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Abstract 

The rapid growth of the global population and industrial activities pose a great challenge to 

meeting ever-increasing energy demands. This thesis adapts a modified synthesis of graphene 

oxide (GO), an important starting material in graphene chemistry, convert graphene oxide back 

to graphene-like structure, and finally shows the electrochemical behavior poly (4-amino-3-

hydroxynaphtalene sulfonic acid)/rGO composite and also demonstrates its possible application 

in electrocatalytic reduction of oxygen.  In this work, the electrochemical, XRD, and FTIR 

analysis gave evidence for the formation of graphene oxide (GO) from graphite and the reduced 

graphene oxide (rGO) from GO. The electrocatalytic activity of the poly (4-amino-3-

hydroxynaphtalene sulfonic acid)/rGO composite modified electrodes towards oxygen reduction 

reaction were studied. The p-(AHNSA) modified glassy carbon electrode shows a two-electron 

reduction of oxygen to hydrogen peroxide and the p-(AHNSA)/rGO modified glassy carbon 

electrode shows a direct four-electron reduction of oxygen to water. Koutecky-Levich plot 

analysis was used to predict the mechanism and evaluate the kinetic parameters.
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1 Introduction  

1.1 Electrocatalytic Reduction of Oxygen  

Oxygen electrochemistry is the most important issue in the development of fuel cells, metal air 

batteries, industrial electrocatalytic process and electro-organic reactions [1]. 

Oxygen reduction reaction (ORR) is sluggish and proceeds through several intermediates which 

makes challenging for electrochemistry. This requires to search for cheaper materials with 

excellent electrocatalytic activity towards ORR to replace the commonly used costly metal (Pt) 

based electrocatalyst and develop new and better electrocatalysts. ORR occurs in various 

electrochemical energy conversion processes and electrocatalysis of the dioxygen reduction 

continuous to command a great deal of interest in modern electrochemistry, owing to its 

technological importance in electrochemical devices. The current research lies in the utilization 

of modified electrode. The catalytic oxygen reduction reaction is the most important 

electrochemical reaction in the practical, economical and theoretical point of view    [2-4]. 

The mechanism of oxygen reduction reaction in acidic media involves either the direct 4-electron 

reduction pathway from O2 to produce H2O or the 2-electron reduction pathway from O2 to form 

hydrogen peroxide (H2O2) [5]. 

 

O2 + 4H
+
 + 4e

-
 2H2O (four-electron pathway) 

O2 + 2H
+
 + 2e

-
 H2O2 (two-electron pathway) 
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Water is directly produced when oxygen is reduced through the four-electron reduction 

mechanism. On the other hand, the two-electron reduction occurs at low potentials and produces 

hydrogen peroxide as an intermediate byproduct. 

Now a days, the need for increased energy forced the search for new energy conversion 

technologies. Hence, electrocatalysis found special place as its concepts present a basis for 

hydrogen energy, fuel cell technology and to some extent battery technology (considering metal-

air batteries) [6].  For electrochemical system, overall rate of conversion of reactants to products 

at an electrode is measured by a current ( ) passing through metal/solution interface. In  order  to  

avoid  possible  discrepancies  due  to  the  size  of  the  interface,  current  is  usually normalized 

by electrode surface area ( ), and expressed as current density ( ), so reaction rate ( ) can be 

expressed as: 

                                                        
 

     
 

 

   
                                           1. 1 

where     stands  for  the  number  of  electrons  exchanged  in electrochemical  reaction and     

is Faraday constant (96485 C mol
–1

). By reordering eq. (1.1), one  can  immediately  draw  a  

conclusion  that  overall  current  passing  through  an electrochemical cell can be increased in 

two ways: (1) by increasing surface area  or (2) by increasing reaction rate. 

In the former case the effect is trivial and purely technical. However, the latter case is not, and it 

is related to electrocatalytic effect.  It can be  achieved  by  tailoring  chemical, geometric  and  

electronic  structure  of  the  surface  of  an  electrode  materials.  This is true for electrocatalysis 

which can be defined as dependence of the rate of electrochemical reaction on the nature of 

electrode materials. In order to avoid any confusion hereafter, quantities in Eq. (1.1) should be 

defined more precisely. In specific, if one uses geometrical surface area of an electrode to 

normalize     in terms of current density, such obtained current density should be denoted  geom or 
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just  . Real surface area of an electrode, or electrochemically active surface areas (ESA), are 

generally different from geometrical surface area.  So,  if  one  of  these quantities is used to 

normalize total current, obtained current density should be denoted as  real or   ESA. It can be 

concluded that comparison of different electrocatalysts should be based on  real (  ESA) 

measurement. 

Similarly  to  any  chemical  system,  rate  of  electrochemical  reaction  can  be  changed  by 

temperature,  pressure  and  the  concentration  of  reactants.  However, additional control 

parameter for the rate of electrochemical reaction is the electrode potential ( ).  However, it‟s 

absolute value  is  not  accessible  to  measurements,  so  the  zero  of  electrode  potential  scale  

is  set  by introduction of hydrogen scale of electrode potentials for instance. Let us consider an 

electrode reaction: 

                                                                                                            1. 2 

If  no  current  is  passing  through  metal/solution  interface, the  electrode  is  rested  on  its 

equilibrium and the reversible potential (  ) is given by Nernst equation: 

                                                  
  

  
  

  

  
                                                  1. 3 

Where,     is the standard electrode potential of O/R couple. If current is passing through the 

electrode, electrode potential will be different from     hence, the electrode is polarized. If 

electrode potential is   for a current density   one can define overvoltage ( ) as: 

                                                                                                               1. 4 

Truly  first  equation  of  electrochemical  kinetics,  Tafel  equation,  links  overvoltage  and 

current density as: 

                                                                                                           1. 5 
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where     and     are certain parameters. For most of the electrochemical reactions parameter  , 

called Tafel slope, is around 100 mV per decade of current density, so it can be concluded that 

increase of the overvoltage for approx. 100 mV increases the rate of electrochemical reaction for 

one order of magnitude.  This is what  makes  the  difference  between  chemical  and 

electrochemical  systems:  by  controlling  electrode  potential  (or  overvoltage),  the  rate  of  

the reaction can be finely controlled or increased tremendously. In addition, based on Eq. (1.5), 

one can  judge  the  electrocatalytic  effect,  for  a particular  electrode  reaction,  on  the basis  of  

the dependence of a and b on the nature of the electrode materials. 

Based on Eq. (1.5) one can compare two electrocatalytic materials.  For example,  if a particular  

electrode  reaction  takes  place  on  two  different  electrode  materials  with  the same current  

density,  more  effective  electrocatalyst  requires  lower  overvoltage.  If overvoltage is the  

same  for  both  materials,  higher  current  density  will  be  measured  at  more  effective 

electrocatalyst. Now, let us consider the power (P) necessary for electrode reaction to take place  

in  electrolytic  cell,  or  power  gained  by  some  power  source.  In both cases general 

expression is: 

                                                                                                                           1. 6 

where     denotes  voltage  between  the  anode  and  cathode, and     denotes  current  passing 

through the interfaces (as being serial elements of  the  equivalent circuit). For example, if one 

performs electrolysis at constant current, more effective electrocatalytic materials will require 

lower  , which means that less power will be used. If some power source, working at specific 

voltage (for example fuel cell), is used, more effective electrocatalytic materials will  provide 

higher current, which means that more power will be gained in this case. No matter  which 

technology  is  used,  if  electrode  materials  catalyze  electrode  reactions  effectively,  the  costs 

will be reduced tremendously. Tafel  equation  is  an  empirical  equation,  but  development  of  
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the  electrode  kinetics allowed dipper understanding of charge transfer processes at electrified 

interfaces. If reaction (1.2) is a single step  -electron charge transfer a general expression holds:  

                                    
                                                                             1. 7 

  is 
 

  
 ,     is transfer coefficient. Eq. (1.7) assumes that anodic current is positive and cathodic 

current is negative and we shall hold to this convention hereafter. Parameter   is related to the 

kinetics of charge transfer. At high anodic (positive) or cathodic (negative) overvoltage, Eq. (1.7) 

reduces to the form of Tafel equation, but special care should be  taken  to correct    for mass 

transfer limitations, so that only  charge transfer effect is accounted for (as mass transfer rate 

does not depend on electrode material). In that case, Tafel parameter  is related to      while Tafel 

slope   is: 

                                                   
   

     
                                                            1. 8 

For anodic polarization, or 

                                                  
      

     
                                                       1. 9 

for cathodic  polarization. In the case of complex electrode reaction (which is a general case with 

electrocatalytic reactions)  –    relationship is not as simple, but all the information about 

electrode process are contained in  –    or   –    curve.  Hence, acquiring reliable data on     –   

relationship is the essential for the estimation of electrocatalytic activity and assessment of 

kinetic parameters of an electrode reaction. These fundamental data are necessary in order to 

understand electrocatalytic process and to design new electrocatalytic  materials  with enhanced 

properties [7, 8]. 
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1.2 Graphene oxide (GO) and Reduced Graphene Oxide (rGO)  

Graphene oxide is a lined two-dimensional carbon sheet with diverse oxygenated functional 

groups which has a thickness around 1 nm and lateral dimension of few nanometers to several 

microns. The history of GO was begun by the British chemist B.C. Brodie in 1859.  It is a 

cheapest precursor to produce processable graphene in high quantity and is the most suitable 

starting material for synthesis of functionalized graphene.  The exact structure of GO is difficult 

to describe precisely due to the complexity of the material, its amorphous, berthollide character 

(nonstoichiometric atomic composition) and the lack of precise analytical techniques for the 

characterization of GO [9]. Despite of those difficulties, most of the models proposed so far have 

described it as a polydispersed material with a structural formula as shown in Figure 1. The 

intrinsic property of functional groups (i.e., hydroxyl, epoxy, lactol, carbonyl, caboxylic acid and 

organosulfonate) in GO is highly influenced by the synthesis conditions like reaction time, 

temperature and procedures of synthesis. Hydroxyl and epoxy groups destroy localized π 

electrons and results in decreasing carrier mobility and its electrical conductivity which both 

make it an insulating material (a sheet resistance of about 4x10
10  

Ω/sq) [10]. Sheet resistance is 

the measure of the electrical conductance of the sheet independent of its thickness.  
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Figure 1. Structural formula of GO with  some functional groups (organosulfate, hydroxyl, 

epoxy, carbonyl, lactol and carboxylic acid) at the edge and both sides of the basal 

plane [11]. 

Over oxidation of GO can lead to a release of CO2 gas, as a consequence defects are formed on 

the sigma bond of C-skeleton in GO. The main reason of those defects is that the destruction of 

honeycomb lattice by holes, and additional carbon atoms in five member rings [12]. Despite its 

difficulty to spot the defects in GO, the defects can be restored and repair holes by heating the 

GO at higher temperature >1500 
0
C [13] which leads to the reduction of GO to reduced graphene 

oxide. 

rGO is one kind of chemically derived graphene and it can be also named as functionalized 

graphene, chemically modified graphene, chemically converted graphene, or reduced graphene. 

It is a 2D form of carbon but with chemical moieties that render new functionalities while 

preserving some properties of pristine material. The chemical exfoliation of graphite through 

oxidation leads to covalent functionalization followed by reduction which brings reduced 

graphene oxide. This sequenced process noticeably changes the structure of graphene. Therefore, 

rGO is not exactly the same as graphene because of the difference in their intrinsic properties 

[14]. Even though the relativistic intrinsic properties like charge carrier mobility and 
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conductivity observed in ideal graphene are absent in rGO, flexible processability and versatile 

properties make rGO interesting in fundamental research as well as application in energy storage. 

Therefore, due to its ease of processing and unique properties such as mechanical stability, 

tunable electrical and optical properties, rGO based-thin films provide great hopes for their use 

in electronic and opto-electronic, wherein components are built on plastic of paper like platforms 

[15], electrodes [16], ultracapacitors [17], and photovoltaic. The quality of graphene produced 

depends on the process parameters used when reducing graphene oxide (GO).  

1.2.1 Synthesis of Graphene Oxide (GO) 

The synthesis of GO is mostly accomplished by wet chemical synthesis methods. There are 

different methods for the synthesis of GO including Brodie and Staudenmair methods [18], 

Hummer's method [19] and Tour method [20]. In this section the Hummer's method is only 

discussed in a little more detailed since it is the most frequently method used for synthesis of GO 

by delamination a single layer of graphite oxide using proper solvents.  

The Staudenmaier, Hummers and Offeman methods are the procedures to prepare GO by using 

potassium chlorate and fumic nitric acid, or potassium permanganate as oxidant in sulfuric acid 

solution [9, 11]. However, the products of GO by using those synthesis methods is varied 

depending on the type of oxidant used, precursors of graphite and reaction conditions. For 

instance, nitric acid is the common oxidant and known to react strongly with aromatic carbon 

surfaces and results in the formation of different oxygen containing functional groups such as 

carboxylic acids, lactones and ketones. During the oxidation process by HNO3, NO2 and/or N2O4 

gases are released as demonstrated by yellow vapor and create a defects in the structure of GO 

[21, 22]. In addition, potassium chlorate is also another strong oxidizing agent used as reactive 

species that could affect the properties of final product accordingly.  Jones‟ reagent 
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(H2CrO4/H2SO4) is also a commonly used oxidant for the formation of expanded graphite during 

the synthesis of GO. In the Hummers method the mixture of potassium permanganate and 

sulfuric is mostly applied as an oxidant. In this procedure, despite permanganate is a known 

oxidizing agent (i.e. dihydroxilations), as a matter of fact dimanagneseheptoxide is more reactive 

species than the potassium permanganate counterpart. The formation of dimanganeseheptoxide 

from KMnO4 is shown in the following scheme [23]. 

KMnO4 + 3H2SO4           K
+
 +MnO3

+
 + H3O

+
 + 3HSO4

-
 

MnO3
+
 + MnO4

-   
              Mn2O7  

In general, the flow chart of modified Hummer‟s method for the preparation of GO is depicted in 

Figure 2. 

 

                                                    

 

Figure 2. Schematic of modified Hummers method for GO preparation [10]. 
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1.2.2 Synthesis of Reduced Graphene Oxide (rGO) 

rGO can be synthesized either from graphite or GO as a starting materials by using various 

methods such as chemical, thermal, and electrochemical reduction methods.  GO is the most 

convenient starting material for the synthesis of rGO  since the degree of exfoliation achieved by 

graphite is lower than that of GO as supported by the presence of graphitic diffraction peak in the 

XRD patterns [24].  

Chemical reduction method is the most widely used procedure and involves reducing of GO by 

different strong reducing agents such as hydrazine [25], dimethylhydrazine [26], hydrides 

(lithium, potassium or sodium hydrides), and hydroquinone [26].  The main objective of any 

reducing procedure is to synthesize graphene like material achieved directly from mechanical 

exfoliation. One of the main disadvantages in chemical reduction method, specially using 

hydrazine, is the introduction of impurities due to the presence of hetroatoms like oxygen and 

nitrogen in the rGO network. Removing nitrogen functionalities which are bonded covalently on 

the surface of GO is more difficult than oxygen functionalities. Then the electronic properties of 

the resulted material greatly affected by C-N groups which are functioning as n-type dopant     

[27, 28].  

Thermal reduction is achieved by the direct heating of GO at elevated temperature about 1050 
0
C 

in the furnace. Nevertheless, the main disadvantage of thermal exfoliation is the structural 

destruction due to the release of CO2 which causes the loss of GO about 30 % and create 

vacancies and defects though out the plane of rGO. Those defects adversely affect the electronic 

property of the product by decreasing the ballistic transport path length [29]. 
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Electrochemical technique involves the electrochemical removal of oxygen functionalities from 

GO and produces rGO. This procedure is advantageous over chemical reduction of GO because 

electrochemical reduction method doesn't involve strong reducing agent chemicals (e.g., 

hydrazine compounds), hence environmental friendly as there are no unnecessary byproducts 

during and at the end of synthesis. However, the reduction method is still not clear and yet to be 

discovered in more detail. But, some of the authors proposed that the hydrogen ions have 

significant role in the reaction path way as shown in the following scheme [30]. 

GO + aH
+
 + be

-
         rGO + cH2O 

Since rGO is deposited onto the surface of electrodes during electrochemical reduction of GO in 

a buffer solution, the method itself has not been demonstrated on a large scale sample. Scaling up 

the production is the most basic requirement of a synthetic procedure if graphene is meant to be 

utilized largely. GO film can be coated onto different insulating or conducting substrates surface 

such as flexible plastic, glass, indium tin oxide (ITO), glassy carbon (GC) and gold (Au). The 

deposition can be accomplished by using different techniques such as drop-casting [31], deep 

coating, spraying [32], spin coating [33] and electrophoresis [34]. After deposition of GO film 

onto the substrate, electrodes can be placed at the opposite end of the film and linear sweep 

voltammetry can be applied in sodium buffer solution [9, 34]. Moreover, rGO/graphene can be 

synthesized using fast electrochemical exfoliation of graphite technique in sulfuric acid solution 

[34]. In a typical procedure, graphite was used as electrode and exfoliated into thin graphene, 

mainly AB- stacked bilayered graphene with large lateral size. The produced graphene sheets 

were dissolved in DMF and they can self-aggregate at air-DMF interface. Interestingly, the film 

obtained exhibits a sheet resistance of <1 kΩ/sq after nitric acid treatment [35]. 
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1.3 Objectives  

1.3.1 General objective  

The general objective of this study is to synthesize GO, rGO and examine the significance of 

electrocatalytic reduction of oxygen at poly (4-amino-3-hydroxynaphtalene sulfonic 

acid)/reduced graphene oxide composite modified glassy carbon electrodes. 

1.3.2 Specific objectives 

The specific objectives of the study are 

1. To modify a conventional glassy carbon electrode with graphene oxide, p-(AHNSA)/rGO 

nano-composite.  

2. To investigate the electrochemical behavior of GO, rGO and p-(AHNSA)/rGO nano-

composite.  

3. To study the behaviors of GO, rGO and graphite with X-ray diffraction patterns. 

4. To compare the performances of the produced GO, rGO and graphene/polymer 

nanocomposites with reports in the literature. 
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2 Review of Electrochemical and Spectroscopic Methods 

2.1 Electrochemical methods 

2.1.1 Linear sweep & Cyclic voltammetry  

Voltammetry is an analytical technique relies on the measure of the current flowing through an 

electrode, the working electrode, dipped in a solution containing electro-active compounds, 

while a potential scanning is imposed upon it. The working electrode could be made with several 

materials such as gold, platinum, glassy carbon or any carbon based material. However, if it is 

made of a drop of mercury rhythmically dropping from a capillary, the analytical technique is 

called polarography. Mostly, it has a very little surface in order to assume quickly and accurately 

the potential imposed by the electrical circuit [36].  

Voltammetry is a versatile technique for research purposes, it allow to search into several aspects 

of the electrochemical reactions, namely those reactions in which electrons exchanges are 

involved between reactants and products. For such reactions, it is possible to investigate on the 

laws governing the dependence of the current by the potential imposed on an electrode dipped 

into the reaction environment. Generally, those laws are very complicated, like the redox 

reactions and the environment in which they are taking place.  Hence, voltammetric techniques 

are the basis of the comprehension of the laws concerning several electrochemical phenomena 

and have a great importance in several technological fields [37]. 

Among several voltammetric techniques, the Linear Sweep Voltammetry (or Rapid Scan 

Voltammetry) is the simplest system. In this technique, the working electrode is supplied with a 

rapid potential scanning that varies linearly. The scanning starts before the discharging potential 

and stops afterwards. The capacitive current increases when the velocity of scanning is increased 
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and cannot be electronically compensated. Hence, the performance, of this technique is strongly 

restricted. 

In linear sweep voltammetry (LSV), the current passing through the working electrode is 

measured, while the potential between the working electrode and the reference electrode is swept 

linearly in time, between two preset values.  The characteristics of the linear sweep 

voltammogram depend on a number of factors including (i) the rate of the electron transfer 

reaction (s),  (ii)  the  chemical  reactivity  of  the  electro active  species  and  (iii)  the  potential 

sweep rate. 

In LSV measurements, the current response is plotted as a function of voltage rather than time.  

The scan begins from preset potential      where negligible current flows.  In general case, as the 

voltage is swept further to more reductive values a current begins to flow and goes through a 

maximum before dropping (Figure 3). 

To  explain  this  occurrence  we  need  to  consider  the  influence  of  voltage  on  the 

equilibrium  established at the electrode surface. The exact form of the voltammogram can be 

deduced by considering the voltage and mass transport effects.  Let us consider that at the 

electrode surface equilibrium is established, identical to that predicted by the Nernst equation 

(Equation 1.3).  As the voltage is initially swept from     the equilibrium at the surface begins to 

alter and the current starts to flow. The current rises as the voltage is swept further from its initial 

value as the equilibrium position is shifted due to the decrease of the concentration of the 

reactants and increase of the concentration of the products in the vicinity of the electrode surface. 

The peak occurs, since at some point the diffusion layer has grown sufficiently above the  

electrode  so  that  the  flux  of  reactant  to  the  electrode  is  not  fast  enough  to  satisfy  that 
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required by the Nernst equation. At this point the current begins to drop. The current decay 

follows the same behavior as that predicted by the Cottrell equation [7]. 

 

Figure 3. General form of linear sweep voltammogram. In this specific case, electrocatalytic 

hydrogen evolution from mild acidic solution on tungsten electrode is considered; 

potential sweep rate was 50 mV s
-1

 [7]. 

If a series of linear sweep voltammograms is recorded at different scan rates one may observe 

that the measured current increases with raising scan rate. This can be explained by considering 

the size of the diffusion layer and the time taken to record the scan. Clearly the linear sweep 

voltammogram will take longer to record as the scan rate is decreased. Therefore the size of the 

diffusion layer above the electrode surface will be different depending upon the potential sweep 

rate used. In a slow voltage scan the diffusion layer will grow much further from the electrode in 

comparison to a fast scan.  Consequently, the flux to the electrode surface is considerably smaller 

at slow scan rates than it is at faster rates. As the current is proportional to the flux towards the  

electrode,  the magnitude  of the current will be lower at slow  potential  sweep  rates  and  

higher  at  high  rates.  Actually, is potential  is  swept  slow enough, concentration gradients will 
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also be at its lowest values, that is stationary ones,  and such  kind  of  potential  sweep  is  called  

quasi-stationary.  What is “slow enough” depends actually on mass transfer rate and charge 

transfer kinetics of a given reaction.  This highlight an important point when examining LSV 

(and cyclic voltammetry, see further on):  although there is no time axis on the graph, the voltage 

scan rate does strongly affect the behavior seen [37]. 

For an electrode reactions which have rapid electron transfer kinetics it is characteristic that the 

position of the current maximum occurs at the same voltage. These rapid processes are often 

referred to as reversible electron transfer reactions.  For electron transfer processes that  are  

slow,  relative  to  the  voltage  scan  rate,  it  is  characteristic  that  the  position  of  the current 

maximum shifts. In this case the applied voltage will not result in the generation of the  

concentrations  at  the  electrode  surface  predicted  by  the  Nernst  equation.  This happens 

because  the  kinetics  of  the  reaction  are  „slow„  and  thus  the  equilibria  are  not  established 

rapidly. In this situation the overall form of the voltammogram recorded is similar to that of 

reversible  electron  transfer  reactions,  but  now  the  position  of  the  current  maximum  shifts 

depending upon the reduction rate constant and the voltage scan rate. This occurs because the 

current takes more time to respond to the applied voltage than in the reversible case.  For these  

cases  the  reactions  are  referred  to  as  quasi-reversible  or  irreversible  electron  transfer 

reactions [37].  

Cyclic voltammetry (CV) is a technique applies to the theoretical study of the behavior of redox 

couples. Cyclic voltammetry is a particular LSV that perform a triangular shaped scanning at the 

working electrode. Therefore, the redox couple in solution is exposed before an oxidation and 

afterwards to a reduction or vice versa.  
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Cyclic voltammetry (CV) is very similar to LSV.  In this case the potential is swept between two 

values at a fixed rate.  However, when the potential reaches     the scan is reversed and the 

voltage is swept back to      (Figure 3).  The forward sweep produces an identical response to 

that seen for the LSV experiment, but backward response depends on charge transfer kinetics 

[37]. 

For  a  reversible  electrochemical  reaction  the  CV  recorded  has  certain  well  defined 

characteristics. These are 

- The voltage separation between the current peaks is given as: 

       ⁄   
    

 
                                                                2. 1 

- The peak currents are proportional to the square root of the scan rate and is given as: 

             
 

  
 

  
 

                                                                        2. 2 

- The positions of peak voltage do not alter as a function of voltage scan rate 

- The ratio of the peak currents is equal to one. 

The  CV  for  cases  where  the  electron  transfer  is  not  reversible  shows  considerably 

different  behavior  from  their  reversible  counterparts.  For quasi-reversible or irreversible 

electrochemical reaction the recorded CV has following characteristics [37]. 

- The voltage separation between the current peaks differs from that given in equation 2.1. 

- The peak currents are a function of the applied potential. 

- The positions of peak potential are a linear function of the logarithm of sweep rate. 
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By analyzing the variation of peak position as a function of a scan rate, it is possible to gain an 

estimate for the electron transfer rate constants.  Adsorption processes on electrode surface  can  

be  distinguished  from  charge  transfer  processes,  as  in  former  case  cyclic voltammogram is 

symmetrical around potential axes. 

2.1.2 Rotating Disk Voltammetry (RDV) 

Mass  transport  of  the  reactant  to  a  static  electrode  in  a  quiescent  solution  is  diffusion 

limited.  Mass  transport  can  be  increased  by  using  a  rotating  disc  electrode  (RDE),  an 

electrode attached to an electric motor that has a fine control over the electrode„s rotation rate.  

As the disk turns, some of the electrolyte solution is dragged by the disk surface and pushed 

away from the electrode center by centrifugal forces. The solution is replenished by a laminar 

flow from the bulk, perpendicular to the disk surface.  The flow rate can be controlled by varying 

the rotation angular velocity of the RDE. The steady state current is now controlled by the 

laminar flow of the solution in addition to the diffusion. The diffusion term remains because 

there is stagnant layer at the electrode surface (that rotates with the disk) in which mass transfer 

is diffusion limited. The thickness of the diffusion layer ( ) is given as: 

       
 

  
 

  
 

                                                                                    2. 3 

where   ,     and     stand for diffusion  coefficient, kinematic viscosity  and disk rotation rate, 

respectively. 

 



19 
 

 

Figure 4. LSV curve from recorded in quiescent solution and LSV of the same electrochemical 

reaction using rotating disk electrode (RDE) [7]. 

The higher the rotation speed of the disk, the thinner this layer and therefore the higher the 

diffusion rate. Once the equilibrium at the electrode surface is reached a current plateau is 

observed, and the concentration of the reactant at the disc surface is zero. By measuring LSV or  

CV  curves  at  different  RDE  rotation  rates,  various  electrochemical  phenomena  can  be 

investigated. One that is particularly interesting to electrocatalytic reduction of oxygen is the 

apparent number of electrons transferred. 

Levich showed the following relationship between the diffusion controlled current, sometimes 

called Levich current    , and the disk rotation rate ( ): 

          
 

   
 

  
 

                                                                          2. 4 

A linear plot of     vs.   
 

 , the Levich plot, implies that the electrocatalytic reaction is faster than 

the rate of substrate delivery to the electrode, so the current is limited only by mass transport to 
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the catalyst surface.  Also, it allows the determination of diffusion coefficient from the slope if 

other variables are kept constant. 

For a reaction mediated by a catalyst surface, a kinetic term must be taken into account. Kinetic 

current (  ) represents the current in the absence of any mass-transfer effects, that is, the  current  

that  would  flow  under  the  kinetic  limitation  if  the  mass  transfer  were  efficient enough to 

keep the concentration at the electrode surface  equal to the bulk value, regardless of the 

electrode reaction. The kinetic current is given by: 

                                                                                       2. 5 

Koutecky-Levich expression, which describes the overall current density measured at RDE, for 

an electrocatalytic reaction over the entire potential range: 

 

 
 

 

  
 

 

  
 

 

  
 

 

  
 
 

   ,                                                                          2. 6 

            
 

   
 

  
 

     
 

 ) 

B is the Levich constant, n is the number of electrons transferred in the reaction,   is the Faraday 

constant   is the diffusion coefficient (2.1x10
-5

 cm
2
 s

-1
) in 0.5 M H2SO4,   is the kinematic 

viscosity (1.075x10
-2

 cm
2
 s

-1
),   is the concentration of oxygen in the solution (1.1 mM), and   

is the electrode rotational speed (rpm) [38]. 

A plot of      against   
 

   should yield a straight line whose slope is related to the number of 

electrons transferred in the reaction, and whose intercept is related to the kinetic current.  
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This  can  be  used  in  order  to  determine  the  kinetically  limited  current  density  of  catalyst 

materials at various potentials (eliminating the effects of diffusion) and if desired, the number of 

electrons transferred which will provide indication of the mechanism of any given process. 

From the Kouteckye-Levich plot the intercept at the origin      gives the inverse of the 

kinetic current density   .  The dependence of the kinetic current density on the overpotential 

may be expressed as: 

 

  
 

 

  
 

 

  
     

   

 
                         2. 7 

The Tafel slope and exchange current density can be calculated using the relation: 

             
  

  
     

  

     
                                                        2. 8 

Plotting   or   vs.     
  

     
  gives    as a Tafel slope and the intercept at the origin was used to 

calculate    (exchange current density) using the known limiting current density [38]. 

When working with RDE, thickness of the diffusion layer is determined by the rotational angular 

velocity (Equation (2.3)). For every given rotation rate there is an upper limit in sweep rate for 

which maxima, characteristic for voltammetry in quiescent solution, are not present. For 

example, in aqueous solutions at room temperature, for angular velocity of 5  rps (revolutions per  

second)  shape  of  the   –    curve  remains  unchanged  up  to  sweep  rates  of  50  mV s
–1

. 

Conversely,  for  angular  velocity  of  2  rps,  sweep  rate  of  50  mV s
–1

 is  too  excessive,  and 

characteristic current maxima in voltammetric curve can occur [7]. 
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2.2 Spectroscopic Methods  

2.2.1 X-ray Diffraction 

X-rays were discovered by Wilhelm Rontgen, a German scientist in 1895. To generate x-rays at 

least the following three things are required: a source of electrons, a means of accelerating the 

electrons at high speeds and a target material to receive the impact of the electrons and interact 

with them. 

 

Figure 5. A schematic of X-ray tube. 

A typical cathode element is Tungsten (W) with potential of 20-50 KV and the anodic material 

should be water cooled. The frequency (wavelength) depends on the anode material, usually Cu, 

Mo, or Co. 

Lines occur because bombarding electrons knock out    from K shell (    , which are filled 

by electrons in higher shells. Electrons falling from L shell       give rise to    lines, 

whereas    from M shell       give the    lines. (    and     doublets, etc.) [39]. 

Monochromatic radiation or a narrow range of wavelengths is required for X-ray diffraction. 

Typically, the    line is selected and the    line is filtered out by using a thin metal foil of the 

adjacent       element, for example Nickel filters    line of copper. A monochromatic beam 
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of X-rays can also be selected by reflecting from a plane of a single crystal. The observed 

intensity   is given by:       
   . Where,   is a linear absorption coefficient and   is the path 

length through which the X- rays are moving [39]. 

Max Von Laue used a crystal of copper sulfate as the diffraction grating (Nobel Prize 1914). 

Crystalline solids consist of regular arrays of atoms, ion, or molecules with interatomic spacing 

on the order of 100 pm or    .  

The wavelength of the incident light has to be on the same order as the spacing of the atoms. 

W.H. and W.L. Bragg determined crystal structures of NaCl, KCl, ZnS, CaF2, CaCO3, C 

(diamond). Reflection of X-rays only occurs when the conditions for constructive interference 

are fulfilled [39]. 

 

            Figure 6. Representation of X-ray travel in crystal lattice. 

W.H. and W.L. Bragg showed that the difference in path length, i.e. (             ) must be an 

integral number of wavelengths. And this relation is known as Bragg‟s equation [40]. 

            ,                                                                   2. 9 
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2.2.2 Fourier transform infra-red spectroscopy (FTIR) 

FTIR is the preferred method of infrared spectroscopy. In infra-red spectroscopy, IR radiation is 

passed through a sample. Some of the infrared radiation is absorbed by the sample and some 

passed through or transmitted. The resulting spectrum represents the molecular absorption and 

transmission, creating a molecular fingerprint of the sample. Like a fingerprint no two unique 

molecular structures produce the same infrared spectrum. This makes infrared spectroscopy 

useful for several types of analysis. Therefore, from FTIR we may obtain both qualitative and 

quantitative material‟s information [41, 42].  

During the sample analysis process, the infrared energy is emitted from a glowing black-body 

source. This beam passes through an aperture which controls the amount of energy presented to 

the sample and ultimately to the detector. Then, the beam enters the interferometer where the 

spectral encoding takes place. The resulting interferogram signal then exits the interferometer. 

The beam enters the sample compartment where it is transmitted through or reflected off the 

surface of the sample, depending on the type of analysis being accomplished. This is where 

specific frequencies of energy which are uniquely characteristic of the sample are absorbed. 

Finally, the beam passes to the detector for final measurement. The detectors are specially 

designed to measure the interferogram signal [41]. 

Then, the measured signal is digitized and sent to the computer where the Fourier transformation 

takes place. The final infrared spectrum is now presented to the user for interpretation and any 

further manipulation.  

In FTIR there needs to be a relative scale for the absorption intensity, hence a background 

spectrum must also be measured [41]. 
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Figure 7.  Representation of FTIR spectrometer. 
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3 Experimental 

3.1 Chemicals  

The chemicals used in this work include: graphite, NaNO3, KCl, Nafion and Ascorbic acid 

(Sigma Aldrich); H2SO4, H2O2 (30%), and HCl (Carlo Erba); KMnO4, K3[Fe(CN)6] and 4-

Amino-3-hydroxynaphtalene sulfonic acid ( BDH Chemicals Ltd.).  

3.2  Equipment  

Electrochemical measurements were carried out using Metrom Autolab (PGSTAT 128N), with a 

conventional three electrode systems. Ag/AgCl/KCl (3.0 M), platinum wire and modified glassy 

carbon electrode were used as reference, counter and working electrode, respectively. Infrared 

spectra and X-ray diffraction patterns of GO and rGO were collected using a Fourier transform 

infrared (FTIR) spectrometer (model: PerkinElmer spectrum 65) and XRD instrument with Cu-K 

(α) radiation at wavelength, λ = 0.154 nm (model: Miniflex 600). Vacuum oven (Model: OV-

11/12) was used for drying and boiling purposes. For dispersion and uniform solution formation 

sonicator (model: Branson 2510) was used. 
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Figure 8. Equipment used (upper left Metrohm Autolab PGSTAT and right Digital Balance, 

middle left Sonicator and right X-ray equipment, lower left Vacuum Oven and right 

FTIR Spectrometer. 
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3.3  Synthesis of Materials 

3.3.1 Graphene oxide (GO)  Synthesis 

Graphene oxide (GO) was synthesized from graphite powder using modified Hummer‟s method. 

In brief, 1 g of graphite and 0.5 g of sodium nitrate were mixed together followed by the addition 

of 23 ml of concentrated sulphuric acid under constant stirring. After one hour, 3 g of KMnO4 

was added gradually to the mixture while keeping the temperature less than 20
o
C to prevent 

overheating and explosion. The mixture was stirred at 35
o
C for 6 hrs and the resulting solution 

was diluted by adding 500 ml of water under vigorous stirring. To ensure the completion of 

reaction with KMnO4, the suspension was further treated with 30 % H2O2 solution (5 ml). The 

resulting mixture was washed with HCl and H2O, followed by filtration using filter paper 

(ASTME 832-81).  After filtration, the synthesized GO was dried in vacuum oven and resulted in 

graphene oxide. 

3.3.2 Chemical Reduction of Graphene Oxide (rGO) 

The as-prepared graphene oxide suspension was dispersed in deionized water (2 mg ml
-1

) and 

sonicated to obtain a homogeneous GO dispersion.  The dispersed GO was chemically reduced 

by sequentially adding 6 mg of ascorbic acid.  Successively, the dispersion was kept at 90
o
C for 

3 hr to produce the reduced graphene oxide (rGO).  

3.3.3 Electrochemical Reduction of Graphene oxide 

The electrochemical reduction of the as-prepared GO suspension was performed as follows:     

12 µl of the graphene oxide dispersion (0.5 mg ml
-1

) was drop-casted onto the pre-polished 

glassy carbon electrode, and was left to dry slowly in ambient conditions. Upon drying, 6 µl of         

0.05 wt. % Nafion solution was then applied to the surface of the resulting electrode, which was 

allowed to dry again in ambient conditions [43]. Then the resulting electrode was labeled as the 
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GO electrode. After this, reduction was performed electrochemically with potential ranging from 

-1.5 V to 0 V with respect to Ag/AgCl reference electrode in a standard three-electrode 

electrochemical cell containing 1 M KOH electrolyte, at a scan rate of 50 mV s
-1 

for 10 

segments.  

3.3.4 Fabrication of  p-(AHNSA)/rGO/Glassy Carbon Rotated Disk Electrode (GCRDE)  

Electrosynthesis of p-(AHNSA) at GCRDE were carried out from a monomer solution of 2 mM 

AHNSA in 0.1 M HNO3 using cyclic voltammetry by scanning the potential between 0.8 V 

and +2.0 V at a scan rate of 100 mV s
-1

 for 16 cycles. Then the modified electrode was stabilized 

for 24 cycles in monomer free 0.5 M H2SO4 until a steady state is obtained. 

3.4 Oxygen Reduction  

The oxygen reduction currents at the different modified electrodes were recorded in oxygen 

saturated 0.5 M H2SO4 solution at a sweep rate of 10 mV s
-1

 between 0.6 V and +0.6 V at 

various rotational speeds.  The reduction currents were normalized to the geometrical area of the 

electrode (A=0.0707 cm
-2

).  
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4 Results and Discussion 

4.1  XRD and FTIR characterizations of graphite, GO and rGO. 

The XRD result for GO and rGO is shown in Figure 9. 

The graphite carbon exhibited two high intensity peaks around 2θ of 24° and 26°and a lower 

intensity peak at 2θ = 54.7°. However, after chemical oxidation of graphite to GO by the 

modified Hummer's method, the XRD peaks were shifted to the lower 2θ, indicating that the 

structure of graphite is changed due to the introduction of oxygen functionalities and water 

molecule in the structure.  GO showed a sharp peak at 2θ =11.38° and a smaller peaks at 2θ of 

45° and 80°.  
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Figure 9. XRD patterns for GO and rGO. Inset: XRD pattern for graphite. 

Moreover, rGO revealed that the peaks shifted towards the higher 2θ compared to that of GO. 

This indicates that the structure of graphene is rearranging after partially reduction of some of 
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oxygen functionalities in the structure.  rGO showed a broad peak centered at 2θ = 24.69º, and, 

small peaks at 2θ of 45° and 80°.   

The FTIR result is shown in Figure 10 and further confirmed the chemical modification of 

graphite to GO and then to rGO.  Upon chemical oxidation of graphite to GO, the characteristic 

peaks for C=O appear at about 1724 nm and –OH functional groups appear at about 1411 nm 

and 1219 nm respectively.  These peaks disappeared when GO is further chemically reduced to 

rGO. 
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Figure 10. FTIR spectra for graphite, GO and rGO. 
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4.2  Electrochemical Activities  of Graphite, GO and rGO modified GC Electrodes 

The electrochemical activities of synthesized GC electrode modified with graphite, GO, and rGO 

were investigated by recording the cyclic voltammograms using 0.5 mM of K3Fe(CN)6 mixed in 

1.0 M KCl supporting electrolyte.  The K3Fe(CN)6 redox couple was chosen due to its sensitivity 

to surface chemistry and microstructure [36].  As shown in Figure 11, the oxidation-reduction 

peak currents of K3Fe(CN)6 were found to be higher for rGO and graphite modified GC 

electrode than at bare GC electrode.  These peaks were very small at GO modified GCE due to 

the very low electronic conductivity of GO.  Hence, the electrochemical data further supports the 

changes made during the synthesis of GO and rGO from graphite in agreement with the 

spectroscopic results.  
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Figure 11. The cyclic voltammograms of samples recorded on bare GC (▼), GO (●), 

Chemically rGO (○), graphite (■) and electrochemically rGO ( ) modified glassy 

carbon electrode in 5.0 mM K3Fe(CN)6 + 1.0 M KCl solution. 
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4.3 Electrosynthesis of p-(AHNSA) and rGO 

After confirming with the synthesis of electronically conductive rGO by electrochemical and 

spectroscopic methods, p-(AHNSA) were electrodeposited at the rGO modified GCE.  Typical 

CV for the potentiodynamic synthesis was depicted in Figure 12.  With increasing the number of 

cycles an increase in peak currents at about 0.37, 1.69 and 0.14 V were observed. These 

observations confirm the formation of polymer film at the rGO modified GCE. The number of 

cycles used in the electropolymerization was 16. 
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Figure 12. Cyclic voltammograms recorded during the electropolymerization of 2 mM AHNSA 

in 0.1 M Nitric acid at GCE.  

Comparing the CVs of the rGO modified electrode with that of p-(AHNSA) modified rGO/GCE 

electrode (Figure 13), one observes new redox peaks for the p-(AHNSA) modified rGO/GCE.  

This also further confirms the electrodeposition of p-(AHNSA) at rGO/GCE.  
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Figure 13. Cyclic voltammograms of rGO/GC (●) and (■) PAHNSA/rGO/GC. 

 

Typical CVs recorded during the electrosynthesis of rGO were depicted in Figure 14.  The 

observed reduction peak for GO in the first scan disappeared in subsequent scans confirming the 

electrochemical formation rGO. 
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Figure 14. Electrochemical reduction of GO in 1 M KOH solution, for 10 cycles at a scan rate of 

50 mV s
-1

. 
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4.4 Electrocatalytic reduction of oxygen at modified GCE. 

Figure 15 shows typical CVs of N2 and oxygen saturated 0.5 M H2SO4 solution at                      

p-(AHNSA)/rGO/GC at a scan rate of 100 mV s
-1

.  In the CVs of the oxygen saturated     0.5 M 

H2SO4  a new peak started to appear at about -0.32 V which is due to the reduction of oxygen at 

p-(AHNSA)/ rGO/ modified glassy carbon electrode.   
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Figure 15. Cyclic voltammograms of O2 (■) and N2 (○) saturated 0.5 M H2SO4 at                        

p-(AHNSA)/rGO/GCE.  

The electrocatalytic activity of p-(AHNSA) modified electrode towards the reduction of oxygen 

was compared with the other modified electrodes (Figure 16). Electrocatalytic activity for 

oxygen reduction were not observed for GO and rGO modified GCE.  But, the oxygen reduction 

peak current observed at p-(AHNSA)/GCE were significantly increased at                                  

p-(AHNSA)/rGO/GCE.  The reduction potential was also shifted anodically.  These confirm that 

the electrocatlytic activity of the p-(AHNSA)/rGO/GCE were better than the p-(AHNSA)/GCE. 
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Figure 16. Cyclic voltammograms for the reduction of oxygen, saturated in 0.5 M H2SO4 at         

P-(AHNSA)/rGO/ GC (●), p- AHNSA/GC (◊), rGO/GC (▼), and GO/GC (○). 

The linear sweep voltammograms for the reduction of oxygen at p-(AHNSA)/GCE and              

p-(AHNSA)/rGO/GCE were also recorded at different rotation speeds and depicted in Figure 17 

(a) and (b), respectively. 
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Figure 17. (a) Current vs. potential plot  of p-(AHNSA)/GCE at different rotational speed: 1000                                                                 

rpm (▲),1500 rpm (■), 2000 rpm ( ), 2500 rpm (□) in oxygen saturated 0.5 M H2SO4,  

at scan rate of  10 mV s
-1

, at 25
0
C. And (b) Current vs. potential plot  of                      

p-(AHNSA)/rGO/GCE at different rotational speed: 1000 rpm (●),1500 rpm (⋆), 2000 

rpm (∆), 2500 rpm (▼) in oxygen saturated 0.5 M H2SO4, at scan rate of 10 mV s
-1

, at 

25
0
C.  

Figure 17, (a) and (b) are current vs. potential plots for p-(AHNSA)/GCE and                             

p-(AHNSA)/rGO/GCE respectively. Hence, from these plots we obtained Koutecky-Levich plots 

(i.e. j
-1 

vs.   
 

  ) at different potentials for both p-(AHNSA)/GCE and p-(AHNSA)/rGO/GCE, 

Figures 19 and 20. From intercept of Figures 19 and 20 we obtained the inverse of kinetic current 

density (  ) [38]. 

The enhanced electrocatalytic activity at p-(AHNSA)/rGO/GCE can be seen by the anodic shift 

in the oxygen reduction potential in Figure 18. 
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Figure 18. Comparison of the oxygen reduction at p-(AHNSA)/GCRDE (■) and                          

p-(AHNSA)/rGO/GCRDE (○). 

Figures 19 and 20 show the K-L plots (     vs.   
 

  )   of  data taken from Figure 17 (a) and (b)  

at different electrode potentials. 

These K-L plots were used to determine the inverse of kinetic current density and the number of 

electrons transferred in the reaction, from the intercept and slope respectively [38]. 
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Figure 19. Koutecky-Levich plot for the reduction of oxygen saturated 0.5 M H2SO4 at               

p-AHNSA/GCE at different potentials (-0.45 (▼), -0.50 (▲), -0.55 (●), -0.60 (■). 

Scan rate: 10 mV s
-1

 and temperature 25
0
C. 
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Figure 20. Koutecky-Levich plot for the reduction of oxygen saturated 0.5 M H2SO4 at               

p-AHNSA/rGO/GCE at different potentials (-0.40 (●), -0.45 (■), -0.50 (▲), -0.55 

(▼). Scan rate: 10 mV s
-1

 and temperature 25
0
C. 

The values used for calculatimg number of electrons are:    is the concentration of oxygen in the 

electrolyte        ,   is the diffusion coefficient of O2                  in 0.5 M H2SO4,   

is the kinematic viscosity of the electrolyte                   , and   is the electrode 

rotational speed       (from equation 2.6).  

Straight lines yielded     and     over a wide potential range of - 0.40 up to - 0.55 V for   

p-(AHNSA)/GCE and p-(AHNSA)/rGO/GCE, respectively.  

This is done by comparing the slopes of theoretical 4e
-
 and 2e

-
 pathway with the experimental 

from Koutecky-Levich plots [38]. 

In Figure 21 and 22, K-L plots of p-(AHNSA)/GCE and p-(AHNSA)/rGO/GCE were plotted and 

compared with the theoretical two and four electrons K-L plots.  A slope very close to two 
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electron (n=2.50) and four electrons (n=3.70) reduction of oxygen were observed at                   

p-(AHNSA)/GCE and p-(AHNSA)/rGO/GCE.  These results further confirm that                       

p-(AHNSA)/rGO/GCE is a better electrocatalyst for oxygen reduction than that of                      

p-(AHNSA)/GCE. 

 

Figure 21. Koutecky-Levich plots for the reduction of oxygen at p-(AHNSA)/rGO modified 

glassy carbon electrode (O2 saturated 0.5 M H2SO4, 10 mV s
-1

) including the 

theoretical for 2e (●) and 4e (■) plus the experimental result (▲). 
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Figure 22. Koutecky-Levich plots for the reduction of oxygen at p-(AHNSA) modified glassy 

carbon electrode (O2 saturated 0.5 M H2SO4, 10 mV s
-1

) including the theoretical for 

2e (●) and 4e (■) plus the experimental result (▲). 
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Figure 23. Plot of   
   vs. the electrode potential for the reduction of oxygen on                            

p-(AHNSA)/rGO modified glassy carbon rotating disk electrode (in O2 saturated   

0.5 M H2SO4).  

As can be seen from Figures 23 and 24, for high overvoltage the quantity   
   approaches to   

   

(the limiting current density). (Equation 2.7).   

Therefore, the values of the inverse of limiting current densities (   
   ) were determined from the 

plots of    
    vs. electrode potential (V) for each p-(AHNSA)/GCE and p-(AHNSA)/rGO/GCE. 

 

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30

0.25

0.30

0.35

0.40

0.45

0.50

j k

-1
(m

A
 c

m
-2
)-1

Potential (V)

1/j
l



44 
 

 

Figure 24. Plot of   
   vs. the electrode potential for the reduction of oxygen on                             

p-(AHNSA) modified glassy carbon rotating disk electrode (in O2 saturated 0.5 M 

H2SO4).  

Figure 25 and 26 shows   vs.     
  

     
      p-(AHNSA)/GCE and     p-(AHNSA)/rGO/GCE 

respectively.  

These plots were used to determine the exchange current densities (j0) and the Tafel slopes for 

each p-(AHNSA)/GCE and p-(AHNSA)/rGO/GCE.  
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Figure 25. Plot of potential     vs.   [
  

     
] for the reduction of oxygen in oxygen   saturated  

0.5 M H2SO4; at p-(AHNSA)/ GCE. 
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Figure 26. Plot of potential     vs.   [
  

     
] for the reduction of oxygen in oxygen   saturated  

0.5 M H2SO4; at p-(AHNSA)/rGO/GCE. 

The exchange current density jo and Tafel slope (b) were evaluated from the intercept and slope 

of the plot;   vs.     
  

     
  in Figure 25 and 26. The results obtained for the exchange current 

density and limiting current density for          p-(AHNSA)/rGO/GCE and p-(AHNSA)/GCE is 

shown in Table 1 below.    

Table 1. Kinetic parameters for oxygen reduction reaction at p-(AHNSA)/rGO/GCE and             

p-(AHNSA)/GCE. 

GC modified with  Limiting current 

density (A/cm
2
) 

Tafel slope                

(b mV/decade) 

Exchange current 

density  jo (mA/cm
2
) 

p-(AHNSA) 6.866x10
-3

 36.76 2.156x10
-5

 

p-(AHNSA)/rGO 3.72x10
-3

 110 1.88x10
-3
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5 Conclusions 

The graphene oxide was successfully prepared by oxidizing graphite via the modified Hummer‟s 

method.  The spectroscopic as well as the electrochemical data confirmed that graphite is 

oxidized by strong oxidants and the oxygen atoms are introduced into the graphite layers. The 

data also confirmed that the functional groups in the GO can be further reduced by chemical 

means forming rGO. 

 

Finally, the electropolymerized p-(AHNSA)/rGO/GCRDE was found to have better 

electrocatalytic activity towards oxygen reduction reaction compared to p-(AHNSA)/GCRDE. 

Anodic shift of the onset potential as well as a 4-electron path way were observed for oxygen 

reduction at p-(AHNSA)/rGO/GCRDE. Kinetic parameters like    ,     , and Tafel slope were 

evaluated. Good catalytic activity was observed with p-(AHNSA)/rGO/GCE.   
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