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Chapter 1 General Introduction 

1.1. Introduction of Carbon Materials 

Carbon is an element with symbol C and atomic number 6. It is nonmetallic 

and tetravalent, such that it forms four bonds to other atoms or can accept four electrons 

and become stable. Consequently, a new compound can be created by the formation of 

new bounds with carbon. One of the example is benzene, which is a cyclic hydrocarbon, 

where each carbon atom is a part of a ring with six members and bonded to only one 

hydrogen atom. All carbon-carbon bonds in the benzene molecule are identical in length. 

In addition, according to the molecular orbital theory, benzene involves the formation of 

three delocalized π – orbitals covering all six-carbon atoms, whereas the valence bond 

theory describes two stable resonance structures for the ring. One such representation 

includes the molecular structure of benzene as a superposition of the multiple benzene 

rings than single benzene ring. This type of structure is called the resonance hybrid of 

the benzene molecule. Benzene can be combined and connected with multiple benzene 

rings to form two or three layers, as well as spheres, ovals, or tubes. The various 

structures of formed with benzene are called carbon allotropes, which consist of 

fullerenes,1 carbon nanotube (CNTs),2 and graphene.3  

In 1985, Kroto et al. discovered a new allotrope of carbon, called fullerene.1,4,5 

Fullerene has sp2- and sp3- hybridized carbon.6 Fullerene is soccer ball-like molecule 

with a diameter of ~0.7 nm,6,7 which consists of 60 carbon atoms (C60), and contains no 

other elements.8 Each carbon atom has three bonds that are directed toward other three 

carbon atoms. Fullerene consists of 20 hexagons and 12 pentagons, implying the 

presence of two types of bonding such as hexagon-hexagon bonding (6-6 bonding) and 
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pentagon-hexagon bonding (5-6 bonding).9,10 The lengths of 6-6 and 5-6 bonding have 

been calculated as 1.39 and 1.45 Å, respectively. The electrons are more localized on 

the 6-6 bonding than on 5-6 bonding.11 The addition of carbon atoms to the C60 

spherical equator produces oblong molecules with formulas of C70, C76, C84, etc.12,13 The 

fullerenes are commonly used as catalysts, lubricants, and biomedical.14 In 1991, the 

second family formed by the carbon allotropes included the one-dimensional CNTs.15 

CNTs have attracted significant interest because of their electronic and mechanical 

properties, as well as interesting physical properties such as metallic or semiconducting 

characteristics depending on the chirality of the carbon atoms in the tube. There are two 

types of CNTs. Single-walled CNTs (SWCNTs), consist of a single graphene sheet 

rolled seamlessly to form a cylinder with a diameter of 1 nm and length of up to 

centimeters.15 Multi-walled carbon nanotubes (MWCNTs) consist of an array of such 

cylinders formed concentrically and separated by 0.35 nm, similar to the basal plane 

separation in graphite.16 MWCNTs can have diameters from 2 to 100 nm and lengths of 

tens of microns.17 In addition, MWCNTs can occur in various morphologies such as 

hollow tube, bamboo, and herringbone. The morphologies of the CNTs depend on their 

mode of preparation.18 CNTs are prepared either by the arc-discharge method, which is 

used to prepare C60 and C70 fullerenes, or by chemical vapor deposition on metal 

particles.19 The CNTs have been primarily applied in biosensing, tissue engineering, and 

drug delivery.20-22 These are applicable in the plastic industry for composite materials, 

electronics industry for manufacturing display, conductive transparent film 

semiconductor industry for transistor channels, and energy industry for batteries and 

solar cells. In addition, CNTs have been employed in analytical science because of their 

flexibility, thermal stability, high aspect ratio, conductivity, and reactivity.23 In 2004, 
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graphene was discovered as a new two-dimensional carbon allotrope24 with sp2 

hybridization.25 Graphene is the thinnest known material and a basic building block for 

constructing many carbon materials. Graphene can be rolled into one-dimensional CNTs 

and assembled into graphite structure. If pentagons are added into the graphene 

structure, it can be wrapped into a spherical fullerene shape. Graphene has received 

significant attention because its unique properties, including high surface area, 

electronic conductivity, excellent mechanical, optical, thermal, and electrochemical 

properties, rendering it as an attractive topic in physics, chemistry, and material 

science.26 The excellent mechanical properties include a Young’s modulus of 1.0 TPa, 

stiffness of 130 GPa, and optical transmittance of ~97.7%.26  

Graphite is a three-dimensional carbon allotrope with sp2 hybridization. The 

graphite material family includes two types of materials, carbon fiber and glassy carbon 

(GC).15 The carbon fiber is also known as carbon felt (CF) in some cases. The carbon 

fiber has been utilized in electrochemistry, particularly for applications requiring a small 

“footprint” such as in vivo monitoring of the living tissue.15,27,28 In general, these have 

diameters in the range of 5-50 μm and are prepared from small hydrocarbons/polymers 

or by catalytic chemical vapor deposition. Carbon fiber occurs in a wide range of 

structure and crystallite size, which include three general types. Radial fibers have 

graphene planes radiating out from the center of the fiber, while “onion” fibers consist 

of concentric cylinders of graphene planes and “random” fibers have a random 

orientation of graphitic planes. CF is similar to carbon fiber, and is commonly used as 

an electrode because of its good electronic conduction. It has a high surface area, 

porosity, and provides abundant redox reaction sites, excellent electrolytic efficiency, 

and mechanical stability at relatively low cost.29 CF is the best candidate for comparison 
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with carbon fiber. As it is similar to carbon fiber, CF is extensively employed in 

electrochemical, energy, and environmental sector. Another important member of the 

graphite family is GC. GC is prepared by heat-treating various polymers, often 

polyacrylonitrile. The polymer is heated under pressure in an inert atmosphere at 

1000-3000 °C, the temperature range in which the heteroatoms evaporate until only 

carbon remains.15,30 The C-C bonds in the polymer backbone do not break at these 

temperatures, such that carbon can form graphitic planes of the only limited size with La 

(layer sheet direction) and Lc (interlayer spacing and crystalline size along c-axis) in the 

range of 30-70 Å.15 The structure is commonly presented as randomly intertwined 

ribbons of graphitic planes, and the randomness results in significant uncertainty about 

the detailed microstructure.31,32 GC can be prepared from reactive polymeric precursors 

at ±700 °C,33 which allows “doping” with various heteroatoms in the polymer, as well 

as the final product, together with halogens, silicon, and metal catalysts.34,35 Typically, 

GC is utilized in electrochemistry and sensors. Fundamentally, CF and GC are carbon 

materials, which have been extensively used in the fields of electrochemistry and 

sensors. These two materials can function as electrodes, particularly as working 

electrodes. The advantages of utilizing CF and GC electrodes include chemical stability 

in different solutions ranging from acidic to basic solutions, low background current, 

wide potential window, tolerance for a wide range of temperatures, environmental 

friendliness, cost-effectiveness, and chemical inertness, in comparison to the metal 

electrodes.15,36-39 However, surface reactions and active sites are the most important 

factors for applications in the fields of electrochemistry and sensors. For example, if the 

electrodes are used directly, these cannot achieve high activity performances and the 

active sites do not play a key role. Therefore, the surface modification of the electrodes 
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is necessary before their usage in the sensors. Because of the modification of the 

electrodes, the surface reaction affords a high activity, improves the surface 

characteristics, and active sites are introduced on the electrodes. Many techniques and 

methods are available to modify the surfaces of the CF and GC electrodes. Further 

details will be described in the next section.  
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1.2. Surface Modification of Carbon Materials 

 Surface modification involves the modification of the surface areas of the 

carbon electrode materials to afford new surface structures. The main purpose of the 

surface modification of the carbon electrode material is to introduce specific catalytic 

centers in typically inactive and electron-conducting materials. This can be beneficial 

achieving high performances and improving both the selectivity and sensitivity.  

 According to the fundamental theory, two main approaches are used, chemical 

modification and physical modification40 (Figure 1.1). The physical modification 

method is also known as bottom-up processing. The main principle of this method 

involves the creation of a new material from the raw material using a physical technique. 

Many types of physical modification techniques are available, including the gas 

modification, plasma ion-beam modification, microwave modification, and sputtering. 

The sputtering method is more commonly used than the other modification techniques. 

Sputtering is a physical process in which the solid (target) atoms are released and 

transferred into the gas phase through the impact of high-energy ions (mainly gas ions). 

Sputtering is commonly understood as the sputter deposition, a high vacuum-based 

coating technique that belongs to the groups of physical vapor deposition (PVD) 

processes. Furthermore, the principle of sputtering involves the usage of plasma energy 

(partially ionized gas) directed on the target surface to attract the atoms of the material 

one by one and their subsequent deposition on the substrate. According to this principle, 

a plasma is created by the ionization of a pure gas (typically, argon) with a potential 

difference or electromagnetic excitation. This plasma is composed of Ar+ species, which 

are accelerated by a magnetic field and are confined around the target. When each has 

enough energy to collide the atoms and direct them to the substrate. The plasma is 
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generated at high pressure; however, it should start forming from a low pressure before 

entering argon to avoid contamination by the residual gases. To understand the principle 

of this method, several types of sputtering techniques have been utilized by the 

researchers, which include plasma sputtering,41-44 unbalanced magnetron sputtering,45-47 

electron cyclotron resonance sputtering,48-53  

 Next, the top-down modification/chemical modification method is described. 

The principle of the top-down modification method involves the utilization of the 

carbon material whose the surface is modified by chemical process. Three types of 

modifications, including acidic modification, basic modification, and electrodeposition 

are employed. One example is the activated carbon material. The acidic modification of 

the activated carbon surface involves a typical wet oxidation technology using HNO3, 

H2O2, H2SO4, citric acid, and other oxidant.40 The numbers and types of 

oxygen-containing functional groups on the activated carbon surface can be changed to 

improve the ability to remove metal ion from aqueous solution.40,54 The surface 

oxygen-containing functional groups can be classified into three classes: acidic, basic, 

and neutral. Functional groups such as carboxylic acid, carboxylic anhydride, lactone, 

and phenolic hydroxyl are considered as the sources of surface acidity.54-56 In contrast, 

basic surface modification can be associated with resonating π-electrons of the carbon 

aromatic rings that attract protons and basic surface functionalities (nitrogen-containing 

groups) that can bind to protons.57-60 Electrodeposition, sometimes referred to as 

electroplating, is a method of depositing electric current on a conductive target material 

that provides precise control for coating the epitaxial species in the form of 

nanoparticles and nanowires onto a conductive target material.61 Electrodeposition is 

one of the most important techniques for depositing nanoparticles on the 
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graphene/carbon material surfaces. Numerous methods for the modification of carbon 

material surfaces by introducing various functional groups on their surfaces are 

available. For example, by air oxidation (i.e., heating in air) or treatment with chromium 

acid solution, the carbon atoms can be modified into oxygen-containing functional 

groups such as carboxyl groups (-COOH), which can be further converted into amines 

(R-NH2), esters, and alcohols (R-CH2OH). Heating and refluxing in thionyl choride are 

used to convert the carboxyl group into highly acid chloride, as shown in Figure 1.2. 

Notably, the amide bond can be more stably immobilized than the ester bond. The 

carbon electrodes can be chemically modified by electrolytic oxidation or electrolytic 

reduction in a solution containing a substance to be immobilized (Figure 1.3). 

Functional compounds to which this method can be applied include amino compounds, 

diazonium salts or diazonium compounds, and carboxylic acid, and the radicals 

generated in the electrolytic reaction react directly with the carbon surface. Physical 

(bottom-up) and chemical (top-down) modifications of the carbon materials allow their 

usage in chemical engineering applications in the fields of catalysis and sensor.  
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1.3. Application in Chemical Analysis 

 Chemical analysis is the study of the chemical composition and structure of a 

substance (physical properties). This involves the identification, characterization, and 

measurement of the chemical species in a sample. Analytical chemistry includes two 

types of analysis, qualitative and quantitative analyses. Qualitative analysis is the 

determination of the elements and compounds present in the sample of an unknown 

substance. Quantitative analysis is the determination of the amount (by weight) of each 

element or compound present. 

There are two types of methods available in analytical chemistry: classical and 

instrumental methods.62 Classical methods are sometimes called wet-chemical methods. 

These methods are a group of analytical methods that only require the use of chemicals, 

balance, calibrated glassware, extraction, distillation, boiling or melting points, and 

gravimetric and titrimetric measurements. In contrast, the instrumental methods include 

analytical measurements (conductivity, luminescence, spectrophotometry, photometry, 

calorimetry, electrochemistry, light absorption, spectroscopy, fluorescence, 

chromatography, and electrochemistry) performed using instrumentation, as 

summarized in Table 1.1. The advantages of instrumental methods in comparison to the 

classical methods include higher sensitivity, higher accuracy, and rapid detection. For 

this reason, the instrumental methods are more popular than the classical methods.   

Chemical sensing is a type of instrumentation method. A chemical sensor is a 

device that measures and detects chemical qualities in an analyte (scientific term for a 

chemical substance being observed) and converts the sensed chemical data into 

electronic data. It is a device that provides information about the material, which 

includes of the quantity as well as substance type and state. A target species is 
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commonly termed as an analyte or determinant. A chemical sensor contains two 

components, receptor and transducer. As in Figure 1.4, the receptor is in physical 

contact with the analyte. In many cases, the function of a receptor is fulfilled by a thin 

layer that interacts with the analyte molecules or participates in a chemical equilibrium 

together with the analyte. The receptor layer may respond selectively to particular 

substances or a group of substances. Among the various interactions, the most important 

ones for a chemical sensor are adsorption, ion exchange, and liquid-liquid extraction. 

The second component in a chemical sensor is the transducer. The transducer collects 

the chemical information of the interaction between the receptor and analyte, and 

converts it into the corresponding electrical information. This information is transferred 

to a computer or mechanical component. The transducer may increase or decrease the 

resistance, which is related to the data of the computer signal. Table 1.1 includes the 

instrumental method parameters, which are related to the measurement principle of 

chemical analysis. Three types of methods including optical, spectroscopy, and 

electrochemical methods are summarized. Optical methods include fluorescence, light 

scattering, and absorbance. Spectroscopy is used to measure the interactions of the 

molecules with an electromagnetic radiation and includes atomic spectroscopy and 

nuclear magnetic resonance spectroscopy. Electrochemical analysis methods measure 

the electrical potential in volts and/or electric current in amperes using an 

electrochemical cell containing the analyte.63,64 Electroanalytical methods can be 

categorized according to the which aspects of the cell are controlled and performed. The 

four main classes are potentiometry, voltammetry, amperometry, and coulometry.65 

Potentiometry is discussed in Chapter 3, 4, and 5, coulometry is described in Chapter 3, 

voltammetry is presented in Chapter 4, and amperometry is discussed in Chapter 5. 
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Figures and Tables 

 

 
 

Figure 1.1. Modification techniques for carbon materials. 
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Figure 1.2. Method of modifying carbon electrode surface by covalent bonding. 
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Figure 1.3. Method of modifying carbon electrode surface by electrolysis. 
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Figure 1.4. The illustration of general schematic system at chemical sensor. 
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Table 1.1. Instrumentation method based on the chemical analysis. 

Instrumental method Measuring principle 

Electrochemical method 

Potentiometric sensors 

Voltammetric sensors 

Amperometric sensors 

Coulometric sensor 

Spectroscopic methods 
Atomic spectroscopy 

Nuclear magnetic resonance spectroscopy 

Optical methods 

Fluorescence 

Light scattering 

Absorbance 
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Chapter 2 

Simple Electrochemical Modification of the Carbon Electrode Surface 

with Nitrogen Atoms and Platinum Particles 

 

2.1. Introduction of Nitrogen-Containing Functional Groups on the CF 

Electrode Surface. 

2.1.1. Abstract 

 For the first time, a CF electrode was employed for the introduction of 

nitrogen-containing functional groups on its surface via a simple electrochemical 

modification, which was performed by the electro-oxidation of the carbon electrode. 

Nitrogen-containing functional groups were successfully formed on the CF electrode by 

the electro-oxidation process that was carried out for one hour with an applied potential 

of +1.1 V (vs. Ag/AgCl). These parameters were used to employ ammonium carbamate 

to modify the CF electrode, and afford the aminated carbon felt (ACF) electrode. In 

solutions with a wide range of pH, the oxygen reduction wave at the ACF electrode was 

shifted into the higher potential compared to the bare CF electrode because of the active 

sites of the nitrogen-containing functional groups attached to the surface of the ACF 

electrode. 
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2.1.2. Introduction 

Carbon electrode materials for electrochemistry and sensing have been studied 

extensively in recent years. Two types of carbon electrode materials were used, CF and 

GC electrodes. The CF and GC electrodes have advantages such as wide potential 

windows, physical and chemical stabilities, low cost,1-4 and large surface areas.5 Before 

applications in the fields of electrochemistry, electroanalysis, and sensing, the two 

electrode surfaces must be modified via physical or chemical modification. Chemical 

modification methods are of significant interest in electroanalytical chemistry, 

electrochemistry, and electrocatalysis.6 Electrochemical modification methods are 

examples of the chemical modification. There are many techniques for introducing a 

variety of functional groups containing non-metallic elements such as nitrogen,7-10 

oxygen,11-14 and fluorine-containing functional groups.15-17 These functional groups 

have been incorporated onto the carbon electrode surfaces to improve the electrode 

surface properties, increase the catalytic performances, and expand the potential 

applications of the resulting electrodes.  

Recently, the modification of the carbon surfaces by nitrogen-containing 

compounds has attracted significant attention of the scientists worldwide. The 

electrochemical modification of the carbon surfaces by nitrogen-containing compounds 

has been investigated by several research groups, and the electrochemical introduction 

of various amines has been successfully carried out.18,19 The attachment of amines can 

be accomplished by the covalent bonding of amine radicals formed by one-electron 

oxidation. The introduction of amino groups to the carbon electrode surface is limited, 

and only a few studies are been reported because the carbon bonds with nitrogen in the 

original amine compounds are very strong and difficult to break even after their 
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introduction to the carbon surfaces. Based on the prior reports, the introduction of amine 

groups was accomplished using the ammonium carbamate solution via a simple 

electrochemical treatment,20 where the GC electrode was used.20 Nitrogen-containing 

functional groups such as amines can be easily introduced on the GC electrode surface 

by the electrochemical oxidation of ammonium carbamate.21,22 The surface of the GC 

electrode contains primary amine groups (aromatic amine groups such as aniline), but 

other nitrogen-containing functional groups such as the secondary amine groups 

containing pyrrole-type nitrogen and quaternary amine moieties containing graphitic 

quaternary nitrogen may also be introduced on the carbon electrode surface (GC 

electrode).23,24 This modified carbon electrode with amine groups is AGC electrode or 

ACF electrode.  

Furthermore, CF electrodes were investigated. The optimal applied potential 

and time for the application of the electrochemical oxidation process using an 

ammonium carbamate aqueous solution were selected. A wide pH range of the solution 

was employed to analyze the reduction wave of oxygen by comparing the modified and 

unmodified electrodes. 
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2.1.3. Experimental Section 

 Ammonium carbamate (H2NCOONH4) was purchased from Merck KGaA, 

Darmstadt, Germany, while dipotassium hydrogen phosphate and potassium dihydrogen 

phosphate were acquired from Fujifilm Wako Pure Chemical Industries, Ltd., Osaka, 

Japan. These solutions were used to prepare a phosphate buffer solution (0.1 M; pH 7.0). 

Sodium hydroxide (NaOH) (0.1M; pH 13.0) and sulfuric acid (0.5 M; pH 0.0) were 

purchased from Fujifilm Wako Pure Chemical Industries, Ltd., Osaka, Japan. The 

GF-20-5F CF electrode with 20 mm diameter and 5 mm thickness was obtained from 

Nippon Carbon Co., Ltd., Japan. All reagents were of analytical grade and used without 

further purification. The solutions were prepared with deionized water (Millipore 

Milli-Q System, Japan). 

 An ultrasonic bath was purchased from Branson Ultrasonic, Emerson Japan, 

Ltd. A potentiostat/galvanostat (HA-151B, Hokuto Denko Co., Ltd., Japan) was used to 

perform the controlled potential electrolysis. Electrochemical (cyclic voltammetric 

(CV)) measurements were carried out using an automated polarization system (HZ-3000, 

Hokuto Denko Co., Ltd., Japan) with a three electrode cells consisting of a working CF 

electrode, aqueous Ag/AgCl (3 M NaCl electrolyte) as the reference electrode, and a 

platinum wire as the counter electrode. A digital recorder (Gr-3500, Keyence Co., Ltd., 

Japan) was used to record the time during the electrolysis process. A schematic of the 

potentiostat/galvanostat consisting of three electrodes, a working electrode, counter 

electrode, and reference electrode connected to at digital recorder, is shown in Figure 

2.1. 

 The CF electrode was prepared as follows. The bare CF electrode was mixed 

with ethanol and distilled water and treated in an ultrasonic bath for one hour. The 
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ultrasonic bath is used to remove all traces of contamination that were firmly or merely 

attached to the CF electrode surface. In the CV measurements, two types of CF 

electrodes were used. First, the bare CF electrode was used and applied in 0.1 M 

ammonium carbamate aqueous solution (pH 9.3) as electrolyte solution20 (Figure 2.4 to 

2.6). Next, the CF electrode was fabricated by electrode-oxidation in 0.1 M ammonium 

carbamate aqueous solution, which correspond to the time based on the result in Figure 

2.6. The results obtained using this fabricated electrode (ACF electrode) are shown in 

Figure 2.7 to 2.9. All experiments were performed at room temperature. 
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2.1.4. Results and Discussion 

 Figure 2.2 and 2.3 show the CV data collected using a bare CF electrode. This 

is the first report describing the utilization of CF electrode for modifying its surface in 

0.1 M ammonium carbamate. The potential range was from +0.4 V to +1.2 V, and the 

numbers of potential cycles were 100. A 0.1 M aqueous solution (pH 9.3) was selected 

for the experiments. CV was performed using a bare CF electrode in 0.1 M ammonium 

carbamate aqueous solution (pH 9.3; Figure 2.2). The CV data show that the oxidation 

current of ammonium carbamate increases with an increase in the number of potential 

cycle scans. Furthermore, the current window increases and changes significantly with 

an increase in the number of potential cycle scans. It is assumed that these results are 

related to the CF electrode with a large surface area. 

 Figure 2.3 shows the electrochemical behavior of the bare CF electrode at 

different scan rates (ν) of 10-100 mV/s in 0.1 M ammonium carbamate aqueous solution 

(pH 9.3). The oxidation current of carbamic acid increases significantly when the scan 

rate is 10-20 mV/s. The oxidation current also increases when the scan rate is increased 

from 20 mV/s to 100 mV/s. Moreover, the shape of the current window changes and it 

increases with an increase in the scan rate during the CV measurements. Next, the 

optimal applied potential in 0.1 M ammonium carbamate aqueous solution (pH 9.3) was 

determined using a digital recorder. In this experiment, the optimal time for application 

in further processing, i.e., electro-oxidation, was also determined. During 

electro-oxidation, the electrode was set on potentiostat/galvanostat and connected to a 

digital recorder. The CF electrode was used (Figure 2.2 and 2.3), and the data for the 

three applied potentials using the potentiostat/galvanostat, +1.0 V, +1.1 V, and +1.2 V, 

were compared. As shown Figure 2.4, when the applied voltage is +1.0 V, the oxidation 
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current increases slowly to attain the best value, which corresponds to the time 

determined using the digital recorder. However, the oxidation peak current to reach the 

peak require more time. When the applied potential is +1.2 V, the peak oxidation current 

is rapidly attained in comparison to those at the other potential values (+1.0 V and +1.1 

V). Interestingly, if the applied potential is +1.2 V, high noise and unstable performance 

are observed, possibly because the high potential can damage the CF electrode surface, 

leading to unstable performance during electro-oxidation. Therefore, a potential of +1.1 

V was selected. After determining the optimal potential for the best results, the optimal 

time for applying +1.1 V in the electrode-oxidation process was determined. The time to 

attain the linear curve is within one hour processing. After one hour of processing, the 

oxidation peak start to decrease with time. Therefore, a duration of one hour and an 

applied potential of +1.1 V were selected. 

 A wide pH range was evaluated using the CF electrode in the CV 

measurements. The experimental data are shown in Figure 2.5 to 2.7. Two electrodes, a 

bare CF electrode (red color) and an ACF electrode (black color) were used. Three types 

of pH electrolyte solutions containing 0.5 M H2SO4 (pH 0.0; Figure 2.5), 0.1 M 

phosphate buffer solution (pH 7.0; Figure 2.6), and 0.1 M NaOH (pH 13.0; Figure 2.7) 

were used. Two interesting observation are noted in the CV curves. First is, the presence 

of redox waves (reduction and oxidation wave) and the observation of a reduction wave 

in solutions with a wide range of pH values. In addition, the reduction waves move 

toward the positive potential using the ACF electrode in comparison to that with the 

bare CF electrode. It is believed that the reduction waves at the bare CF and ACF 

electrodes are the oxygen waves. Additionally, the shift of the reduction wave toward 

the positive potential indicates the function of the active site originating from the 
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nitrogen-containing functional groups attached to the surface of the ACF electrode as 

the modified carbon electrode. 
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2.1.5. Conclusions 

 For the first time, the CF electrode has been successfully utilized for the 

introduction of nitrogen-containing functional groups on the electrode surface via an 

electrochemical method. The electrochemical modification was performed using an 

electro-oxidation process. Ammonium carbamate was used as the chemical reagent. 

When the CF electrode was used as the working electrode, the oxidation activity of 

ammonium carbamate at the CF electrode increased with an increase in the number of 

potential cycles scans in ammonium carbamate aqueous solution. The optimal time and 

applied potential were one hour and +1.1 V, respectively, as determined using the digital 

recorder. During observations in solutions with a wide pH range using the modified CF 

(ACF) electrode, an oxygen reduction wave was observed in the CV data, and the 

applied potential shifted toward the positive direction compared to that with the bare CF 

electrode. 
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Figures and Tables  

 

Figure 2.1. Schematic diagram between potentiostat/galvanostat consisting of three 

electrodes: a working electrode (black line), a counter electrode, (red line), and 

reference electrode (green line) which is connected with the digital recorder. 
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Figure 2.2. Cyclic voltammetry observed by using carbon felt electrode in 0.1 M 

ammonium carbamate (pH 9.3) aqueous solution at different number of cycles. Applied 

potential: +0.4 V to +1.2 V. Scan rate: 50 mV/s.  
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Figure 2.3. Cyclic voltammetry observed by using carbon felt electrode in 0.1 M 

ammonium carbamate (pH 9.3) aqueous solution at different scan rates. 

  

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

12.0

0.3 0.5 0.7 0.9 1.1 1.3

C
ur

re
nt

 / 
m

A

Potential / V (vs. Ag/AgCl)

10 mV/s 20 mV/s

30 mV/s 50 mV/s

100 mV/s



  35 
 

Figure 2.4. Observation best applied potential during electrode oxidation process 

correspond with time process by using a bare carbon felt electrode and recorded at 

digital recorder. The electrolyte solution: 0.1 M ammonium carbamate aqueous solution 

(pH 9.3). 
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Figure 2.5. Cyclic voltammetry observed by using bare CF electrode (black color) and 

ACF electrode (red color) in 0.5 M H2SO4 solution (pH 0.0). Scan rate: 50 mV/s. 
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Figure 2.6. Cyclic voltammetry observed by using bare CF electrode (black color) and 

ACF electrode (red color) in 0.1 M phosphate buffer solution (pH 7.0). Scan rate: 50 

mV/s. 
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Figure 2.7. Cyclic voltammetry observed by using bare CF electrode (black color) and 

ACF electrode (red color) in 0.1 M NaOH solution (pH 13.0). Scan rate: 50 mV/s. 
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2.2 Electrodeposition of Platinum Particles with Nitrogen-Containing 

Functional Groups on the Carbon Electrode Surface. 

2.2.1.  Abstract 

 In this chapter, the CF and GC electrodes were used as carbon electrodes. A 

simple electrodeposition method was used for the deposition of platinum particles 

attached to the nitrogen-containing functional groups on the carbon surface electrode 

(Pt-NGC electrode) via electrochemical reduction. The structure, morphology, and 

composition of the Pt-NCF electrode were investigated using scanning electron 

microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). A digital recorder was 

used to determine the optimal duration of electrochemical reduction. The best 

processing time to achieve stability was 20 h for the Pt-NGC electrodes, which was 

better than that of the Pt-GC electrode. The size of the platinum nanoparticles were 

<100 nm. Finally, the Pt-NGC electrode was found to be superior to the conventional 

electrode (Pt disk electrode) for solutions with a wide range of a pH values. 
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2.2.2. Introduction 

 Nanoparticles are characterized by different physical and chemical properties 

depending on their sizes, shapes, and structural forms.1,2 Catalysis is one of the most 

popular applications of transition metals, particularly noble metals, owing to their high 

catalytic activities in many reactions. Nanoparticles can facilitate electron transfer and 

may be easily modified using several biomolecules and chemical ligands.3 Moreover, 

such characteristics together with the benefit of miniaturization of sensing devices to 

nanoscale dimensions render the nanoparticles suitable for important applications in 

sensors (chemical and biochemical sensing). For this reason, studies on nanoscale 

materials have increased over time, particularly the metallic nanoparticles. Many metal 

nanoparticles such as palladium, ruthenium, copper, nickel, and iron are available, but 

silver, gold, and platinum are the most commonly used nanoparticles. 

 The catalytic activity of platinum is more expensive than gold and silver. 

Consequently, catalytic activity has achieved by the utilization of platinum 

nanoparticles.4 Platinum nanoparticles possess a wide range of properties that can be 

used for many practical applications.3 Platinum nanoparticles are particularly useful for 

the modification of electrodes because the nobility of platinum affords a high catalytic 

activity for many reactions, as these can be easily modified with various biomolecules 

and chemical ligands.2 In addition, platinum nanoparticles have high surface areas and 

can enhance the mass transport of the electrodes. Various methods are available for the 

fabrication of platinum nanoparticles including sputtering,5,6 reverse micelle formation,7 

electron beam lithography,8 and chemical vapor deposition.9 These methods are used in 

applications such as sensors and fuel cells. Furthermore, platinum nanoparticles can be 

applied via electrochemical deposition for the modification of electrode surfaces. 
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 In recent years, significant advancement of the electrochemical deposition 

method has been achieved by the researchers. Electrodeposition, a short name of 

electrolytic deposition.10 Electrodeposition is a material production technology that 

employs an applied potential or current flow through an electrolytic solution containing 

metal ions. These metal ions are eventually reduced to atoms in an electrically 

conducting substrate, thereby forming metals, alloys, and metal-based compounds.11 

Here, the platinum wire is used for electrodeposition through an electrochemical 

reduction process for the modification of the electrode carbon material surface. Based 

on the previous reports, the platinum wire is connected to the counter electrode, and 

treated with strong sulfuric acid solution during electrochemical reduction. The 

platinum wire produces platinum ions, which are transferred and absorbed into the 

carbon surface material. CF and GC electrodes were used in these experiments. 

 In the present work, a simple electrodeposition method was used for the 

deposition of platinum nanoparticles on GC (Pt-NGC electrode) and/or CF electrode 

(Pt-NCF electrode) with nitrogen-containing functional groups via electrochemical 

reduction. The structure, morphology, and composition of this Pt-NGC electrode were 

investigated using SEM and XPS. In addition, the optimal duration of electrochemical 

reduction was determined using a digital recorder. The Pt-NGC electrode was found to 

be superior to the conventional electrode (Pt disk electrode) for solutions with a wide 

range of pH values. 
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2.2.3. Experimental Section 

 The CF electrode (GF-20-5F) with 20-mm diameter and 5-mm thickness was 

purchased from Nippon Carbon Co., Ltd., Japan. The GC electrode with an inside 

diameter (ID) of approximately 3 mm was purchased from BAS Co., Ltd. (Tokyo, 

Japan). Ammonium carbamate was purchased from Merck KGaA (Darmstadt, 

Germany), while potassium dihydrogen phosphate (KH2PO4), sodium hydroxide, 0.5 M 

sulfuric acid, and dipotassium hydrogenphosphate (K2HPO4) were purchased from 

Fujifilm Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Two solutions of 

potassium dihydrogen phosphate and dipotassium hydrogen phosphate were mixed 

together to prepare 0.1 M phosphate buffer solution (pH 7.0). All reagents were of 

analytical grade and used without further purification. The solutions were prepared 

using deionized water (Millipore Milli-Q System, Japan). 

 An ultrasonic bath was purchased from Branson Ultrasonic, Emerson Japan, 

Ltd. A potentiostat/galvanostat (HA-151B, Hokuto Denko Co., Ltd., Japan) was used to 

perform the controlled potential electrolysis. Electrochemical measurements were 

conducted using an automation polarization system (HZ-3000, Hokuto Denko Co., Ltd., 

Japan). A potentiostat/galvanostat was used, and CV measurements were performed 

using a three-electrode-configuration cell containing a working electrode comprising a 

modified CF or GC electrode, aqueous Ag/AgCl (3 M NaCl electrolyte) as the reference 

electrode, and platinum wire as the counter electrode. A digital recorder (Gr-3500, 

Keyence Co, Ltd., Japan) was used to record the time during electrolysis. SEM was 

used to investigate the morphology, including the size and characteristics of the 

platinum particles on the CF and/or GC electrode with nitrogen-containing functional 

groups. The JIB-4500 SEM instrument was used (JEOL, Ltd., Tokyo, Japan). The 



  43 
 

acceleration voltage of 10 kV at a magnification of 10000x for Pt-NCF electrode and 30 

kV at a magnification of 3300x for the bare CF electrode were used. XPS (Physical 

Electronics Quantum 200, from ULVAC-PHI, Inc., Kanagawa, Japan) was used to 

determine the composition of the sample. 

  



  44 
 

2.2.4. Results and Discussion 

 Figure 2.8 shows the optimal time of electrochemical reduction. Two different 

electrodes, Pt-GC (red color) and Pt-NGC (black color), were used. The Pt-GC 

electrode was prepared by directly electrodepositing platinum particles on the surface of 

a bare GC electrode. In contrast, for the Pt-NGC electrode, the platinum ions that were 

dissolved from the platinum wire as the counter electrode in strong acid were deposited 

on the nitrogen-containing functional groups of the GC electrode. This experiment was 

monitored using a digital recorder with an electrolyte solution of 1.0 M H2SO4. The data 

obtained for the Pt-NGC electrode became gradually stable after 19-h, and after 20 h, 

the data became very stable. This was inversely proportional to the observation for the 

Pt-GC electrode, where stabilization started after22 h, and the noise was high. Therefore, 

the optimal duration of electrochemical reduction was 20-h. This could be the time limit 

for the platinum ions that dissolved from a platinum wire counter electrode and were 

electrodeposited on N-containing functional groups at 20-h. 

 The morphologies of the modified of the CF and bare CF electrode surfaces 

were investigated by SEM. Figure 2.9 and 2.10 show the SEM data of the bare CF and 

Pt-NCF electrodes. The bare CF surface shows hollow tube fibers that are bonded and 

connected to each other (Figure 2.9). In Figure 2.10, small spherical particles represent 

the platinum particles on the surface of the CF electrode. Recently, the Pt-NGC 

electrode was investigated using energy dispersive X-ray spectroscopy (EDX), which is 

an X-ray technique used to identify the elemental compositions of the materials. Based 

on the EDX data, the nanoparticles size was <100 nm.13 This indicated that the platinum 

nanoparticles were successfully deposited on the GC electrode surface. It was also 

assumed that the platinum nanoparticles of the Pt-NGC electrode had the same sizes as 
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those of the Pt-NCF electrode. It was confirmed that during the reduction of the N-GC 

electrode (Nitrogen-containing functional groups were introduced on the bare GC 

electrode), the platinum ions migrated from the platinum wire (counter electrode) to the 

electrolyte solution. These platinum ions were then deposited on the N-GC electrode to 

form platinum nanoparticles. 

 XPS is a sensitive and powerful tool for monitoring the structural changes in 

carbon-based materials. Herein, XPS was used to determine the binding energies of the 

sample (a) Pt-NCF electrode and (b) Pt-CF electrode. The fabrication of the Pt-CF 

electrode was similar to that of the Pt-GC electrode. These two electrodes were treated 

in ultrasonic bath with distilled water for 10 min. Table 2.1 include a summary of the 

percentages of the elements (carbon, nitrogen, oxygen, and platinum) at the Pt-NCF and 

Pt-CF electrodes. As shown in Figure 2.11, the high-resolution Pt-4f spectrum exhibits 

two peaks corresponding to the 4f7/2 and 4f5/2 doublet at 72.3 eV and 74.4 eV, 

respectively, for the (a) Pt-NCF electrode, while two peaks corresponding to the 4f7/2 

and 4f5/2 doublet at 70.6 eV and 73.4 eV for (b) Pt-CF electrode. The two peaks for 4f7/2 

and 4f5/2 shift toward higher binding energies by approximately 1 eV compared to those 

of the (b) Pt-CF electrode.13 The measured charge and the platinum coordination state 

were found to be different14 as the platinum nanoparticles were deposited on the 

nitrogen-containing functional groups to afford the Pt-NCF electrode.15 The change in 

the electronic state of platinum is reflected by the interaction of the coordination bonds, 

corresponding to the complex formation reaction.16 As expected, the platinum 

nanoparticles and characteristic reactions were also different. These results are as 

expected by the author. 
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 A wide pH range was employed to obtain the redox waves between a hydrogen 

ion (H+) and a hydrogen molecule (H2) at Pt-NGC electrode and conventional electrode 

(Pt disk electrode). Here, 0.5 M H2SO4 (pH 0.0), 0.1 M phosphate buffer solution (pH 

7.0), and 0.1 M NaOH (pH 13.0) were used. The results are shown in Figure 2.12 to 

2.14, based on which, the Pt-NGC electrode is better than the conventional electrode. 

Furthermore, in three figures, the electrocatalytic redox (reduction-oxidation) waves 

between hydrogen ion (H+) and hydrogen molecule (H2) are observed in wide pH range 

similar to the observation in the CV measurements.12 The hydrogen ion (H+) shows a 

reduction wave (reduction process) and the hydrogen molecule (H2) shows an oxidation 

wave (oxidation process). This is represented by the following reactions: 

(1) 2H+  +  2e-        H2 

(2) H2       2H+  + 2e-   
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2.2.5. Conclusions 

 Two types of carbon electrodes, CF and GC electrodes, were used. A simple 

electrodeposition method was used to deposit the platinum particles that were connected 

to the nitrogen-containing functional groups on the carbon electrode surface (Pt-NGC 

electrode) and/or Pt-NCF electrode via electrochemical reduction. The structure, 

morphology, and composition of the Pt-NCF electrode were investigated using SEM 

and XPS. A digital recorder was used to determine the optimal duration of 

electrochemical reduction. The optimal time to achieve stability during electrochemical 

reduction was 20 h for the Pt-NGC electrode, which was better than that of the Pt-GC 

electrode. The sizes of the deposited platinum nanoparticles were <100 nm. The 

Pt-NGC electrode was superior to the conventional electrode (Pt disk electrode) in 

solutions with a wide range of pH values. Additionally, an electrocatalytic redox wave 

was observed between hydrogen ion (H+) and hydrogen molecules (H2) in solutions a 

wide range of pH values. 
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Figures and Tables 

 

 
Figure 2.8. Observation at digital recorder to select the best time in the electrode 

reduction process using different electrode (red color: Pt-GC electrode) and (black 

color: Pt-NGC electrode). The supporting electrolyte solution: 1.0 M sulfuric acid and 

the applied potential: -1.1 V. 
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Figure 2.9. Scanning Electron Microscope (SEM) image of a bare CF electrode. 
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Figure 2.10. Scanning Electron Microscope (SEM) image of Pt-NCF electrode. 
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Figure 2.11. XPS spectra of Pt 4f by using (a) Pt-NCF electrode and (b) Pt-CF electrode 

with 10 minutes of ultrasonic treatment. 
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Figure 2.12. Cyclic voltammetry observed by using Pt-NGC electrode (blue line) and Pt 

disk electrode (red line) in 0.5 M H2SO4 (pH 0.0). Scan rate: 50 mV/s. 

 

  

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

-0.5 0.0 0.5 1.0 1.5

C
ur

re
nt

 / 
m

A

Potential / V (vs. Ag/AgCl)

Pt-NGC electrode

Pt disk electrode



  55 
 

 
Figure 2.13. Cyclic voltammetry observed by using Pt-NGC electrode (blue line) and Pt 

disk electrode (red line) in 0.1 M phosphate buffer solution (pH 7.0). Scan rate: 50 

mV/s. 
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Figure 2.14. Cyclic voltammetry observed by using Pt-NGC electrode (blue line) and Pt 

disk electrode (red line) in 0.1 M NaOH (pH 13.0). Scan rate: 50 mV/s. 

  

-1.2

-0.8

-0.4

0.0

0.4

0.8

-1.3 -0.8 -0.3 0.2 0.7

C
ur

re
nt

 / 
m

A

Potential / V (vs. Ag/AgCl)

Pt-NGC electrode

Pt disk electrode



  57 
 

Table 2.1. The atomic ratio for each element which consist on the Pt-NCF electrode and 

Pt-CF electrode after 10 minutes ultrasonic treatment. 

 

  
Atomic ratio each element 

C  O Pt 

Pt-NCF electrode 76.4 16.6 7.0 

Pt-CF electrode 86.5 13.4 0.1 
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Chapter 3  

Potential-Controlled Coulometric Analysis of Nitrite Using Aminated 

Carbon felt Electrode 

  

3.1. Abstract 

In this chapter, the author describes the development of an absolute 

determination method based on potential-controlled coulometry using aminated carbon 

felt electrode created by the electrode oxidation in ammonium carbamate solution for 

detection of nitrite. The potential-controlled coulometric cell was assembled using a 

carbon felt electrode as a working electrode which is made by processing of electrode 

oxidation at +1.1 V (vs Ag/AgCl) in 0.1 M ammonium carbamate solution. With the 

optimal applied condition of the sensor was +0.75 V, the nitrite oxidation current was 

detected immediately by adding 10 μL of 1.0 mM nitrite. Furthermore, the number of 

electron path processes was two electron paths from the estimation of the electrical 

charge of nitrite detection. These results indicate that the proposed research method 

provides an analysis of the absolute quantity amount of nitrite. The relationship between 

current and time curves was finished completely in a relatively short time (~30 s) for 

detection of nitrite. The tenth successive measurement of the relative standard deviation 

(RSD) was 2.2 %. This indicates that our potential-controlled coulometric method can 

be used for the absolute determination of the nitrite concentration in practical 

applications. 
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3.2. Introduction 

 Nitrite (NO2
-) is a nitrogen source for green plants,1 an inorganic compound 

found in nature,1 an important component of the nitrogen cycle.2 Nitrite can be found 

and used in a wide area, for example in the industrial, environment, agricultural 

production, as food additives and food preservatives.3-5 Also, in the food industry, nitrite 

can able to inhibit the growth of some bacteria and give the meat an attractive color.6 

Discharge of wastewater containing nitrite into the environment is a big source 

deterioration of lakes, rivers, and water sources, which may cause serious health hazards 

to humans. Also, it is another example of the use of nitrite as a dye agent, bleach, and 

corrosion inhibitor in the chemical industry.7-10  

Despite the application of nitrite in various fields, nitrite has a negative effect 

on the nitrite itself. The disadvantage of nitrite consists of high toxicity at high 

concentrations, harmful to human health and the environment.11-14 As an example, if 

nitrite has in inside the human body, nitrite may react with amines and probably causes 

carcinogenic nitrosamines15,16 as well as oxidizes hemoglobin to methemoglobin which 

diminishes the oxygen carrying capacity.17 Furthermore, effect of nitrite in humans may 

cause hypertension, cancer, spontaneous abortion, birth defects, growth restriction, 

etc.18-20 Consequently, the accurate determination of sulfite is very important in food, 

chemical industries, and environmental monitoring application.  

Traditional or conventional method to determining the nitrite concentrations 

include liquid chromatography (LC)-based techniques.21-23 Liquid chromatography 

usually determined the nitrite in meat products. These often involve laborious and 

time-consuming sample preparation and require highly skilled personnel, making the 

quest for developing simpler and more cost-effective techniques for rapid monitoring 
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incessant. Colorimetric techniques have also been applied to determine the amount of 

nitrite in foods.23,24 This technique require lab-equipped spectrometers, large sample 

volumes, and glass consumables to house the reaction.23 Another example of traditional 

method for detection nitrite, such as high performance liquid chromatography,25,26 

chemiluminescence,27,28 flow injection analysis,29 Raman spectrometry,30 

spectrophotometry,31,32 and ion chromatography.33,34 Those technique have 

disadvantages including complicated pre-treatment of samples that consumes time, 

expensive,  

In contrast, the above problems are overcome by electrochemical techniques 

that have been widely explored for nitrite quantification and direct detection through 

accurate, rapid response, low cost, high sensitivity, operational simplicity, and real time 

quantitative analysis.35-41 Although nitrite can be determined by either reduction of 

oxidation, the electrochemical oxidation of nitrite is usually preferred over reduction, in 

order to avoid major disturbance from oxygen molecules and nitrite.37,38 

Electrochemical techniques for nitrite has mainly been determined using 

amperometry,42-44 anodic voltammetry,45,46 square wave voltammetry,47,48 differential 

pulse voltammetry,49-52 and cyclic voltammetry.53-55 Those techniques have 

disadvantages and ineffective for detecting nitrite due to the requires calibration. 

To accommodate those problems, the author proposes a new technique and 

method to detecting nitrite by used electrochemical absolute determination technique. 

This technique called as the potential-controlled coulometry57-64 or batch-injection 

coulometry.65-67 The positive thing about this technique because the Faraday constant 

(coulomb/mole) can convert the charges flowing during the complete electrolysis of 

analytes, allowing the concentration of the analyte to be obtained directly in a single 
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droplet experiment.56,57 An alternative reason to be used in the potential-controlled 

coulometry is a very simple structure of the sensor cell.57 Then, the sensor does not need 

calibration during measurement process.57 However, there is no one paper regarding 

determine of nitrite by using this analysis technique. Due to the reason, the author was 

the first reporting paper for employing this technique to detection of nitrite.67  

Before applying at the sensor, the author must do a preliminary test by using 

the CF electrode. When a bare CF electrode conducted in the potential-controlled 

coulometry sensor, the author understands and know that the electrochemical properties 

of this electrode was poor and low active site function. In order to increase the 

electrochemical properties and active site of an electrode, a modification of the surface 

electrode must be attempted. The author proposes to deposit a nitrogen containing 

functional group on the bare CF electrode. For the steps and modifying method for 

electrode material are explained in Chapter 2. In addition, the data experiments on the 

potential-controlled coulometry sensor will be displayed on the results and discussion 

section of this chapter. 
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3.3. Experimental Section 

 The carbon felt (CF) electrode was acquired from Nippon Carbon Co., Ltd., 

and the types and size of GF-20-5F, 20 diameters, and 5 mm thickness were used. All 

chemical reagents were supplied from Merck KGaA., Darmstadt, Germany and Wako 

Pure Chemical Industries, Ltd., Japan. First, ammonium carbamate (H2NCOONH4) was 

purchased from Merck KGaA., Darmstadt, Germany, and used without further 

purification. Second, the chemical reagents purchased from Wako Pure Chemical 

Industries, Ltd., Japan, consists of sodium nitrite (NaNO2), potassium hexacyanoferrate 

(K3(Fe(CN)6), acetic acid (CH3COOH), and sodium acetate (CH3COONa). The 

supporting electrolyte was used as an acetic acid buffer solution (pH 4.0)21 which were 

prepared of 0.1 M (M = mol/L) sodium acetate and 0.1 M (M = mol/L) acetic acid. The 

cation exchange membrane used was from Asahi Glass Engineering, Japan. Distilled 

water produced by a Millipore-Q system (Millipore, Japan) was used to prepare all 

solutions. All the experiments were conducted at room temperature. 

 In this paragraph, the author described the equipped measurement which I used 

in this chapter. An ultrasonic bath was purchased from Branson Ultrasonic, Emerson 

Japan, Ltd. A potentiostat/galvanostat (HA-151B, Hokuto Denko Co., Ltd., Japan) was 

used to perform a controlled potential electrolysis. The cyclic voltammetry 

measurements were carried out using an automation polarization system (HZ-3000, 

Hokuto Denko Co., Ltd., Japan) with a three-cell consisting of a working carbon felt 

electrode, an aqueous Ag/AgCl (3 M NaCl electrolyte) as a reference electrode, and a 

platinum wire as the counter electrode. The potential-controlled coulometry 

measurement used a digital coulomb meter (Nikko Keisoku Co., Ltd., Japan) and a 

digital recorder (Gr-3500, Keyence Co., Ltd., Japan). 
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 Next, the author explained the preparation of the aminated carbon felt (ACF) 

electrode. The CF electrode was mixed with ethanol and distilled water, treated in an 

ultrasonic bath for 1 h. The aim of using an ultrasonic bath is to remove all traces of 

contamination that are firmly or merely attached to the surface of the CF electrode. 

Then, a three-electrode cell consisted of CF working electrode, an Ag/AgCl reference 

electrode, and a platinum wire counter electrode. CF electrode was electro-oxidized in 

0.1 M ammonium carbamate aqueous solution (pH 9.3) at a constant potential of +1.1 V 

for 1 h (60 minute). All experiments were carried out at room temperature. 

 During experiment in the cyclic voltammetry, all data were observed under 

temperature room. The author used two types of CF as working electrode: an ACF 

electrode and unmodified (bare) CF electrode. An aqueous Ag/AgCl (3 M NaCl 

electrolyte) reference electrode, a magnetic stirrer, and a platinum wire used as a 

counter electrode were also employed. The supporting electrolyte solution was 0.1 M 

acetic acid buffer solution (pH 4.0). The conditions setting in cyclic voltammetry were 

explained as follows; the potential scan range was +0.4 to +1.1 V, the potential cycle 

was set on 100, and the potential scan rate was 20 mV/s. 

 Figure 3.1 illustrates a schematic description of the constructed 

potential-controlled coulometric cell. The ACF electrode was used as a working 

electrode. The unmodified (bare) CF electrode without any electrochemical 

modification treatments was used as a counter carbon felt electrode. The function of 

using cation exchange membrane is to separate between ACF electrode and the counter 

carbon felt electrode. The size of platinum wire is 0.5 mm diameter and it was used as a 

lead wire. A saturated aqueous solution of potassium hexacyanoferrate (III) was used as 

a counter solution wet in the counter carbon electrode.  
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Moreover, the author determined the electrical charge (mC) and response time 

(s) by adding one droplet of 1.0 mM nitrite for three observations (n = 3), and calculated 

the average value. In order to obtain the best applied potential in the potential-controlled 

coulometry, the author investigated in the range +0.3 V to +1.0 V. Then, the best applied 

potential sensor cell was used for all measurements in potential-controlled coulometry. 

One droplet of 1.0 mM nitrite was added for ten repetitive measurements in the 0.1 M 

acetic acid buffer solutions, and the sample volume was 10 μL. The numerous added 

sample volumes were from 0 to 100 μL. The numerous concentrations of 0.1 to 10 mM 

nitrite were used. 
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3.4. Results and Discussion 

3.4.1. Electrochemical Performance of Nitrite 

 The electrochemical properties of the nitrogen-containing functional groups 

deposited on CF electrode were investigated by cyclic voltammograms experiments in 

0.1 M acetic acid buffer solution (pH 4.0) in with (solid line) and without (dotted line) 

of 10 mM nitrite. As described in Fig. 3.2, without the addition of nitrite in the ACF 

electrode, does not have oxidation wave was achieved from nitrite in the potential range 

from +0.4 to +1.1 V. In contrast, there is an oxidation wave generated when nitrite was 

added on ACF electrode. Then, the author found that the anodic peak potential was 

+0.95 V and that the oxidation peak current was 1.44 mA. The author also understands 

that the induction of the electrocatalytic activity of nitrite has inside in this process. This 

cyclic voltammogram shows the electro-oxidation product in the electro-inactive 

species. Then, these results indicate that the nitrite ion will oxidation to the nitrate ion 

according to Eq. (1). 

NO2
¯  +  H2O               NO3

¯  + 2H+  +  2e¯          (1) 

Moreover, the author was the first person who used the CF electrode for the 

detection of nitrite.67 During the detection of nitrite, the author has used two kinds of a 

different electrode material such as CF electrode was modified with nitrogen-containing 

functional groups (ACF electrode) and unmodified (bare) CF electrode. For comparison 

purpose, those two kinds electrode as the author mentioned in the previous sentences, 

was applied for it. Figure 3.3 depicts the cyclic voltammetry of unmodified CF 

electrode and ACF electrode in 0.1 M acetate acid buffer solution (pH 4.0) having 10 

mM nitrite. In the presence of nitrite, ACF electrode exhibits an oxidation peak current 

in comparison with the bare CF electrode. The oxidation peaks current of the ACF 
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electrode based sensor in 10 mM of nitrite is approximately 7 times higher than 

unmodified (bare) CF electrode based sensor. Based on the results reported by Wang et 

al.,9 which used to nitrogen-contain functional groups modified on GC electrode, the 

oxidation peak current at aminated GC electrode was twofold larger than bare GC 

electrode.9 The multiple increases in oxidation peak current exhibit the function of 

active site from a nitrogen atom containing functional groups in the ACF electrode and 

also aminated GC electrode as a modified carbon electrode. In addition, it is indicating 

that using carbon felt electrode are better than GC electrode. There are two option 

reasons it, first, due to the dimensions from the electrode made of carbon material (CF; 

type of 3 dimensional and GC; type of 2 dimensional), and the second is about the 

factor of the surface area of electrode material which I used. 

As shown in Fig. 3.4, the author initiated measurement of the various 

concentration of nitrite at ACF electrode in 0.1 M acetic acid buffer solution (pH 4.0). 

The oxidation peak current was increased with an increase in nitrite concentrations up to 

1.0 mM. Furthermore, the relationship between the peak current versus the 

concentration of nitrite was proportional result. The linear regression coefficient was 

0.9937 and the detection limit was determined to be 10 μM. These results illustrated the 

stability of ACF electrode for electrocatalytic applications in which successive detection 

of nitrite is performed. 

The kinetic characteristic for the nitrite oxidation reaction at ACF electrode 

was studied by cyclic voltammetry at different scanning rates in 0.1 M acetic acid buffer 

solution. As described in Fig. 3.5, the peak current increases as the scan rate increases as 

the scan rate increases from 10 mV/s to 100 mV/s. Furthermore, the oxidation peak 

current of nitrite is suitable to the scan rates (data not shown). The results indicate that 
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the electrochemical oxidation of nitrite at ACF electrode surface is a diffusion control 

process. In addition, I tried to making other data about the correlation between the 

oxidation peak current and the square root of the scan rate have a good linear 

relationship; with the linear regression was 0.9865. It is also suggesting that the 

oxidation of nitrite at ACF electrode is a diffusion control process. 

 

3.4.2. Analytical Performance Using Potential-Controlled Coulometry for 

Detecting Nitrite 

Specifically, Fig. 3.6 will have explained how to decide and how to determine 

the optimal conditions which will applied to the potential-controlled coulometric sensor 

in sulfite detection. The author observed the connection between the applied potential 

and the electrical charge at various applied potential during the potential-controlled 

coulometric of nitrite. The result between the electrical charge (solid line) and response 

time (dotted line) are shown in Fig. 3.6. Before enter to the point subject, the author will 

describe one by one of the meaning of response time and electrical charge.  

In this paragraph, the author will explain the response time as follow: response 

time is the time required to return into the baseline and remain constant when adding a 

sample to the electrolyte solution in the potential-controlled coulometry. The response 

time when the applied potential ranges from +0.3 to +0.9 V indicates a rapid 

measurement. But, when the applied potential was on the +0.9 and +1.0 V, the response 

was slightly slow. After knowing about the response time at potential-controlled 

coulometry, let`s move to the electrical charge at potential-controlled coulometry. For 

this, the author will explain it in the next paragraph. 

 The amount of substance (mole) of the analyte corresponds to the electrical 
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charge through the Faraday constant. This means that the number of electrons can be 

estimated from the electric charge under the measurement to determine the 

concentration of the analyte. From the electrical charge data in Fig. 3.6, the author 

knows that the electron number of the electrode reaction was two-electron paths from 

the estimation of the electrical charge of nitrite detection. The high point of the 

electrical charge is when the applied potential is +0.5 V. However, in the applied 

potential range from +0.5 V to +0.8 V, the electrical charge was decreased. On the other 

hand, the electrical charge decreased significantly when the electrode potential 

exceeded +0.8 V. These results explain that the catalytic site on the surface of the ACF 

electrode was destroyed by electrode oxidation. With all the reasons mentioned above, 

the author decided that the optimal applied potential was +0.75 V. 

 The results data on the performance of potential-controlled coulometry using 

the ACF electrode will be explained in Fig. 3.7, 3.8, 3.9, and 3.10. In Fig. 3.7, showed a 

typical current relationship and time curve obtained by the repetitive measurement of 

1.0 mM nitrite. The response time finished in a short time (~30 s) and no detectable 

residual current fluctuation appeared after the electrolysis had been completed. The 

tenth successive measurement of the relative standard deviation (RSD) was 2.2 %. 

Next, Fig. 3.8 and Fig. 3.9 would describe the advantages of the 

potential-controlled coulometry for the detection of nitrite (analyte) at ACF electrode. 

As shown in Fig. 3.8, it explains the relationship between the electrical charge flowing 

through the electrode oxidation process of nitrite and the volume of sample added. This 

result indicates good linearity, with the electrical charge corresponding to the added 

sample volume in the range of 1-100 μL. Moreover, the linear regression was 0.997; it 

was indicating that the electrolysis efficiency is close to 100% because the 
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determination is very quickly realized. 

Furthermore, Fig. 3.9 described the measurement of the nitrite concentration 

from high to low concentrations in a 10 μL sample volume. This data shown to us that`s 

the advantage of utilize potential-controlled coulometry. From this result, the author 

considers that the calibration curve changes when nitrite was added at various 

concentrations. It can be described that the high concentration solution (a) has a slow 

response. In contrast, the low concentration (h) has fast response. 

After observed the concentration from high to low, the author tried to 

determining nitrite concentration from low – high, is shown in Fig. 3.10. And, describe 

the correlated between the electrical charge and the nitrite concentration. A 10 μL 

sample was dropped onto the ACF electrode and a nitrite concentration of 0.1 to 10 mM 

was used. The obtained result indicates that the electrical charge has a correlates with 

the nitrite concentration in the range from 0.1 to 10 mM with good linearity. 
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3.5. Conclusions 

The author has prepared nitrogen atoms containing functional groups that can 

easily be introduced to the surface of a modified carbon felt electrode, called the 

aminated carbon felt (ACF) electrode. Potential-controlled coulometry can be used for 

the analysis of nitrite because it does not require calibration, low cost, accurate, and 

rapid measurement can easily be performed. The author also has succeeded in 

determining the optimal applied potential of +0.75 V for analytical performance in 

coulometryc sensor, especially using the electrolyte 1.0 mM nitrite in acetic acid buffer 

solution (pH 4.0). The advantages of potential-controlled coulometric sensor is that it 

can determine from high to low sample concentration and simple structure sensor. Thus, 

the author proposed potential-controlled coulometric sensing as a promising method for 

nitrite detection. 
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Figure 3.1. Schematic illustration of the potential-controlled coulometric sensor. A: 

sample addition; B: aminated carbon felt electrode; C: acrylic plate; D: ion exchange 

membrane; E: carbon felt electrode; F: Pt lead wire. 
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Figure 3.2. Cyclic voltammograms of aminated carbon felt electrode with (solid line) 

10 mM of nitrite and without (dotted line) nitrite. Supporting electrolyte: 0.1 M acetic 

acid buffer solution (pH 4.0), scan rate: 20 mV/s. 

 

  

-0.3

0.0

0.3

0.6

0.9

1.2

1.5

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

C
ur

re
nt

 / 
m

A

Potential / V (vs. Ag/AgCl)

10 mM NaNO2

Without NaNO2

Nitrite 

Nitrite 



  78 
 

 
Figure 3.3. Cyclic voltammograms of aminated carbon felt electrode (solid line) and 

unmodified carbon felt electrode (dotted line) with 10 mM of nitrite. Supporting 

electrolyte: 0.1 M acetic acid buffer solution (pH 4.0), scan rate: 20 mV/s. 
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Figure 3.4. Cyclic voltammograms of aminated carbon felt electrode in various 

concentration of nitrite. Supporting electrolyte: 0.1 M acetic acid buffer solution (pH 

4.0), scan rate: 20 mV/s. 
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Figure 3.5. Cyclic voltammetry of aminated carbon felt electrode with 0.1 mM of nitrite 

at different scan rates. Supporting electrolyte: 0.1 M acetic acid buffer solution (pH 4.0), 

scan rate: 20 mV/s. 
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Figure 3.6. Relationship between response time and electrical charge versus applied 

potential with 1.0 mM of nitrite. Supporting electrolyte: 0.1 M acetic acid buffer 

solution (pH 4.0), sample volume: 10 μL. 

  

0

0.4

0.8

1.2

1.6

0

40

80

120

160

200

240

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

El
ec

tr
ic

al
 c

ha
rg

e 
/ m

C

R
es

po
ns

e 
tim

e 
/ s

ec
.

Potential / V (vs. Ag/AgCl)

Respone time

Electrical charge



  82 
 

 
Figure 3.7. Relationship between current responses versus time curve obtained for 

repetitive measurement of 1.0 mM of nitrite. Supporting electrolyte: 0.1 M acetic acid 

buffer solution (pH 4.0), working potential: +0.75 V, sample volume: 10 μL. 
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Figure 3.8. Relationship between electrical charge and amount of sample addition. 
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Figure 3.9. Current versus time curve obtained by measurement of nitrite, (a) 5.0 mM; 

(b) 3.0 mM; (c) 2.0 mM; (d) 1.0 mM; (e) 0.5 mM; (f) 0.3 mM; (g) 0.2 mM; (h) 0.1 mM. 

Supporting electrolyte: 0.1 M acetic acid buffer solution (pH 4.0), working potential: 

+0.75 V, sample volume: 10 μL. 
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Figure 3.10. Relationship between electrical charge and various concentration of nitrite. 

Supporting electrolyte: 0.1 M acetic acid buffer solution (pH 4.0), working potential: 

+0.75 V, sample volume: 10 μL. 
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Chapter 4  

Electrochemical Properties of Pt Particles Deposited on Aminated 

Glassy Carbon Electrode: Application to Sulfite Detection 

 

4.1. Abstract 

 In this chapter, electrochemical detection of sulfite was studied by developing a 

novel electrochemical sensor based on electro-deposited Pt particles on glassy carbon 

electrodes modified with nitrogen atoms containing functional groups (Pt-NGC) 

electrode. The potential range start from 0.0 V to +1.0 V with the electrolyte solution 

was 0.1 M phosphate buffer solution. The electrochemical properties of Pt-NGC 

electrode were evaluated by utilization of cyclic voltammograms. This electrode result 

showed an impressive electrocatalytic activity towards the oxidation of sulfite, which 

moves the oxidation peak potential to the negative direction of potential unlike Pt disk, 

a bare glassy carbon electrode, aminated glassy carbon electrode (AGC) electrode, and 

electro-deposited Pt particles on glassy carbon (Pt-GC) electrode. In addition, the lowest 

possible detection limit of 100 μM was achieved in the sulfite concentration range up to 

10 mM. The Pt-NGC electrode was evaluated on the sample solution for sulfite 

determination wit impressing recovery of sulfite. Moreover, the proposed Pt-NGC 

electrode achieved reliable for the determination of sulfite in a sample solution with 

impressed recovery. Together with that, the possibility mechanism reaction of sulfite is 

being discussed. 

 

  



  87 
 

4.2. Introduction 

 In the recent years, carbon material based electrode containing glassy carbon 

(GC; type of 2 dimensional) and carbon felt (CF; type of 3 dimensional) have attracted 

great attention owing to their accessibility, low cost, electrochemical stability in various 

solutions (from low acid to base), wide potential window1 and their large surface area2 

in the fields of electrochemical sensors. Furthermore, the chemical modification of 

carbon surface has significant to do in numerous fields like electroanalytical chemistry.3 

In actuality, functional groups, commonly include oxygen or nitrogen, and delocalized 

electrons of graphite structures can arrange the form in which range around acid or base, 

also characteristic form of carbon surface in which side hydrophilic or hydrophobic. 

 Start in few years ago, our group leader has developed many methods for 

electrochemical modification on the GC and CF surfaces. Nitrogen-containing 

functional groups can be easily to attaching and making bonds on the surface of GC 

electrodes by the treatment process of electro-oxidation among ammonium carbamate in 

aqueous medium solution at a constant high positive electrode potential,4 which called 

“aminated glassy carbon (AGC)” electrode. Based on these treatment process, our own 

group found the interesting point that the primary amine group (like aromatic amine 

groups like aniline), the secondary amine groups (like groups containing pyrrole type 

nitrogen and quaternary amine-like moieties containing graphitic quaternary nitrogen) 

can be doped onto a bare GC electrode surface.5 Furthermore, our group has reported 

that an electrocatalytic redox waves between a hydrogen ion (H+) and a hydrogen 

molecule (H2) were observed at a highly positive potential range after the long-term 

electrochemical reduction of AGC electrodes in sulfuric acid. During the 

electro-reduction of AGC electrode, platinum ions were dissolved from a platinum wire 
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counter electrode electrodeposited on the AGC electrode.6 Additionally, our group 

leader had been reported that the observed hydrogen redox waves are related to mutual 

redox reactions between hydrazine, diazene, and also diazo groups affiliated to the 

carbon electrode surface.7 

 Sulfite (SO3
2-) is a kind of food additive substances. It is broadly used in 

beverages and food8,9 to inhibit or minimize spoilage due to oxidative processes, to 

maintain bacterial growth under production and storage of food,10,11 and also controls 

enzymatic and non-enzymatic reactions while stabilizing functions and conditions.12 

Sulfite are also employed in production of food packaging materials and as a processing 

aid to sterilize bottles prior to packaging food and beverages.13 Sulfite has been reported 

to cause toxic14 and damaging to the human body. Due to the negative images, sulfite 

must be controlled in limited amounts. If not controlled in limited amounts, sulfite may 

chance to form asthma attacks, swelling, diarrhea, nausea, headaches, stomach irritation, 

and nettle rash.15-17  

 According to the literature, some scientists have been reported for detection of 

sulfite. Numerous analytical techniques have been developed for investigation of sulfite, 

including iodimetric titration,18 high-performance liquid chromatography,19 

spectrophotometry,20,21 chemiluminescence,22 and capillary electrophoresis23. There is a 

drawback to using those methods because of expensive, time-consuming process, and 

mandatory to take pretreatment of sample. Among these analytical techniques, 

electrochemical methods are a great option to determination of sulfite because of their 

simplicity, easy operation, quick detection, and also cheaper. For these reasons, 

electrochemical methods are chosen and used in practical fields. 

In this chapter, Pt-NGC electrode was carried out from the stepwise electrolysis 
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proses, with the purpose of the possibility detection of sulfite by electrochemical 

sensing technique. The author studied the phenomena of the electrocatalytic sulfite 

oxidation process and the opportunity to use Pt-NGC electrode for sulfite determination 

using voltammetry technique. 
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4.3. Experimental Section 

In experimental section, the author used so many reagents and was acquired 

from different companies. It will discuss in this section. Phosphate buffer solution (0.1 

M, pH 7.0) was used as supporting electrolyte, and prepared by mixing dipotassium 

hydrogenphosphate (Fujifilm Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 

potassium dihydrogen phosphate (Fujifilm Wako Pure Chemical Industries, Ltd., Osaka, 

Japan). Two other solutions were acquired from Fujifilm Wako Pure Chemical 

Industries, Ltd., Osaka, Japan) for sodium sulfite (NaSO3) and sulfuric acid (H2SO4). 

Ammonium carbamate was acquired from Merck KGaA (Darmstadt, Germany). Spike 

recoveries from test solution were used several interferences such as vitamin C, sodium 

oxalate, potassium chloride, vitamin B6, and citric acid, were acquired from Fujifilm 

Wako Pure Chemical Industries, Ltd., Osaka, Japan). The GC electrode (diameter of 3 

mm) as a working electrode bought from BAS Co., Ltd. (Tokyo, Japan). The polishing 

diamond and polishing alumina were acquired from BAS Co., Ltd. (Tokyo, Japan). All 

reagents used in this work were of analytical grade and were used without any further 

purification. The solutions were prepared with deionized water (Millipore Milli-Q 

System, Japan). 

The author was taking a potentiostat/galvanostat (HA-151B, Hokuto Denko 

Co., Ltd., Japan) for carried of modified GC electrode by electrolysis process. There are 

three types of electrode functions: a working electrode was a bare GC electrode, counter 

electrode was platinum wire, and reference electrode was Ag/AgCl (3 M electrolyte). 

Before to use, the surface electrode must be polishing above alumina polishing pad. The 

step process of surface GC modification is described as follows; first, a bare GC 

electrode was glossing within 1.0 µm polishing diamond, next, 0.05 µm polishing 
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alumina above alumina polishing pad. After finishing polished the GC electrode, 

processed at ultrasonic bath treatment (approximately 30-60 seconds), and flushed by 

deionized water. A polished GC electrode fabricated through the electrode oxidation 

process in 0.1 M ammonium carbamate with constant potential (+1.1 V) and a 1-hour 

process. In this context, the name of the electrode is an AGC electrode. After that, the 

AGC electrode was electro-reduced in 1.0 M sulfuric acid at -1.1 V (vs. Ag/AgCl) for 

20 h. During the electrode reduction process of the electro-oxidized GC electrode in 

strong sulfuric acid electrolyte, platinum ion dissolved from platinum counter electrode 

is electrodeposited on the surface of nitrogen atoms containing functional groups 

introduced GC electrode. This modified electrode was namely Pt-NGC electrode. All 

experiments were performed at room temperature. 

Electrochemical properties of the Pt-NGC were evaluated and checked at the 

voltammetric sensing technique. For determination of sulfite, the author used the 

Pt-NGC electrode, performed on the automatic polarization system (HZ-3000, Hokuto 

Denko., Ltd., Japan) with a Pt-NGC as a modified GC electrode, a platinum counter 

electrode, and an Ag/AgCl (3 M NaCl electrolyte) reference electrode. 
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4.4. Results and Discussions 

4.4.1. Electrochemical Behavior of Pt-NGC Electrode 

 The electrochemical behavior of sulfite at the Pt-NGC electrode has been 

studied in this chapter. In the present work, 0.1 M phosphate buffer solution with pH 7.0 

was selected as the supporting electrolyte for cyclic voltammetry measurement. The 

applied potential range was chosen from 0.0 V to 1.0 V. Fig. 4.1 shows CV graphs of the 

Pt-NGC electrode absence sulfite (red line) and presence 5.0 mM sulfite (black line) in 

0.1 M phosphate buffer solution (pH 7.0). As shown in Fig. 4.1 (red line), small and 

broad oxidation waves with a dominant peak at approximately +0.80 V (vs. Ag/AgCl) 

were observed. The small oxidation waves when the absence of sulfite was correlated to 

the oxidation formation effect of Pt particles in the Pt-NGC electrode. On the opposite, 

the presence of 5.0 mM sulfite (Fig. 4.1 (black line)) has an existing oxidation peak 

current when the author observed in 0.1 M phosphate buffer solution as a supporting 

electrolyte. It can conclude that the electrochemical performance while achieved with 

the Pt-NGC electrode and assumed as electrochemical oxidation from sulfite when 

tested in solution. Moreover, the active sites of Pt-NGC electrode have been introduced 

onto the bare GC electrode surface thoroughly two stepwise electrolysis processes 

function as active sites of the electron transfer for the electrocatalytic oxidation of 

sulfite. 

The author performed CV experiment to study the catalytic capability of 

Pt-NGC electrode. The author selected a 0.1 M phosphate buffer solution as the 

supporting electrolyte and scan rate was 50 mV/s. Fig. 4.2 exhibit cyclic voltammetry 

with different electrodes in which containing 3.0 mM of sulfite. The several different 

materials are a bare GC electrode (blue line), Pt-GC electrode means that 
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Pt-electrodeposited glassy carbon electrode (red line), AGC electrode (green line), Pt 

disk electrode (purple line), and Pt-NGC electrode (black line). Peak potential of sulfite 

oxidation for each electrode material is explained as follows: Pt-NGC electrode, Pt disk 

electrode, AGC electrode, Pt-GC electrode, and a bare GC electrode were +0.55 V, 

+0.64 V, +0.68 V, +0.76 V, and +0.99 V, respectively. The nitrogen-containing 

functional groups, with the AGC electrode, introduced by electrode oxidation in 

ammonium carbamate aqueous solution function as electron-transfer mediators for 

sulfite oxidation, which indicates that the AGC electrode had electrocatalytic activity 

and the oxidation peak potential moved to the negative direction of potential comparing 

with the Pt-GC electrode and bare GC electrode. Moreover, the oxidation peak potential 

at Pt-NGC electrode shifted to the increasingly negative direction of potential 

comparing with two other electrode including Pt disk electrode and AGC electrode. 

Interestingly, the best oxidation peak current of sulfite was obtained at Pt-NGC 

electrode not at Pt disk electrode. Those results indicate that the Pt-NGC electrode has 

high electrocatalytic activity for the oxidation of sulfite. Consequently, the Pt-NGC 

electrode easily promotes the electrode oxidation of sulfite. On the other hand, the 

above probably exhibits that the electro-deposited Pt in collaboration with the 

nitrogen-containing functional groups (such as the primary amine group and other 

N-containing functional groups) introduced by stepwise electrolysis in ammonium 

carbamate solution and sulfuric acid act as active sites of the specific electrocatalytic 

current for sulfite. In previously report explained that electrocatalytic activity of the 

Pt-NGC electrode for the electrode oxidation of hydrogen molecule did not decrease 

after ultrasonication performed for 5 min, which indicates that platinum particles on 

nitrogen-containing functional groups are securely adsorbed onto the GC surface.6 
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Finally, it is indicating that the Pt-NGC electrode is amazing result if compared with the 

other electrodes in terms of sulfite oxidation. 

4.4.2. Effect of Concentration of Sulfite and Scan Rate  

 Fig. 4.3 and Fig. 4.4 shows the CV of sulfite at Pt-NGC electrode in the 

concentration range up to 10.0 mM in the pH of 7.0 phosphate buffer solution. To be 

clearly the cyclic voltammetry results, the author decided to separate into two figures; 

lower concentration and high concentration. Figure 4.3 explained about the lower 

concentration of sulfite from 0.0 mM to 0.5 mM. On the opposite part, the high 

concentration of sulfite was fitted in Fig. 4.4. Those figures showed the resulting 

phenomenon that the oxidation peak current (Ip) increases with the increasing of sulfite 

concentration. The limit of detection is the lowest concentration an analyte in sulfite can 

be detected under stated conditions of the test. The limit of detection was found to be 

100.0 μM. The linearity trend between the concentrations of sulfite and currents will 

describe in Fig. 4.5. The linear regression coefficient was 0.9976. These results 

demonstrate stability of a Pt-NGC electrode for electrocatalytic applications where a 

continuous detection of analytes is performed. 

 Three figures consist of Fig. 4.6, Fig. 4.7, and Fig. 4.8 are explained about the 

parameter of scan rate which is related with the oxidation peak current and the oxidation 

peak potential while determination of sulfite. The applied potential was setting around 

0.0 V to +1.0 V. To clarify the oxidation mechanism of sulfite, the effect of scan rate (ν) 

ranging from 10 mV/s to 500 mV/s on the Pt-NGC electrode response was investigated 

and the results are summarized in Fig. 4.6. Increasing the scan rate increases the peak 

intensities and shifts the peak positively, which reveals the irreversibility of the 

electrode process. The linear relationship between peak current and the square root of 
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the scan rate indicates that sulfite oxidation follows a diffusion-controlled process, 

shown in Fig. 4.7. The calibration curve between peak potential (Ep) versus log(ν) was 

suitable linearity (Fig. 4.8). Then, it can be understanding that the oxidation peak 

potential was fit with the log(ν). According to Laviron`s equation theory24 was utilized 

for the calculation of the electron transfer numbers (n). The n was calculated as 1.91, 

means that the electrochemical oxidation of sulfite will expected a two-electron transfer 

process. These results make the author infer and believed that the electrochemical 

oxidation reaction was two electron transfer process at Pt-NGC electrode as Eq. 1: 

SO3
2-  +  2H2O             SO4

2-  + 2H+  +  2e- (1) 

 

4.4.3. Study of Spike Recovery 

To evaluation the electrode good stability, good reproducibility, and selectivity, 

the author must observe the spike recovery of the sulfite at Pt-NGC electrode. For 

evaluation of spike recovery, all measurement was obtained by voltammetric sensor. As 

shown in Table 4.1, the author attempted a spike recovery of 5.0 mM sulfite to 

determine the reaction selectivity at the Pt-NGC electrode. The potential interfering 

substances were selected to evaluate for the recovery of sulfite. Regarding what the 

concentration of sulfite should be, the author determined the concentration of each 

interfering substance to be 0.2 mM. The allowable tolerance limit for the maximum 

value of foreign substance concentration is ± 5% from the relative error in measurement. 

These results indicate that the Pt-NGC electrode is a promising candidate for sulfite 

detection with excellent reproducibility, good selectivity, and acceptable stability. 
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4.5. Conclusions 

 The combination between Pt particles deposited on the nitrogen-containing 

functional groups for new type modified electrode has been prepared by stepwise 

electrolysis. This modified electrode (Pt-NGC electrode) employed for detection of 

sulfite in aqueous solution. The characteristic of the Pt-NGC electrode showed a good 

electrocatalytic activity and has the lowest peak potential compared with other 

electrodes (Pt disk electrode, AGC electrode, Pt-GC electrode, and bare GC electrode). 

The sulfite oxidation peak current (Ip) was proportional to the square root of the scan 

rate. Additionally, the relationship between the oxidation peak potential and the log (ν) 

showed a suitable linearity. The oxidation peak current (Ip) of sulfite showed a 

favorable linearity with the concentration of sulfite. These results show that the Pt-NGC 

electrode has been proved to be highly suitable for detecting sulfite. 
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Figures and Tables  

 

 
Figure 4.1. Cyclic voltammograms of Pt-NGC electrode; (red color) absence and (black 

color) presence of 5.0 mM of sulfite. Supporting electrolyte: 0.1 M phosphate buffer 

solution (pH 7.0), scan rate: 50 mV/s. 
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Figure 4.2. Cyclic voltammograms of different electrode materials in the presence of 

3.0 mM of sulfite. Supporting electrolyte: 0.1 M phosphate buffer solution (pH 7.0), 

scan rate: 50 mV/s. 
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Figure 4.3. Cyclic voltammograms with various concentration of sulfite at Pt-NGC 

electrode. Supporting electrolyte: 0.1 M phosphate buffer solution (pH 7.0), scan rate: 

50 mV/s. 
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Figure 4.4. Cyclic voltammograms with various concentration of sulfite at Pt-NGC 

electrode. Supporting electrolyte: 0.1 M phosphate buffer solution (pH 7.0), scan rate: 

50 mV/s. 
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Figure 4.5. The relationship between the concentration of sulfite and the oxidation peak 

current at Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer solution 

(pH 7.0), scan rate: 50 mV/s.  
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Figure 4.6. Cyclic voltammograms containing of 5.0 mM of sulfite with varying scan 

rates at Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer solution (pH 

7.0). 
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Figure 4.7. The influence of (ν)1/2 on the peak current (Ip) of 5.0 mM of sulfite at 

Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer solution (pH 7.0). 
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Figure 4.8. The influence of log(ν) on the peak potential (Ep) of 5.0 mM sulfite at 

Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer solution (pH 7.0). 
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Table 4.1. Analytical results of sulfite oxidation peak current and spike recovery of 5.0 

mM of sulfite from test solution with different kinds of interference at Pt-NGC 

electrode. 

 

Interference 
Concentration / 

mM 

Observed peak Certified peak Spike 

recovery 

/ % 
current / x 10² μA current / x 10² μA 

Cl- 0.2 1.059 1.067 99.3 

CH3COO- 0.2 1.050 1.059 99.2 

PO4
3- 0.2 1.067 1.077 99.1 

HCO3
- 0.2 1.077 1.080 99.7 

Vitamin B6 0.2 1.047 1.069 98.0 

Vitamin C 0.2 1.067 1.093 97.6 

Vitamin C 1.0 1.061 1.029 103.1 

Oxalate 0.2 1.000 1.010 99.0 

Citric acid 0.2 0.978 1.000 97.8 

Ammonia 0.2 0.955 0.979 97.5 
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Chapter 5  

Electrochemical Sensor of Sulfite Using Electrodeposition of Pt 

Particles Nitrogen-Containing Functional Groups Prepared by 

Stepwise Electrolysis 

 

5.1. Abstract 

 This chapter focused on the amperometric sensor performance and interference 

study (standard interference and real sample interference). A new type of modified 

electrode sensor for sulfite has been prepared by simple electrolysis based on platinum 

decorated and nitrogen-containing functional groups on the surface of glassy carbon 

electrodes. Pt-NGC electrode has been applied to an amperometric sulfite sensor. Before 

applied on the sensor, the optimal working potential from +0.4 V to +0.9 V was 

investigated firstly, being selected at +0.6 V. Under optimal condition, a favorable linear 

relationship between the current response (ΔI) and the sulfite concentration up to 500 

μM was exhibited. A low detection limit (based S/N = 3) of 3 µM was also achieved. 

The sensor can achieve 95% steady state current within 30 s and present well stability, 

wide linear range of applications, and anti-interference performance during sulfite 

detection. In regards to the reproducibility, the RSD (n= 10) was 8.9% for 80 µM sulfite. 

At the end, the new type of electrode was successfully carried out for the determination 

of sulfite in red wine with good results. 
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5.2. Introduction 

 One of the examples from additive is sulfite. Sulfite is widely used in 

pharmaceutical products, beverages, and food so as to prevent oxidation, inhibit 

bacterial growth, and control enzymatic reaction during production and storage.1,2 Apart 

from these useful advantages, sulfite must be applied in extremely limited quantities due 

to their potential toxicity and harmful effects on the human bodies. Without tightly 

control, sulfite can cause nausea, swelling, stomach irritation, headaches, diarrhea, 

nettle rash, and asthma attacks.3-6 Therefore, the food industry necessary and require 

accurate methods for determining sulfite which is crucial for guaranteeing the quality 

product. Currently, several analytical methods including iodimetric titration,7 

high-performance liquid chromatography,8 fluorescence,9 chemiluminescence,10 

capillary electrophoresis,11 and electrochemical detection12,13 have been published for 

determination of sulfite. In contrast to these methods, electrochemical detection 

techniques realize offers good selectivity, high sensitivity, reliability, rapid detection, 

simplicity, and also inexpensive. 

Up to now, scientists often use the glassy carbon (GC; a form of 2-dimensional 

shapes) and carbon felt (CF; a form of 3-dimensional shapes) electrodes. Both 

electrodes can be applied in the electrochemical sensing field as a result of a higher over 

potential for oxygen reduction,14,15 chemical stabilities, accessibility, inexpensive, wide 

potential window,16 and large surface area17 in comparison to metal electrodes, such as 

platinum and gold. The development of new surface structure on the electrodes (GC and 

CF) by chemical modification process has attracted attention in several areas, especially 

in electroanalytical chemistry.18-22 Electrochemical sulfite detection may be based on 

direct sulfite reduction on glassy carbon23 or after electrode modification.24 In different 
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ways, direct sulfite oxidation is obtained with platinum,25 gold,26 glassy carbon,27 and 

platinum-modified glassy carbon.28 In fact, there are still challenges including problems 

with fouling of the electrode and a high positive potential for oxidation of the 

sulfite.25-27 As a consequence, a number of substances may interfere with the detection 

and measurement of the analyte. 

My own group particularly focuses on the development of electrochemical 

modifications on the carbon surface (GC electrode and CF electrode) for solving those 

problems which was explained it on the above. The nitrogen-containing functional 

groups can form chains on the surface of the GC electrode by the electrode oxidation 

treatment process make use of ammonium carbamate in an aqueous medium solution at 

a high positive electrode potential;29 namely as an aminated glassy carbon (AGC) 

electrode. In particular, it has been revealed by us that nitrogen atoms containing 

functional groups such as aromatic amine groups like aniline can easily be introduced to 

the surfaces of the GC and CF electrodes by the electrode oxidation of ammonium 

carbamate;30 the electron transfer rates of many inorganic and organic compounds are 

accelerated to be able to measure excellent redox waves.31,32 On the past study by my 

own group, redox waves between hydrogen ions and hydrogen molecules (H2) at a 

highly positive potential range after a long-term electro-reduction of the AGC electrode 

in a sulfuric acid electrolyte solution. During electrode reduction of the AGC electrode 

in sulfuric acid, platinum ion dissolved from a platinum wire counter electrode was 

electrodeposited onto the surface of nitrogen-containing functional groups to which a 

GC electrode was introduced. This electrode was named Pt-NGC electrode. In this 

electrode, Pt particles are electrodeposited onto the GC electrode modified which was 

forming with nitrogen-containing functional groups.33 



  111 
 

In this study, type of electrode (Pt-NGC electrode) which is environmentally 

friendly and simple process by stepwise electrolysis processes was used for an 

amperometric sulfite sensor. The author focused on the sulfite sensor performance in 

amperometric sensor. The Pt-NGC electrode was also used for detection of sulfite in 

amperometry under optimized conditions. Eventually, the Pt-NGC electrode was studied 

for the detection limit of sulfite, reproducibility, and the interference substance in an 

amperometric sulfite sensor. Lastly, the author also tried to observation of red wine by 

using Pt-NGC electrode.
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5.3. Experiment Section 

Ammonium carbamate was from Merck KGaA (Darmstadt, Germany). Sodium 

sulfite (Na2SO3), sulfuric acid (H2SO4), dipotassium hydrogen phosphate (K2HPO4), 

and potassium dihydrogen phosphate (KH2PO4) were obtained from Fujifilm Wako Pure 

Chemical Industries, Ltd. (Osaka, Japan). The GC electrode with an inside diameter 

(ID) around 3 mm was bought from BAS Co., Ltd. (Tokyo, Japan). All of other reagents 

were of analytical grade and used All other chemicals were of analytical reagent grades 

and used as received. Deionized water produced by a Milli-Q system (Millipore, Japan) 

was used for preparation of all the solutions. 

Before to use, the GC electrode must be polished on an alumina polishing pad 

with 1.0 μm polishing diamond and 0.05 μm polishing alumina, carried out with 

ultrasonic bath (± one minute), then rinsed with deionized water. To perform a potential 

controlled electrolysis, the author used a potentiostat/galvanostat (HA-151B, Hokuto 

Denko Co., Ltd., Japan). The platinum spiral function as the counter electrode with the 

specific size as follows: diameter is 0.5 mm and length of size is 70 mm. An Ag/AgCl (3 

M NaCl electrolyte) was used as a reference electrode. For fabrication of the Pt-NGC 

electrode will explain follows: First, the GC electrode was processed in an electrode 

oxidation process with a 0.1 M ammonium carbamate aqueous solution at a constant 

potential of +1.1 V for 60 minutes. After that, the electro-oxidized GC electrode was 

electro-reduced in 1.0 M sulfuric acid at -1.1 V (vs. Ag/AgCl) for 20 hours. During 

electrode reduction process by using a electrode oxidation GC electrode in sulfuric acid, 

the platinum ion dissolved from platinum wire counter electrode was deposited onto the 

surface of nitrogen-containing functional groups to which a bare GC electrode was 

introduced. All detection was performed under room temperature. 
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During the amperometric sensor measurements, an automatic polarization 

system (HZ-3000, Hokuto Denko., Ltd., Japan) with a three-electrode cell consisting of 

a working electrode as Pt-NGC electrode, a counter electrode as platinum wire, and an 

Ag/AgCl (3 M NaCl electrolyte) as the reference electrode is used to determination 

sulfite on the voltammetric and amperometric sensor. N2 gas was flowed into the 

electrolyte during amperometric measurement. The function of N2 gas is intended to 

block oxygen molecules so that the sulfite is not oxidizing to become sulfate. 

Furthermore, the author used the dialysis membrane to covering around the surface of 

the Pt-NGC electrode, which aims for reducing the diffusion of sulfite from bulk to the 

Pt-NGC electrode surface. By using the dialysis membrane, it has significant different 

results. It means that the background noise current is additionally reduced during 

amperometric measurements of sulfite due to reducing of the electrolyte diffusion. At 

the end, 0.1 M phosphate buffer solution with pH 7.0 is a type of the supporting 

electrolyte which the author uses in voltammetric and amperometric measurements.  
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5.4  Results and Discussions 

5.4.1. Sulfite Sensor Performance 

 The amperometric sensor has a much current sensitivity than the cyclic 

voltammetry sensor. Commonly, an amperometric sensor is used to estimate the lower 

detection limit of an analyte, in this context of sulfite. The working potential greatly 

affects the amperometric current response of a sensor. In the first step, the author must 

be investigated and checked the effect of working electrode potential around +0.3 to 

+1.0 V. Amperometric responses of Pt-NGC electrode under numerous working 

potential have been applicable in 0.1 M phosphate buffer solutions containing 500 μM 

sulfite (Fig. 5.1). The results show that +0.6 V was the best current response and it is 

based on the stability of the signal to ratio. This result is correlated with the results of 

cyclic voltammetry, which shows the peak potential of sulfite was located at +0.6 V. 

Due to that explanation, +0.6 V are selected as the optimal working potential. 

 Fig. 5.2 shows the comparison of the amperometric response of bare GC 

electrode (black color), Pt-GC electrode (purple color), AGC electrode (green color), 

and Pt-NGC electrode (red color) with the same continuous addition of 100 μM sulfite 

at optimal working potential. The current response at the Pt-NGC electrode is fourfold 

greater as that observed from the bare GC, Pt-GC electrode, and AGC electrodes. The 

response time required to reach 95% of the maximum steady-state current around 20 

seconds. It is indicating rapid current response for sulfite sensing at Pt-NGC electrode. 

The favorable catalytic sensitivity and rapid response of the Pt-NGC electrode further 

demonstrates that the Pt-NGC electrode facilitates more effective electron transfer. 

 Figure 5.3 explained the connection between the current response (ΔI) and the 

sulfite concentration. The oxidation current increased sharply up to 5000 μM in sulfite 
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concentration, and achieved 95% of the maximum steady-state current within ca. 30 

seconds. A favorable linear relationship (R2=0.9979) was provided between the ΔI and 

the sulfite concentration up to 500 μM in Fig. 5.4. In n the linear range, the sensor has a 

sensitivity of 1.40 μA/mM. The detection limit was estimated to be 3 µM based on the 

criterion of signal-to-noise (S/N) ratio of 3 under optimized conditions. The 

amperometric response of Pt-NGC electrode considered a wide linear range of sulfite 

concentration, good sensitivity, and detection limit. On the other hand, based on the 

reproducibility of the 10 successive measurements with 80 µM of sulfite, the relative 

standard deviation (RSD) was calculated 8.9%, shown in Fig. 5.5. All these results 

demonstrated that the current response was suitable with the increase of sulfite 

concentration. Table 5.1 shows the comparison of sulfite detection between traditional 

electrodes and proposed Pt-NGC electrode. The performance of Pt-NGC electrode had 

in the present work towards sulfite detection is better or comparable with other reported 

when observed in the amperometric sensor and listed in Table 5.1.  

 

5.4.2. Interference Study 

 Part of the interference study will divide into two categories, based on the 

standard interference and the real sample interference. Based on the standard 

interference study will explained it. The selectivity of the Pt-NGC electrode has been 

investigated in amperometry. Fig 5.6 shows a typical amperometric response by 

addition of 100 μM sulfite and 100 μM of numerous interfering species, including 

glucose, fructose, oxalate, sucrose, and citric acid. The results show that those 

interfering species did not interfere with the determination of sulfite. As the same like 

Fig. 5.6, in Fig. 5.7 the author tried to compare three electrodes are AGC electrode, 
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Pt-GC, and Pt-NGC electrode for evaluation possible interfering species. Here, the 

author used other common metal cations and anions for example Na+, K+, Cl-, NO3
-, 

HCO3
-, H2PO4

-, and HPO4
2- combined with focusing on determination of sulfite. The 

results show that those cations and anions did not interfere for both of electrodes with 

the determination of sulfite. In reality according to Fig. 5.7, the Pt-NGC electrode 

selectivity had superior to AGC electrode and Pt-GC electrode. This is indicating that 

Pt-NGC electrode has an excellent selectivity. 

 After the standard interference study, the real sample (red wine) was used to 

evaluate the Pt-NGC electrode. The sensor is applied to measure sulfite in red wines. 

The selectivity of the Pt-NGC electrode has been investigated by recovery tests of 

sulfite. The recovery test results of sulfite from red wine with variation concentration of 

sulfite (50 μM and 200 μM) are shown in Table 5.2. On the other hand, Figure 5.8 is a 

result of an amperometric response with the sulfite concentration of 200 μM. It was 

prepared for two different sample solutions, first, a test solution (0.1 M phosphate 

buffer) (a) and the second is a red wine sample (b). The sulfite was added into each 

sample solutions. As shown in Fig. 5.8, the author also evaluated and tested by recovery 

test of sulfite in red wine with the total sample of 10 (n = 10). The results show that the 

favorable recovery of sulfite using each possible interfering substance in a real sample 

was obtained. Moreover, the author proposed amperometric sulfite sensor based on the 

Pt-NGC electrode is an advantageous analytical technique, as it allows simple and rapid 

determinations of the sulfite concentration to be applied so easily. 
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5.5. Conclusions 

 A new-type modified glassy carbon electrode has been developed on the basis 

of Pt-electrodecorated on the nitrogen-containing functional groups by stepwise 

electrolysis. The Pt-NGC electrode exhibited a favorable electrocatalytic activity 

towards sulfite oxidation compared with the bare GC electrode and the AGC electrode. 

The electrocatalytic activity of sulfite oxidation has been applied to the amperometric 

sensor of sulfite under the optimized conditions. The linear range for the determination 

of sulfite concentration up to 500 μM (r2 = 0.9979) with the detection limit of sulfite 

was 3 μM (S/N = 3). The reproducibility for the determination of 80 μM sulfite is 8.9% 

(RSD with n= 10). In addition, the Pt-NGC electrode showed high selectivity towards 

sulfite in the presence of common metal ions and other interfering substance. The author 

conducted the sulfite recovery test using red wine with the results of good and 

successful performed.  
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Figures and Tables  

 

 
Figure 5.1. Selection of the best-working potential in amperometric sensor containing 

500 μM of sulfite at Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer 

solution (pH 7.0), rotating speed: 550 ± 50 rpm. 
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Figure 5.2. Comparison of the amperometric response with the successive addition of 

100 µM of sulfite at various electrodes. Supporting electrolyte: 0.1 M phosphate buffer 

solution (pH 7.0), working potential: +0.6 V, rotating speed: 550 ± 50 rpm. 
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Figure 5.3. Calibration curve of the current response (ΔI) with different concentrations 

of sulfite at Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer solution 

(pH 7.0), working potential: +0.6 V, rotating speed: 550 ± 50 rpm. 
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Figure 5.4. The linear relationship between current response (ΔI) and concentrations of 

sulfite at Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer solution 

(pH 7.0), working potential: +0.6 V, rotating speed: 550 ± 50 rpm. 
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Figure 5.5. Amperometric response for 10 successive measurements of 80 µM of sulfite 

at Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate buffer solution (pH 7.0), 

working potential: +0.6 V, rotating speed: 550 ± 50 rpm. 
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Figure 5.6. Amperometric measurement containing 100 μM concentrations for various 

interference substances at Pt-NGC electrode. Supporting electrolyte: 0.1 M phosphate 

buffer solution (pH 7.0), working potential: +0.6 V, rotating speed: 550 ± 50 rpm. 
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Figure 5.7. Amperometric response of two different sulfite concentrations with 100 µM 

various of interfering substances at different electrodes. Supporting electrolyte: 0.1 M 

phosphate buffer solution (pH 7.0), working potential: +0.6 V, rotating speed: 550 rpm. 
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Figure 5.8. Amperometric response of 200 μM sulfite in two different sample solutions 

such as 0.1 M phosphate buffer (pH 7.0) solution (a) and red wine sample (b). 
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Table 5.1. Comparison of amperometric sensor for sulfite detection. 

Electrodes 

Linear range LOD Sensitivity Working  

(μM) (μM) (μA/mM/cm²) Potential (V) 

FeHCF(PB)/GCE [2] up to 4000 80 2.18 +0.85 

AuNPs-rGO/GCE [3] 0.2-2270 0.045 100.60 +0.40 

Copper-salen/Pt [34] 4.0-69 1.2 - +0.45 

CNTs-PPDA-AuNPs/GCE [35] 1.2-2500 0.4 0.80 +0.40 

CHIT-Fc/MWCNTs/GCE [36] 5.0-1500 2.8 13.08 +0.35 

NiO-Nanoplate/GCE [37] 16.2-610 8.8 2.80 +0.55 

Pt-NGCE (present work) up to 5000 3.0 1.40 +0.60 
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Table 5.2. Recovery test results of sulfite from red wine with the various concentrations 

added. 

 

 

Run added / mM measured / mM Recovery / %
1 50 51 102
2 50 51 102
3 50 59 117
4 200 221 110
5 200 187 94.0
6 200 198 99.0


