.0 µL) are 

included in the supplementary information (Figures 6.11A-D). The peak current values from DPV 

toward CA oxidation for the injected volume of the wine sample was compared against the 

calibration plot, thereby estimating the unknown concentration of CA. The concentration of CA 

found in four different wine samples was quantified in the range from 72.4 - 94.5 µM, with an 

average RSD value of 2.3%. The exact procedure was followed for analyzing the concentrations 

of CA in other wine samples, and the results of the quantification of CA in the assorted brands of 

wine are presented in Table 6.2.  

Table 6.2. Performance of the F-GO/GCE electrode for the determination of CA in different 

brands of wine. 

Red wine sample Found (µM) % RSD 

Alamos (Chile) 74.4 2.3 

Bodacious (Canada) 84.3 2.0 

Radio Boka (Spain) 85.1 2.2 

Santa Carolina (Argentina) 94.5 2.1 
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Further high-performance liquid chromatography (HPLC, Agilent) analysis showed that the CA 

concentration in Wine Sample II was 77.5 µM, which is consistent with the value measured by the 

F-GO electrochemical sensor. The wine samples were diluted with the B-R electrolyte medium. 

Based on the constructed calibration plot using DPV, the amount of CA in the commercial red 

wine was calculated, which were comparable with the results reported in the literature.42,74,75 

Furthermore, the fabricated electrochemical sensor was able to detect CA directly in wine (wine 

as the electrolyte) without the use of a buffer solution (Figure 6.12). These results suggest that the 

developed F-GO/GCE sensor could be effectively used for the determination of CA in wine and 

has real-time applicability.  

 

Figure 6.11. DPV response of F-GO/GCE for the detection of CA in different brands (wine 

samples I - IV) of red wine. Electrolyte: 0.1 M B-R buffer solution (pH 2.65). 
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Figure 6.12. DPV response of F-GO sensor obtained for the detection of CA directly in wine 

sample. 

6.4. Conclusion 

 A highly selective F-GO based sensor was developed for the sensitive detection of CA in 

assorted brands of wine. The results obtained from the CV investigations indicated that the F-GO’s 

enhanced the electrocatalytic behaviour in contrast to bare GCE and GO modified GCE. The F-

GO/GCE exhibited higher EASA and improved the electrochemical performance as opposed to 

the GO/GCE. The analytical quantitation performed using DPV revealed the strong capability of 

the electrochemical sensor for the determination of CA within a wide linear concentration range 

in a 0.1 M B-R buffer (pH 2.65). The F-GO/GCE sensor demonstrated superior selectivity for the 

oxidation of CA in the presence of additional polyphenolic compounds. The developed 



175 
 

electrochemical sensor exhibited good long-term stability, sensitivity, a low detection limit, and 

satisfactory reproducibility. Further, it was effectively employed for the detection and 

quantification of CA in various brands of red wine. The sensor also displayed a superior sensing 

capacity to detect CA directly in wine without the requirement of an external electrolyte medium. 

These collective factors confirmed that the developed F-GO/GCE sensor could be incorporated for 

the quality control of wine. 
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Chapter 7: Electrochemical Sensor Based on Gold and Fluorine-

doped Graphene Oxide for the Detection of Vanillin 

7.1 Introduction 

 Vanillin, also known as 4-hydroxy-3-methoxybenzaldehyde, is the integral chemical 

constituent which is integral to of vanilla. Generally, vanillin is used as a flavouring agent in food 

and beverages, confectionaries, and pharmaceutical products because ofdue to its desirable 

attributes such as aroma and flavour attributes.1-3 It possesses beneficial antioxidative and 

antimicrobial properties. In addition, it has been reported that vanillin has the ability to lower the 

risk of cardiac disease in humans by preventing the oxidation of low-density lipoproteins (LDL) 

and it has the ability to reverse the effects of sickle cell anemia.4,5 On the contrary, when synthetic 

vanillin is consumed in excess, it can lead to headaches, nausea, and have detrimental effects on 

liver and kidney function.6,7 Therefore, it is of significant importance to develop a selective, 

sensitive, and efficient sensor for the electrochemical determination of vanillin. Currently, many 

conventional analytical methods are cused for the quantification of vanillin in food and beverages, 

such as high-performance liquid chromatography (HPLC), UV-Vis spectrophotometry, gas 

chromatography, and chemiluminescence.8-11 These techniques and their corresponding analysis 

methods are accurate; however, their operational costs are very high, involve multiple sample 

pretreatment steps, and necessitates skilled personnel. Electrochemical nanosensors might serve 

as ideal replacements for the determination of vanillin, as this molecule can be detected via 

electrochemical methods. However, the electrochemical detection of vanillin at a bare glassy 

carbon electrode (GCE) is a challenge, as the oxidation of vanillin molecules occur at higher 

positive potentials; thus, reproducibility is affected due to the electrode fouling effect.12 Therefore, 
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the modification of the GCE surface with good electrocatalysts is imperative to increase the 

electrochemical response toward the oxidation of vanillin.  

 Several reported works have focused on the quantitative determination of vanillin utilizing 

different types of nanostructured materials in various buffer media.13-15 Using an adsorptive 

stripping voltammetry technique, Şentürk and co-workers reported on a vanillin detection method  

based on a boron-doped diamond electrode.16 Hu et. al biosynthesized a gold-silver (Au-Ag) alloy 

based nanoparticle on GCE substrate for the detection of vanillin. The sensor exhibited good 

electrochemical performance compared to an unmodified GCE.17 In other work, Cruz Vieira and 

co-workers reported on the fabrication of a nanosensor based on Au nanoparticles (AuNPs) 

stabilized with poly(allylamine hydrochloride), which were synthesized for the determination of 

vanillin.18 Although the abovementioned works showed good selectivity and sensitivity, they were 

expensive to produce and not commercially feasible. 

 The coupling of noble metals with carbon-based electrochemical sensors offer an 

inexpensive route toward the detection and quantification of vanillin.19-21 Commonly, graphene 

and its derivatives are widely used in a variety of applications owing to their remarkable 

physicochemical properties.22-34 Graphene (GN) possesses attributes such as exalted electron 

mobility (~200,000 cm2 V-1 s−1)35 and high specific surface area (2600 m2 g−1)36 which directly 

offers a platform for developing electrochemical sensors as it can enable electron transfer between 

the electrode and the target analytes/species.37 The oxygen-containing groups of graphene oxide 

(GO) can facilitate the loading of metal ions. Gold nanoparticles (AuNPs) are recurrently found in 

graphene-based nanocomposites owing to their high electrical conductivity, high surface area, and 

excellent electrocatalytic properties.38-41 The doping of graphene with heteroatoms (e.g., F, Cl, N, 

B, and S) at the molecular and atomic level favourably enhances the electrochemical behaviour, 
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electrocatalytic properties, while altering the electronic and physicochemical properties of 

graphene and graphene oxide (GO).42-44 Moreover, as the structure of vanillin contains 

electroactive groups, the development of electrochemical nanosensors based on Au and fluorine 

doped graphene oxide (F-GO) nanocomposites can be employed for the efficient detection of this 

analyte. 

 To the best of our knowledge, this is the first report that describes the development of a 

vanillin nanosensor based on Au/F-rGO/GCE. This electrochemical nanosensor was prepared by 

drop casting F-GO ink on a GCE, followed by the electrodeposition of Au, which was utilized for 

the sensitive detection of vanillin. The electrochemical performance and analytical capabilities of 

this novel vanillin sensor were investigated using electrochemical techniques such as linear sweep 

voltammetry (LSV), cyclic voltammetry (CV), and differential pulse voltammetry (DPV). The 

fabricated nanosensor demonstrated good sensitivity, stability and suitable reproducibility.  

7.2. Experimental section 

7.2.1. Reagents 

 Vanillin, potassium ferrocyanide, potassium chloride, potassium nitrate, chloroauric 

acid, and other reagents were purchased from Sigma Aldrich. All reagents used for the 

experiments were of analytical grade. All solutions used for the experiments were prepared 

using deionized water (18.2 MΩ cm), and all glassware was thoroughly washed and dried prior 

to each analysis. All experiments were conducted in a 0.1 M PBS electrolyte medium, the pH 

of which was adjusted with a sulfuric acid (0.1 M, H2SO4) and sodium hydroxide solution 

(NaOH, 0.5 M).    

7.2.2. Electrode preparation and modification 
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 FGO was synthesized by the improved Hummers' method with some modifications. The 

initial step involved the preparation of a mixture by blending 1.0 g graphite, 90.0 mL of sulfuric 

acid (H2SO4), 10.0 ml of orthophosphoric acid (H3PO4), and 20.0 ml of hydrogen fluoride (HF). 

Followed by that, the blended mixture was under vigorous stirring for 2 h at 50 °C. Furthermore, 

4.5 g of KMnO4 was gradually added to this blend and constantly kept under stirring for 15 h. 

After that, 100.0 ml of ice was added to the prepared mixture, along with 5.0 ml of 30% H2O2. 

Additionally, the final product (i.e. F-GO) was separated using 30% hydrochloric acid (HCl) 

and washed with ultrapure water, ethanol, and diethyl ether. Finally, the purified F-GO solid 

was dried in the oven at 50°C. 

 The F-GO ink prepared by mixing 2.0 mg/ml with water was ultrasonicated for 1 h. Glassy 

carbon electrode (GCE) was polished with 1.0 and 0.05 μm alumina slurry, then the polished 

electrodes were ultrasonicated in water for 5 min. The prepared F-GO ink was drop cast on the 

surface of the GCE and left to air-dry for 4 h (F-GO/GCE). The as-prepared F-GO/GCE was 

subjected to electrochemical reduction in 0.1 M Phosphate buffer solution at pH 7.4 (F-

rGO/GCE).45  

 Additionally, the Au was electrochemically deposited onto the Au/F-rGO/GCE electrode 

by immersing the F-rGO/GCE in a 0.1 M KNO3 solution that contained 2.0 mM HAuCl4. 

Similarly, an additional GCE was prepared by electrodepositing Au onto its surface using the same 

procedure (Au/GCE). To compare their electrochemical performance, the Au/GCE and bare 

unmodified GCE were tested together with Au/rF-GO/GCE for vanillin oxidation. 

7.2.4. Characterization techniques 
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 Using a CHI potentiostat (CHI-660D, CHI, USA), voltammetry techniques such as cyclic 

voltammetry (CV) and linear sweep voltammetry (LSV) were employed to electrochemically 

characterize the fabricated nanosensor and the target analyte. In addition, differential pulse 

voltammetry (DPV) was utilized to study the analytical capabilities, sensitivity, and selectivity of 

the developed electrochemical sensor. All electrochemical experiments were performed in an 

electrochemical cell with a conventional three-electrode system. The Au/F-rGO/GCE functioned 

as the working electrode; a coiled platinum wire served as the counter electrode, while a standard 

silver-silver chloride (Ag/AgCl) electrode operated as the reference electrode. All electrochemical 

measurements and analytical determinations were handled in a 0.1 M PBS buffer (pH 7.0) at room 

temperature. Prior to the experiments, all of the solutions were purged with argon gas for 15 min. 

The potentials indicated in this paper were against a standard Ag/AgCl reference electrode. 

7.3. Results and discussion 

7.3.1 Electrochemical characteristic of Au/F-rGO/GCE 

 The electrochemical behaviour of Au/F-rGO/GCE, F-rGO/GCE and bare GCE was studied 

by employing the CV technique with potassium ferricyanide (K3[Fe(CN)6]3−/4−) as an 

electrochemical probe. This study was conducted in 0.1 M KCl containing 5.0 mM 

K3[Fe(CN)6]3−/4− at a scan rate of 50 mVs−1. The CV of the modified electrodes revealed a pair of 

well-defined redox peaks corresponding to the oxidation and reduction of [Fe(CN)6]3−/4−. In 

relation to bare GCE, the Au/F-rGO/GCE and F-rGO/GCE electrodes exhibited higher redox peak 

current values and hinted a lower peak-to-peak separation value (ΔEp). Further, the calculated 

difference between anodic and cathodic peak potential (ΔEp) at the Au/F-rGO/GCE and F-

rGO/GCE electrodes was less in comparison with bare GCE indicated that the amalgamation of 

Au and F-rGO increased the surface area to volume ratio and improved the electrochemical 
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behaviour. The ΔEp value is 89 mV for Au/F-rGO/GCE, indicative of a reversible redox process 

and 88 mV for F-rGO/GCE modified electrodes for a single electron transfer of Fe3+/Fe2+ redox 

reaction which is 208 mV lower than the ΔEp value (396 mV) obtained for the bare GCE. The 

decreased ΔEp value during the redox reaction could be attributed to the faster electron-transfer 

kinetics. Additionally, the value attained from the calculation of the ratio of anodic to cathodic 

peak current (Ipa/Ipc = 0.96) established that the oxidation/reduction of [Fe(CN)6]3−/4− redox probe 

at the Au/F-rGO/GCE and F-rGO/GCE is reversible. From Figure 2, both the cathodic and anodic 

peak current maximas for the redox probe oxidation/reduction at Au/F-rGO/GCE is noticeably 

higher.  

 

Figure 7.1 CV curves of the bare GCE (green line), GO/GCE (red line) and Au/F-rGO/GCE (red 

line) in the presence of 0.1 M KCl containing 5.0 mM [Fe(CN)6]3−/4− at the scan rate of 50 mV s-1  
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Figure 7.2. CV curves at various scan rates (10 - 200 mV s-1) (A); the corresponding plot of scan 

rate vs anodic/cathodic peak current values. 
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Figure 7.3. LSV (A) and DPV (B) displaying the curves recorded with Au modified Au/F-

rGO/GCE towards the oxidation of 500.0 µM vanillin (with Au deposition at different times: 125, 

250, 500 and 750 s. 
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This enhanced electrocatalytic behaviour could be attributed to the combined effect of the presence 

of electronegative F atom on the F-GO structure by means of semi-ionic (C-F) and the highly 

conductive Au. Subsequently, CV scans were performed at different scan rates, ranging from 10 – 

200 mV/s in KCl-ferricyanide medium (Figure 7.2A and 7.2B). 

 

Figure 7.4. Plot displaying the trend in increasing Au deposition time and changing anodic peak 

current (values calculated from the LSV curves) 
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7.3.3 Optimization of the Au deposition time 

 The outcome of the Au deposition on the Au/rF-GO/GCE was studied using LSV and DPV 

(Figure 7.3A and 7.3B). The Au was deposited on the rF-GO/GCE using the amperometric i-t 

curve technique in 0.1 M KNO3 electrolyte medium at a potential of −0.4 V (vs. Ag/AgCl) at 4 

different times, i.e. 125, 300, 500 and 750 s. The obtained electrodes were denoted as Au/F-

rGO/GCE - 125 s, Au/F-rGO/GCE - 250 s , Au/F-rGO/GCE - 500 s, Au/F-rGO/GCE - 750 s. The 

current response toward the vanillin oxidation was recorded in 0.1 M PBS buffer medium. The 

anodic peak current increased with growing Au deposition time and a peak current value for the 

oxidation of vanillin was attained at 500 s. On the contrary, when the duration of Au deposition 

was increased from 500 to 750 s (Figure 7.4), it exhibited a decrease in current value recorded for 

the oxidation of vanillin. Therefore, 500 s was adopted as the desired Au deposition time and was 

used in the electrode preparation.  

7.3.2 Electrochemical behaviour of vanillin using CV and DPV 

 The electrooxidation behaviour of vanillin at the Au/rF-GO/GCE was inspected using CV 

in 0.1 M PBS, pH 7.0 without (black curve) and with (blue curve) 500.0 µM of the analyte (Figure 

7.5A). The corresponding peak current for the vanillin oxidation obtained with CV was 13.01 µA. 

Additionally, differential pulse voltammetry (DPV) was used to study the oxidation behaviour of 

vanillin on the as-prepared Au/F-rGO/GCE (Figure. 4C), as this technique has improved 

sensitivity as opposed to CV. The associated peak current was found to be 15.63 µA and a strong 

peak appeared at ~0.6 V for the electrochemical oxidation of 500.0 µM. The anodic peak current 

values recorded with CV and DPV indicated that the Au/F-rGO/GCE revealed strong oxidation 

response toward vanillin.  
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Figure 7.5. CV displaying the curves obtained with Au/rF-GO/GCE towards the oxidation of 500.0 

µM vanillin, at the scan rate of 50 mVs-1 (A); DPV response recorded with Au/F-rGO/GCE toward 

the oxidation of 500.0 µM, in 0.1 M PBS electrolyte medium, pH 7.0.  
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The cyclic voltammograms recorded for the electro-oxidation of 500.0 µM vanillin at different 

modified electrodes (bare GCE, Au/GCE and Au/F-rGO/GCE) are displayed in Figure 7.6. The 

electro-oxidation of vanillin produced a larger anodic peak at the Au/F-rGO/GCE than at GCE, 

indicating that graphene and Au nanoparticles promoted the reaction between the electro-active 

species and the modified electrode. The associated anodic peak currents estimated from the CVs 

were found to be 3.74, 8.15 and 13.33 µA for bare GCE, Au/GCE and Au/F-rGO/GCE. 

  

Figure 7.6. CV curves recorded with bare GCE (black line), Au/GCE (red line) and Au/F-

rGO/GCE (blue line) toward the oxidation of 500.0 µM, at the scan rate of 50 mVs-1, electrolyte 

medium: 0.1 M PBS (pH 7.0)  
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 Besides, the higher electrocatalytic activity of Au/F-rGO/GCE could be attributed to the 

synergistic effect between Au and F-rGO. At the surface of the Au/F-rGO electrode, the peak 

current obtained from vanillin oxidation is 4 times larger than that recorded with unmodified GCE. 

Therefore, the Au/F-rGO is considered a worthier catalyst toward the electrooxidation of vanillin. 

7.3.4 Effect of concentration and scan rate 

 The electrooxidation behavior of vanillin was further investigated using linear sweep 

voltammetry (LSV) in 0.1 M PBS pH 7.0 (scan rate = 50 mV s-1) at different concentrations. It is 

obvious from Figure 7.7A that there is no appearance of the peak for the absence of the analyte 

while a sharp response is seen for the addition of 300.0 μM of the analyte. The peak current value 

for the oxidation of vanillin increased linearly with each sequential addition in the concentration 

range from 300.0 to 1500.0 µM.  

 Figure 7.7B displays the calibration plot obtained for the peak current value for the 

oxidation against the different concentrations of vanillin. It is visible from the calibration plot that 

there is good linearity within the picked concentration range with the following linear regression 

equation of Ipa (μA) = 4.671 μA/μM + 0.152 μA an R2 value of 0.9968. 

 The effect of scan rate was studied using linear sweep voltammetry (LSV) in 0.1 M PBS 

(pH 4.5). Figure 7.8A illustrates the influence of scan rate (ʋ) on the electro-oxidation of             

100.0 µM vanillin at Au/F-rGO/GCE from 10 to 100 mV s-1. For an anodic oxidation process the 

Randles–Sevcik equation is as follow: 

                            Ip = 3.01 × 105 n[(1-α) nα]1/2ACbD1/2 ʋ 1/2                      (1) 

 Where n implies the number of electrons transferred, α indicates the electron transfer 

coefficient, nα is the number of electrons, A denotes to the area of the electrode, Cb is the bulk 



µ
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Figure 7.8.  CV response of F-rGO/GCE recorded in the presence of 50.0 μM CA at numerous 

scan rates varying between 10 to 200 mV/s (A); and the subsequent plot of anodic peak current vs. 

scan rate (mV s-1) (B), in 0.1 M PBS pH 7.0. 
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 The values of the anodic peak current observed in the voltammogram progressively 

increasing with ascending scan rate, however, the LSV curves exhibited a shift in the peak 

potentials of vanillin oxidation. The oxidation peak current demonstrated an increasing linear trend 

with the square root of the scan rate ranging from 10 - 100 mV s-1, which is expressed by the 

following regression equation: Ip = 0.681 + 0.086ʋ (R2 = 0.9972). The results from the calibration 

plot (Figure 7.8B) suggest that the oxidation process of vanillin at the Au/F-rGO/GCE is 

adsorption controlled. Additionally, it is perceived from the Figure 7.8B inset that the peak 

potential of vanillin oxidation moved towards the positive potential window with the increasing 

scan rate. The calibration plot between Epa and log ʋ exhibited a good linearity with their 

regression equation expressed as follow: Epa = 0.578 + 0.073log ʋ (R2 = 0.9976). The results 

obtained from the calibration plot showed that the oxidation of vanillin at the Au/F-rGO/GCE is 

irreversible. 

7.3.5 Analytical determination of vanillin  

 Under the optimized conditions, the calibration curves for vanillin were constructed by 

DPV using the proposed sensor (Au/F-rGO/GCE), as shown in Figure 7.9. The differential pulse 

voltammograms attained with different concentrations of vanillin using the developed 

electrochemical sensor are depicted in Figure 7.9A The anodic peak current values obtained from 

the electrochemical oxidation of vanillin on the electrode surface are proportional to the vanillin 

concentrations in solution. Figure 7.9B illustrates the linear relationship between the concentration 

(c, µM) and the current (Ipa, µA) for the electrochemical oxidation of vanillin in the concentration 

ranges of 1.0 – 150.0 μM. the following regression equation is presented as Ipa (μA) = 0.8772 

μA/μM + 0.114 μA  (R2=0.9952).  The limit of detection (LOD), which was calculated as 0.15 

μM, is based on 3 times the standard deviation of the blank divided by the slope,  
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Figure 7.11. Stability measurement of the Au/F-rGO/GCE toward 500.0 µM vanillin oxidation 

over 25 consecutive LSV scans, in 0.1 M PBS electrolyte solution (pH 7.0) 

7.3.6 Stability, reproducibility and interference measurements 

 The reproducibility of the Au/F-rGO/GCE was evaluated by preparing 4 separate GCEs 

and the experiments were performed in 0.1 M PBS with 500.0 µM of vanillin under the same 

experimental conditions (Figure 7.10A and 7.10B). The RSD value for the anodic peak current 

measured at 4 different electrodes was estimated to be 2.82%, thus signifying the Au/F-rGO/GCE 

sensor’s good electrode-to-electrode reproducibility. The stability of the sensor was tested by 
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utilizing DPV over 30 successive scans (Figure 7.11). The sensor preserved ~94% of its initial 

peak current response toward 500.0 µM vanillin oxidation in 0.1 M PBS buffer (pH 7.0), thereby 

demonstrating the sensor’s good stability. 

 The selectivity of the Au/F-rGO/GCE electrochemical sensor was verified for its anti-

interference ability in the presence of interfering species using DPV. The sensor also exhibited 

good performance for the oxidation of 500.0 µM vanillin in the presence of 5-fold (2.5 mM) 

concentration of interfering molecules such as glucose, gallic acid, CH3COONa, CuSO4, MgCl2, 

KCl and NH4NO3. The interference study revealed that the Au/F-rGO/GCE sensor retained 

95.17% of its activity for the oxidation of 500.0 µM of vanillin in the presence of interference 

molecules. These abovementioned results suggested that the developed Au/F-rGO/GCE sensor 

could be applied to real-time detection of vanillin. 

7.4. Conclusion 

 A novel Au/F-rGO/GCE nanosensor was successfully developed and used for the first time 

for the electrochemical detection of vanillin. The results of the electrochemical characterization 

demonstrated that Au/F-rGO was efficient for oxidizing vanillin in terms of enhanced current 

response and a decrease in overpotential, compared to bare GCE and F-rGO/GCE. The fabricated 

electrochemical nanosensor displayed satisfactory analytical capabilities with good linearity over 

the selected calibration range, coupled with excellent sensitivity and a low LOD value. The 

nanosensor also exhibited superior selectivity for the detection of vanillin in the presence of co-

existing ions and other interferent molecules. Moreover, the results yielded from the nanosensor 

showed satisfactory recovery rates from real sample studies, which confirmed its practical 
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applicability. Furthermore, the Au/F-rGO/GCE nanosensor exhibited appreciable repeatability, 

good reproducibility, and possessed excellent chemical stability. 
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Chapter 8: Conclusion and Future Work 

To summarize, an electrochemical sensor based on distinct classes of nanostructured materials was 

successfully fabricated for the sensitive detection of different molecular species in beverage and 

food matrices. As described in Chapter 4, a Co3O4/Au/GCE sensor was successfully developed 

and employed for the electrochemical detection of NO2
-. The results of CV studies demonstrated 

that the electrooxidation of NO2
- was efficient at the Co3O4/Au/GCE in terms of enhanced current 

response and a decrease in overpotential, in contrast to bare GCE and Co3O4/GCE. The fabricated 

electrochemical sensor exhibited good analytical capabilities and linearity over a wide calibration 

range, high sensitivity, and a low LOD of 0.11 µM. The sensor also showed excellent selectivity 

for the determination of NO2
- in the presence of co-existing ions and other molecular interferents. 

Moreover, the sensor yielded satisfactory recovery rates with actual samples, which verified its 

practical applicability. Furthermore, the Co3O4/Au/GCE sensor showed appreciable repeatability, 

good reproducibility, and chemical stability. 

 Chapter 5 of this thesis summarized a study that was based on a highly stable and selective 

nanoporous gold microelectrode sensor for the individual and simultaneous electrochemical 

oxidation of N2H4, SO3
2-, and NO2

- in 0.1 M PBS (pH 6.5). The nanoporous gold microelectrode 

possessed a large EASA with a roughness factor of 27.7. The oxidation peaks were well-defined 

with large peak-to-peak separations of 0.27 V and 0.41 V for N2H4-SO3
2-, and SO3

2--NO2
-, 

respectively. The nanoporous gold microelectrode exhibited enhanced selectivity for the 

simultaneous measurement of N2H4, SO3
2-, and NO2

-. The developed microelectrode demonstrated 

superior performance for the determination of SO2- and NO2
- in commercial beverages and food 

samples. Further, the electrochemical sensor showed a good sensing ability coupled with other 
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desirable properties such as sensitivity, robustness, and low detection limit. These combined 

factors confirmed that the nanoporous gold microelectrode could be applied as a high-performance 

electrochemical sensor for myriad applications in food and beverage safety and quality control. 

 A highly selective and novel F-GO based sensor developed for the sensitive detection of 

CA was discussed in Chapter 6. The results obtained from the CV investigations implied the 

enhanced electrocatalytic behavior of the F-GO in contrast to a bare GCE and GO modified GCE. 

The F-GO/GCE exhibited higher EASA and improved electrochemical performance over the 

GO/GCE. The analytical quantitation performed using the DPV revealed the strong capacity of 

electrochemical sensor for the determination of CA within a wide linear concentration range in a 

0.1 M B-R buffer (pH 2.65). The F-GO/GCE sensor demonstrated superior selectivity for the 

oxidation of CA in presence of other phenolic compounds. The developed electrochemical sensor 

exhibited good long-term stability, sensitivity, a low detection limit, and satisfactory 

reproducibility. Additionally, it was effectively employed for the detection and quantitation of CA 

in assorted brands of red wine. The sensor also exhibited superior sensing for the direct detection 

of CA in wine without the need of an external electrolyte medium. These collective factors 

confirmed that the developed F-GO/GCE sensor could be incorporated for maintaining food 

quality control. 

 Finally, an electrochemical sensor developed for the detection of vanillin with Au and F-

GO was presented in Chapter 7. The electrochemical characterization results demonstrated that 

Au/r-FGO was efficient at oxidizing vanillin in terms of enhanced current response and a decrease 

in overpotential, compared to bare GCE and F-rGO/GCE. The fabricated electrochemical sensor 

showed substantial analytical capabilities with good linearity over the selected calibration range, 

coupled with excellent sensitivity and a low LOD value. This sensor also exhibited superior 
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selectivity for the determination of vanillin in the presence of co-existing ions and other 

interference molecules. Moreover, the results yielded from the sensor had satisfactory recovery 

rates from real sample studies and proved its practical applicability. Furthermore, the Au/F-

rGO/GCE sensor demonstrated appreciable repeatability, good reproducibility, and possessed 

good chemical stability. As reviewed in this thesis, great progress has been made by addressing 

these challenges through the use of effective nanomaterials such as Co3O4 nanosheets, nanoporous 

gold, and F-GO to overcome the challenges of selective oxidation of targeted molecules. These 

nanomaterials demonstrated increased sensitivity and electrocatalytic activity toward the analytes 

of interest.  

 Most chemical and instrumentation analysis performed in centralized laboratories require 

skilled labour, and only allow for a limited number of samples to be tested in a short period of 

time. To address the setbacks that are linked to food-related diseases, electrochemical-based 

analytical methods are an excellent choice to effectively ease the investigation of additives and 

contaminants for large batches of product in the food industry. Besides, a variety of 

electrochemical sensors based on other reported bimetallic, conductive polymer infused 

nanomaterials and their fabrication methods have shown superior performance, which could also 

serve as an alternative to instrumentation-based analysis methods. Furthermore, precise and 

thorough proof-of-concept studies will be required to fully elucidate the behaviour of the 

electrochemical sensors under variable conditions. Finally, the validation and testing of 

statistically relevant numbers of samples, comparability, and interlaboratory studies are the next 

critical steps for the successful transition of these electrochemical sensors to real applications in 

the industrial model for food and beverage safety testing.  
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The development of smart sensors remains in its nascent stages and encompasses another 

unexplored area for future research. Improved portability may be attained through the connectivity 

and integration of electrochemical sensors with communications devices, such as smartphones and 

tablets, for food safety applications. There is also the strong possibility for this technology to gain 

momentum and acceptance by modern society in addressing its day-to-day needs. Such integration 

of two distinct areas of research would pave the way for the next generation of smart sensors in 

food processing industries. to increase the quality and safety of food and beverages. 

 

 

 

 

 

 

 

 

 




