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A nickel oxide (NiOx) nanoparticles modified glassy carbon (GC) electrode, designated as 

GCox/NiOx(Glu), were fabricated from a nickel bath (0.02 M NiSO4 + 0.03 M NiCl2 + 0.03M   H3BO3) 

containing a suitable additive, typically glucose. The GC was electrochemically pretreated prior to the 

deposition of nickel. The thus modified electrode was applied for the electrooxidation of glucose in 

alkaline medium. For the sake of comparison, a similar modification was conducted but in the absence 

of glucose as an additive, and the modified electrode is designated as GCox/NiOx. The effect of loading 

of NiOx was optimized. Cyclic voltammetry (CV), and chronoamperometry were used for the 

voltammetric characterization. Several surface techniques were used for probing the morphology and 

composition of the deposited modifier, including field emission scanning electron microscopy (FE-

SEM), EDX and X-ray diffraction. The highest electrocatalytic activity towards glucose oxidation was 

obtained at GCox/NiOx(Glu) using five potential cycles in the range from 0.0 to -1.0 V vs. 

Ag/AgCl(Kcl sat.).  Possible reason(s) behind the enhancement of glucose electrocatalytic oxidation 

was (were) explored. 

 

 

Keywords: Modified electrodes, Nickel oxide nanoparticles, Glucose, Electrocatalysis  

 

 

1. INTRODUCTION 

Environmentally friendly materials have become very important at the moment, so research has 

turned to fuel with these specifications, leading researchers to use glucose to fuel cell work. Based on 

the type of the catalyst if glucose fuel cells, it can be classified into three categories; first one, 

enzymatic glucose fuel cell, which utilizes enzymes as catalysts. As such they are of limited long-term 

stability. Second, microbial glucose fuel cell in which immobilized bacteria capable of oxidizing 

glucose  are used as the catalysts. Bacterial and enzymatic fuel cells contain defects and complications 

so they can be replaced by non-enzymatic fuel cells counter or part for oxidation of glucose on the 
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noble electrode. However, enzymes are unstable at high temperatures and aggressive environments. 

Many researches have been done to obtain non-enzymatic glucose sensors. Third, direct glucose fuel 

cell (DGFC): they are fuel cell that use inorganic catalysts [1-4]. The latter one is characterized by the 

advantage that they are the most robust, and biocompatible. Commercializing glucose fuel cells face 

several problems; of these problems the cost of the electrocatalyst and its susceptibility to poisoning 

are the dilemma. Glucose oxidation to CO2 involves the exchange of  and 24 electrons  and yields very 

high energy (−2.87 × 106 J/mol) [5-8]. Theoretically, an open-circuit of 1.24 V voltage can be 

obtained from DGFC [ 7,8]. 

Over the past decade, many studies have been conducted on the electrochemical oxidation of 

sugars resulting in the conclusion that single sugars such as glucose is oxidized at  catalysts based on 

platinum and gold electrodes [9-11]. However, these electrodes showed their long term inefficiency 

due to several reasons: of these lack of selectivity and low sensitivity. A lot of research has been done 

on transition metal oxides to solve these problems either by replacing the costly platinum 

electrocatalyst or the co-deposition of a secondary catalyst [2,3]. Of these modifiers, nickel is the first 

choice as it is naturally active for glucose oxidation. Nickel and nickel oxide (NiOx) electrodes have 

many technological applications which led to research in the past years. Of these applications: use in 

densities [12,13] alkaline batteries [14] biological sensors [15, 16] and energy conversion devices 

[17,18] .The electrooxidation rate of glucose in alkaline environments is facile than in neutral or acidic 

media [9,10, 19-22]. On the other hand, the use of nanoscale materials has led to the development of 

huge sensors, particularly glucose sensors [2]. The following electrodes Au, Pt ,Fe ,Ni ,Cu have been 

extensively studied for the oxidation of glucose in the alkaline medium [ 23-27]. 

In this research, the electrochemical fabrication of the electrode is based on the electrochemical 

activation of GC electrode, and then the  decoration of the oxidized GC by  nickel nanoparticles (nano-

NiOx) from solution containing nickel ions and glucose onto the thus oxidized glassy carbon electrode. 

Then, the deposited nickel is oxidized electrochemically in alkaline medium for the formation of NiOx. 

The experimental parameters are optimized to sustain the highest electrocatalytic activity towards 

glucose oxidation.  

 

 

 

2. EXPERIMENTAL  

2.1. Chemicals 

Chemicals, of analytical grade, used in this work were purchased from Sigma Aldrich and they 

were used as received. Solutions were prepared using deionized water.  

2.2. Electrochemical measurements 

An EG&G potentiostat (model 273A) operated with E-chem 270 software were used for the 

Electrochemical measurements. A conventional cell with a three-electrode configuration was used in 

this work. An Ag/AgCl/KCl (sat.) as a counter electrode and a platinum spiral wire as reference 

electrodes were utilized. The electrochemical measurements were performed at room temperature (25 

°C). Stated potentials in this work were presented with respect  to the reference electrode. The working 
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electrode was glassy carbon (GC, d = 3.0 mm). It was cleaned by mechanical polishing with aqueous 

slurries of successively finer alumina powder then washed thoroughly with deionized water.  

2.3. Fabrication of nickel oxide (NiOx) nanoparticles 

Nickel oxide nanoparticles modified GC were prepared as follows; first, the underlying GC 

electrode was activated in 0.5 M of H2SO4 by suitable number of potential cycles in the range (- 0.2 to 

2.0 V), designated as GCox. Second, GCox is subjected to several potential cycles, in the range of 0.0 to 

-1.0 V vs. Ag/AgCl/KCl (sat.), in a solution containing 0.02 M NiSO4, 0.03 M NiCl2 and 0.03 M 

H3BO3, either in the presence or absence of 5 mM glucose as additive. Then, the addressing of the 

electrocatalytic activity of the modified electrode toward glucose oxidation was conducted at different 

scan rates, different concentrations, different loading of nano-NiOx. To prove reproducibility of the 

results the CVs were repeated several times.  

2.4. surface characterization 

A field emission scanning electron microscope, FE-SEM, (QUANTA FEG 250) was used to 

image the nano-NiOx. X-ray diffraction, XRD (PANalytical, X'Pert PRO) operated with Cu target (λ = 

1.54 Å) were used to probe the crystallographic structure of deposited nano-NiOx at bare GC, GCox, 

GCox/NiOx nanoparticles, and GCox/NiOx(Glu) nanoparticles. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Morphological characterizations 

SEM images of nano-NiOx, prepared by a cyclic voltammetric technique described in the 

experimental section, is presented in Fig. 1. Also, the atomic ratios of C/O/Ni from EDX test were 

examined. In image (a) a a smooth surface is shown  and in EDX (plot B), as expected, the weight of 

carbon element (97.07%) is large compared with oxygen.  In case of GCOx (image C), the electrode 

surface becomes rougher, and as revealed from EDX (plot D) the percent of oxygen increased to 10 %. 

The increase in the percent of oxygen is attributed to the electrooxidation of GC which results in the 

formation of several containing oxygen functional groups. In image E, obtained at GCox/NiOx 

electrode; i.e., at nickel oxide deposited onto oxidized GCE, a deposition of NiOx is observed, as 

revealed from the EDX (plot E) in which  new peaks for nickel at  0.9 KeV, 7.4 KeV are observed 

[28]. At GCox/NiOx(Glu) electrode which is fabricated similarly to GCox/NiOx but in the presence of 

glucose in the deposition bath, EDX (plot H) presents a larger ratio of Ni at GCox/NiOx-as revealed 

from the increase of intensities of peaks corresponds to nickel at 0.9, 7.6 ,and 8.2 KeV [29]. 
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Figure 1. SEM (A,C,E,G) and EDX (B,D,F,H) of (A,B) GC, (C,D) GCox , (E,F) GCox/NiOx, 

and (G,H) GCox/NiOx(Glu).  

 

Fig. 2 depicts XRD patterns obtained at the modified electrodes electrodes. The sharp peak at 

19 o corresponds to the (002) diffraction of the glassy carbon underlying substrate. At GCox/NiOx 

(curve b) and GCox/NiOx(Glu) (curve c) electrodes, the XRD pattern of NiO showed several diffraction 

peaks at 2θ = 37.20°, 43.20°, 44.4°, 75.20° which are indexed as (101), (012), (111), (113) and (220) 

crystal planes of the NiOx, respectively. Those peaks are assigned  to the face-centered cubic (FCC) 

crystalline structure of NiOx based on the standard spectrum (JCPDS, No. 04-0835) [30]. 
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Figure 2. XRD of (a) GC, (b) GCox/NiOx, and (C) GCox/NiOx(Glu). 

 

3.2. Electrochemical characterizations 

The electrochemical oxidation of glucose has been an interesting topic for the last decade, 

especially at nickel modified electrodes, which presents a unique electrocatalytic properties. Nickel 

deposition is critically affected by the ingredient of the deposition bath [31].  Here, the effect of adding 

glucose, as an additive, in the deposition bath of nickel is examined. Fig. 3 shows CVs responses 

obtained at the modified electrodes in 0.5 M NaOH. Similar potential cycles were used for decoration 

Ni onto the different  studied electrodes. As clearly shown, in Fig. 3 (curve a), obtained at GC 

electrode, the CV is featureless.  Curve b, obtained at GC/NiOx(Glu) electrode in which nickel oxide 

was deposited, in the presence of glucose in the deposition bath, on GC electrode, a well-defined 

couple of redox peaks corresponds to the nickel oxidation to oxide and the subsequent reduction in the 

reverse scan is obtained.   Curves C and d shows CV responses obtained at GCox/NiOx and 

c 

b a 
a 
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GCox/NiOx(Glu) electrodes, respectively. The peak current for nickel/nickel oxide redox couple 

increases at both electrodes compared with that on the GC/NiOx(Glu) (b). Probably, the functional 

groups of the underlying substrate participate in this enhancement.  Comparing curves c and d 

indicates that including glucose in the deposition bath (curve d) promotes the nickel-nickel oxide redox 

couple.   

E/ mV vs.Ag/AgCl/ KCl sat.
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Figure 3. CV obtained at (a) GC, (b) GC/NiOx(Glu), (C) GCox/NiOx (d) GCox/NiOx(Glu) 

electrodes in 0.5 M NaOH at SR = 100 mV/S. 

 

Fig. 4 is similar to 3 but in the presence of glucose. Inspection of this figure reveals several 

interesting points;  

i. GC is inactive towards glucose oxidation. 

ii. At GC/NiOx(Glu) (curve b), a well-defined oxidation response with a fast increase in 

the current   of the  glucose oxidation is obtained.  

iii. At GCox/NiOx (curve c) and GCox/NiOx(Glu) (curve d), the oxidation of glucose is 

significantly enhanced, with the one at the latter is larger indicating the significant effect of the 

underlying substrate (GCox) as well as the including of glucose in the deposition bath. The prominent 

role of the underlying substrate (GCox) surface is proved by comparing curves b and d in which nickel 

was deposited from a bath containing glucose and the only difference is the case of the underlying 

substrate, whether it is electrochemically oxidized or not. It has been reported that electrochemical  

a 

b 

c 

d 
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oxidation of GC in H2SO4 at large anodic potentials increases of the percentage surface composition of 

functional groups bearing –OH group. Those generated–OH groups on the GC surface (i.e., OHads) 

enhances the electrocatalytic oxidation of glucose [32,33] and other small organic molecules such as 

methanol via enhancing their adsorption [34]. 

iv. The role of glucose in the deposition bath is confirmed by comparing curves c and d in 

which the modification of the underlying substrates is the same.  Curve d was obtained for 

GCox/NiOx(Glu) electrode, this electrode was fabricated in a similar way to GCox/NiOx (curve c) with 

only one difference. In the former one, i.e., GCox/NiOx(Glu) glucose was added to the deposition bath. 

Interestingly, in this case the response for glucose oxidation is the largest among studied electrodes. It 

seems that a synergistic effect from the different conditions results in such increase along with the 

morphology presented in SEM images shown above.   In previous study they assumed [35] a 

combination of  direct electrooxidation of glucose on the surface of oxide layer and  mediated 

oxidation by NiOOH.  
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 Figure 4. CV obtained at (a) GC, (b) GC/NiOx(Glu), (C) GCox/NiOx (d) GCox/NiOx(Glu) electrodes in 

0.5 M NaOH containing 2.5 mM glucose at SR = 100 mV/S. 

First Ni (II) is converted to Ni(III), then in a following chemical step glucose is according to 

the following reactions:  

                     Ni(III) + glucose → intermediate + Ni(II)                                                             (1) 

                     Ni(III) + intermediate → products + Ni(II)                                                           (2) 

where Ni3+ sites are regenerated by direct electrooxidation  to Ni2+ [36,37]:  

                          Ni(III)–glucose → Ni(III)–intermediate                                                           (3)  

a 

b 

c 

d 
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                          Ni(III)–intermediate → Ni(III)–products                                                        (4) 

Mechanism based on Eqs. (1) and (2) is called Fleischmann mechanism [37, 38]. 

Gluconolactone [39, 40] as well as methanoates and oxalates [41] have been reported as the oxidation 

products of glucose electrooxidation.  

  

3.3. Effect of loading of nickel nanoparticles  

Fig. 5 shows that the redox couple which correspond to nickel/nickel oxide oxidation-reduction 

is enhanced as the loading level increases up to loading level of 5 cycles for deposition of Ni, in the 

potential range of  0.0 to -1.0 V vs. Ag/AgCl(Kcl sat.). After this loading the peak current decreases 

significantly. It may be concluded that a loading NiOx nanoparticles of five cycles is the  optimum 

loading under the present experimental conditions and will be used hereafter for further investigation. 
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Figure 5. CV obtained at GCox/NiOx(Glu) in 0.5 M NaOH containing 2.5 mM glucose, NiOx 

was prepared by different potential cycles in the range of 0.0 to -1.0 V vs Ag/AgCl (KCl sat.) Potential 

cycles are 1, 2, 5, 20 and 50 cycles at SR = 100 mV/S.  

 

It was evident that CVs for glucose oxidation GCox/NiOx(Glu) electrode in solution of  0.5M 

NaOH  gave a higher current than CVs for glucose oxidation on GCox/NiOx electrode that approved 
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adding glucose in the deposition bath made the electrode more active toward the oxidation of the 

glucose. 

In order to get further insight about the mecahnsism of glucose oxidation, Tafel plots for the 

two modified electrodes were recorded in 0.5 M NaOH containing 2.5 mM glucose at a scan rate 5 

mV/s and shown in   Fig. 6.  Tafel  slopes of ca. 38 mV/dec was obtained at GCox/NiOx(Glu), while at 

GCox/NiOx the Tafel slope equals 60 mV/decade. The former one  points to a possibly an electron-

transfer step is controlling the oxidation process. At  GCox/NiOx  electrode, it is likely that  a chemical 

step is the controlling for the glucose oxidation.  This means that at GCox/NiOx electrode, the removal 

of an adsorbed species  (represented by Eq. 5) is the rate determining step.  At GCox/NiOx(Glu)  

electrode at which the Tafel slope is 40 mV/decade, the electron transfer represented by Eq. 6 is the 

rate determining step [42]. The plots confirmed the enhancment  of the glucose oxidation on 

GCox/NiOx(Glu) comparatively. 

  

NiOOH + [Glucose]ads →Ni(OH)2 + radical intermediate                                       (5) 

Radical intermediate + 2NiOOH → 2Ni(OH)2 + gluconolactone + 2e−                   (6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Tafel plots obtained at (a) GCox/NiOx and, (b) GCox/NiOx(Glu) in 0.5 M NaOH 

containing 2.5 mM glucose at SR = 5 mV/S.  

 

3.4. Long-term stability of the prepared electrocatalysts  

The stability of the NiOx (the active oxide) modified GC electrode prepared in the absence and 

presence of glucose was examined using current–time curves for glucose oxidation and shown in Fig. 

7.  The data is obtained at constant potential of 0.4 V for (a) GCox/NiOx, (b) GCox/NiOx (Glu) 
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electrodes in 0.5 M NaOH containing 2.5 mM glucose. The initial large current obtained at the the two 

electrodes is attributed to the charging of the double layer. This spiked current is  followed by a slight 

decrease which is indicative of a loss in the catalytic activity. GCox/NiOx (Glu) electrode exhibits the 

highest initial currents and steady state currents compared with that obtained at GCox/NiOx electrode in 

which Ni was deposited in the absence of glucose as additive. The order obtained using 

chronoamperometric measurements sustain that observed above using cyclic voltammetry shown 

above. This confirmed the higher activity of the GCox/NiOx (Glu) electrode, compared with GCox/NiOx 

electrode towards glucose oxidation, and the prominent role of glucose in the deposition bath.  
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Figure 7. chronoampergram obtained at constant potential of 0.4 V for (a) GCox/NiOx, (b) 

GCox/NiOx (Glu) electrodes in 0.5 M NaOH containing 2.5 mM glucose.  

 

Fig. 8 shows the dependence of the function (Ip/v1/2) with v obtained at the GCox/NiOx (Glu) 

electrode. At scan rate higher than 40 mV s-1, Ip/v1/2 almost keeps constant with the scan rate. This 

behavior characterizes catalytic reactions [42], i.e., EC mechanism (Eqs 1 and 2). The glucose 

oxidation is mediated by Ni/nickel oxide redox couple.  It is clear that the inclusion of glucose in the 

deposition bath significantly modify deposited nickel oxide in such a manner that glucose oxidation is 

enhanced.   
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Figure 8. Variation of Ip/v1/2 with v for glucose electrooxidation obtained at GCox/NiOx(Glu) 

electrode in 0.5 M NaOH containing 2.5 mM glucose. 

 

 

 

4. CONCLUSIONS 

GCox/NiOx (Glu) electrode was fabricated by electrodeposition of nickel from Watts bath both 

in the absence and presence of glucose, as an additive, and then examined for glucose electrooxidation. 

The modified electrode significantly enhanced the glucose electrooxidation as compared with 

GCox/NiOx electrode which was prepared similarly to GCox/NiOx (Glu) electrode but in the absence of 

glucose. The relation between Ip/v1/2 and v denoted an EC mechanism for glucose oxidation and the 

nominal equalities of Tafel slopes obtained at the two modified electrodes pointed to a similar 

mechanism at both electrodes. 
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ABSTRACT 

 

Glucose electrooxidation are considered a promising future energy source 

for portable electronic devices. However, a suitable cheap anode with fast 

oxidation kinetics is still in need. Nanomaterials modified electrodes can provide 

the avenue for developing glucose fuel cells. A brief introduction followed by 

reviewing literature relevant to the present work is summarized. Results and 

discussion section includes the suggestion of promising electrocatalysts for 

glucose electro-oxidation in alkaline medium.  

In the first part of the results section, the electrochemical behavior of glucose 

at gold electrode was studied. Nickel oxide (NiOx) nanoparticles electrodeposited 

onto gold electrode both in the presence and absence of glucose in the deposition 

bath was assembled. Next, the enhancement of the electrochemical behavior of 

glucose at the thus modified electrode was investigated.  The modified electrodes 

were morphologically characterized using scanning electron microscopy and 

their composition were probed using energy dispersive x-ray.  

In the second part, the electrochemical behavior of glucose on a catalyst 

fabricated of nickel oxide (NiOx) nanoparticles electrodeposited consecutively 

onto a preelectrochemically activated glassy carbon electrode has been 

investigated. Also, the effect of adding glucose to the deposition bath was 
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examined. Modified electrodes, i.e., GCox/NiOx (deposited in the absence of 

glucose) and GCox/NiOx(Glu) (deposited in the presence of glucose) electrodes 

were electrochemically characterized using cyclic voltammetry and 

chronoamperometry, and morphologically using SEM, EDX and XRD. It has 

been found that the electrocatalytic activity critically depends on the presence of 

the additive (glucose) at deposition bath. The GCox/NiOx(Glu) electrode 

presented a larger electrocatalytic activity towards glucose oxidation compared 

to GCox/NiOx electrode. Also, poisoning of the thus modified electrode by 

halides was studied.  

In the third part, the glassy carbon electrode was modified by graphene 

(Gr) and then (NiOx) nanoparticles were deposited in similar scenario to the 

second part. The GCox/Gr/NiOx(Glu) electrode was applied in enhancing the 

electrochemical oxidation of glucose. Cyclic voltammetry (CV), and 

chronoamperometry were used for the voltammetric characterization. Several 

surface techniques were used for probing the morphology and composition of the 

deposited modifier, including field emission scanning electron microscopy (FE-

SEM), Dispersive X-Ray Analysis (EDX).  In all cases the effect of loading of 

nickel was studied. Mechanism was explored via studying the effect of several 

parameters on the electrochemical behavior. 

Keywords: Catalysts, Nickle oxide nanoparticles, Cyclic voltammetry, Glucose 

electrooxidation, Chronoamperometry, Glassy carbon electrode, Gold electrode. 
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AIM OF THE WORK 

 

The present work is devoted for the development of a novel anode for the non-

enzymatic glucose oxidation, i.e., Nickle oxide(NiOx) nanoparticles modified 

onto a suitable underlying modified electrode. It is expected that the properties of 

the deposited nanoparticles via controlling its morphology and crystallographic 

orientation to catalyse the glucose oxidation. Direct glucose fuel cells offer the 

potential for longevity as compared with other types of fuel cells. The catalyst is 

fabricated electrochemically, and is characterized by SEM, EDX and cyclic 

voltammetry. 

• In definite points, the present work aimed at:  

1- Electrocatalytic oxidation of glucose at nickel oxide modified gold electrode. 

2- Impact of glucose as an additive on the deposition of nickel on the 

electrooxidation behavior of glucose in alkaline medium. 

3- Improve the quality of electrocatalytic oxidation of glucose by using graphene 

as an underlying substrate for the deposition of nickel nanoparticles. 
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SUMMARY 

Traditional non-renewable energy suffers the accelerating consumption and 

the world is in an ever-urgent need for innovative solutions for a green power 

source. Glucose based fuel cells are a promising solution. However, the 

electrooxidation of glucose is a sluggish one and obtained only at a considerable 

overpotential at precious metals. In addition, the electrode suffers poisoning from 

the oxidation products. Thus, replacing the precious metal with a cheap one and/or 

decreasing the cost using deposition of nanoparticles with exceptional catalytic 

properties might be a good solution.  

Catalytic properties of metal and metal oxides nanoparticles depend 

extensively on the morphology and the crystallographic orientation of such 

catalyst, in addition to the underlying substrate which could enlarges the useful 

use of the deposited nanoparticles and enhances the adsorption properties of 

glucose. In this work the fabrication of a metal nanoparticles and/or metal oxides 

nanoparticles on a suitable underlying substrate aiming at a superior 

electrocatalytic oxidation of glucose at those modified electrodes are introduced. 

A suitable underlying substrate, like glassy carbon electrodes, with its 

extraordinary high conductivity, specific surface area and chemical inertness 

could serve as an optimum underlying substrate for metal and metal oxides 

nanoparticles, especially if it is specifically functionalized with some groups that 
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could control the interphase properties enlarging the useful use of the deposited 

tailored nanoparticles. 

The present thesis includes four chapters ; brief outlines of these chapters 

are given below; 

Chapter I: is the "Introduction and literature survey " part. It outlines Scope of 

electrochemistry of the work presented in this thesis. In addition, some 

applications of electrochemistry paying attention to glucose electrooxidation. 

Also, the literature survey of the electrocatalytic oxidation of glucose, 

enzymatically and non-enzymatically,  on various electrocatalyst either 

mono, binary or ternary catalysts along with the underlying substrates 

commonly used is outlined. 

Chapter II: Experimental details including fabrication and characterization of modified 

electrodes, working procedures and apparatus used are given. 

Chapter III: Results and discussion section, it includes three parts III1, III2and III3. It 

presents the results regarding; 

1- Fabrication of nickel oxide (NiOx) nanoparticles catalyst modified gold 

(Au) electrode for the electro-oxidation of glucose in alkaline medium.  The 

modified electrodes were morphologically and electrochemically 

characterized. It has been found that the electrocatalytic activity critically 

depends on the additive (glucose) in deposition bath. 
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2- A nickel oxide (NiOx) nanoparticles modified glassy carbon (GC) 

electrode, designated as GCox/NiOx (Glu), were fabricated from a nickel 

bath (0.02 M NiSO4 + 0.03 M NiCl2 + 0.03M   H3BO3) containing a suitable 

additive, typically glucose, and then applied for the electrocatalytic 

oxidation of glucose. 

3- The glassy carbon (GC) electrode casted by graphene (Gr) and then 

modified with (NiOx) nanoparticles is also applied for glucose oxidation. 
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CHAPTER I 

INTRODUCTION AND LITERATURE SURVEY 

 

1. Introduction 

        In this chapter, a brief overview of electrochemistry fundamentals 

relevant to results presented in the present work will be overviewed. The 

main character of the thesis (glucose oxidation) is described by 

introducing some of its biological fundamental, chemistry, and 

utilization. Glucose electrooxidation will then be discussed starting from 

its history, classification and definitions emphasizing the most important 

applications involving this topic. 

1.1. Scope of electrochemistry [1]  

Electrochemistry is the branch of chemistry that deals with the 

chemical changes produced by electricity and the reverse. These changes 

occur in solutions in a homogeneous or heterogeneous manner on the 

electrode surface. The transshipment reaction causes two or more 

opposing events in opposite directions to ensure electroneutrality. In the 

case of homogeneous oxidation and reduction reactions, they often occur 

on electrodes immersed in the cell solution and separated into space. The 

https://www.dictionary.com/browse/chemistry
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charges are transported between electrodes either ionically in solution or 

externally by electric wire. The products can be separated in the two 

electrode reactions if the cell configuration permits. For batteries energy, 

the sum of the free energy changes at both electrodes need to be negative. 

External electrical energy can be provided if the total free energy is 

positive, leading to the binding of electrode reactions and the conversion 

of chemicals. 

1.2. The nature of electrode reactions [1] 

1.2.1. Electrode reactions. 

Heterogeneous electrode reactions occur in an area where the charge 

distribution differs from those phases between the electrode and the 

solution. The structure of the interlayer affects the electrode process. In 

the following section, the kinetics and thermodynamics of electrode 

processes are summarized.  

1.2.2.  Thermodynamics and kinetics of electrode reaction 

For half-reactions at equilibrium, the potential, E, can be related to the 

standard electrode potential through the Nernst equation: 

𝐸 = 𝐸𝜃 −
𝑅𝑇

𝑛𝐹
∑𝑉𝑖 ln 𝑎𝑖               (1.1) 
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where ai are the activity of species and  vi, are the stoichiometric numbers, 

positive for products (reduced species) and negative for reagents 

(oxidized species). The tendency for the reduction to occur, relative to the 

NHE reference, is thus given by;  

𝐴𝐺𝜃 = −𝑛 𝐹𝐸𝜃                               (1.2) 

In term of activity (ai = iсi with i, the activity coefficient of species I 

and c is the concentration of this species) The Nernst equation (1.1) is 

rewritten as  

𝐸 = 𝐸𝜃 −
𝑅𝑇

𝑛𝐹
∑𝑉𝑖 ln 𝑐𝑖                    (1.3) 

in which 𝐸𝜃 is the formal potential.  

Nernst equation can be applied if the oxidized and reduced species are 

in equilibrium at the electrode surface. The electrode reaction is then 

known as a reversible reaction. Thus, Nernst equation, and therefore 

reversibility is considered in the term of the time allowed for the 

electrode reaction to reach equilibrium.  

The concentrations of species at the interface depend on the mass 

transport of these species from bulk solution, often described by the mass 

transfer coefficient kd. A reversible reaction corresponds to the case where 
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the kinetics of the electrode reaction is much faster than the transport. 

The kinetics is expressed by a standard rate constant, k0, which is the rate 

constant when E = 𝐸𝜃. So, the criterion for a reversible reaction is ko » kd.  

By contrast, an irreversible reaction is one where the electrode reaction 

cannot be reversed. A high kinetic barrier has to be overcome, which is 

achieved by application of an extra potential (extra energy) called the 

overpotentially,  , and in this case ko«kd. 

Quasi-reversible reactions exhibit behavior intermediate between 

reversible and irreversible reactions, the overpotential having a relatively 

small value, so that with this overpotential reactions can be reversed.  

The potential-dependent expression for the rate constant of an 

electrode reaction is, for a reduction,  

𝑘𝑐 = 𝑘0𝑒𝑥𝑝[−𝛼𝑐𝑛𝐹(𝐸 − 𝐸
𝜃)/𝑅𝑇]            (1.4) 

and for an oxidation  

𝑘𝑎 = 𝑘0𝑒𝑥𝑝[𝛼𝑎𝑛𝐹(𝐸 − 𝐸
𝜃)/𝑅𝑇]              (1.5) 

In these equations c and a are the cathodic and anodic charge 

transfer coefficients and are a measure of the symmetry of the 

activation barrier, being close to 0.5 for a metallic electrode and a 
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simple electron transfer process. As mentioned above, the standard 

rate constant is the rate constant at E= 𝐸𝜃.  

An alternative way used to express the rates of electrode reactions 

is through the exchange current, I0. This is the magnitude of the 

anodic or cathodic partial current at the equilibrium potential, Eeq.  

1.3. Applications of electrochemistry 

There are a wide range of applications including: voltammetric, 

electroanalysis and potentiometric, electroplating, fuel cells, industrial 

electrolysis, electrochemical machining, as well as a lot of related 

applications, for example, suppression of corrosion; bioelectrochemistry 

and biosensors. 

1.3.1. Electrocatalysis:    

The electrochemical reaction is carried out in three basic steps as 

shown in Figure 1.1(I) the transfer of the reactive material in the 

electrolyte interface, (II) the transfer of the electron between the reactant 

and the electrode, and the adsorbent (III)  which results in the formation 

of  products. The main reason for the use of a catalyst in an 

electrochemical reaction is to either reduce the activation energy to a step 

limiting the rate or to look for an alternative reaction pathway [2] as 
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shown in Figure 1.2. Electrocatalysis includes either homogeneous or 

heterogeneous processes as in conventional chemical catalysis.  

 

 

Figure 1.1. Main steps (I – III) of an electrochemical reaction with 

electron transfer from the electrode to an adsorbed species on its 

surface (a reduction reaction). 
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Figure 1.2. Schematic representation of catalysed and uncatalysed 

reaction pathways [3]. 

 

 As represented in Fig. 1.2, the reaction activation barrier decreases 

and the reaction rate rises because the reaction rate is mainly 

controlled by the highest activation along the reaction coordinates. 

The reaction mechanism is called Langmuir-Hinshelwood when there 

is a reaction of adsorbed species on the catalyst surface. The 

mechanism is known as Eley-Rideal [4] if one of the reactants is 

obtained directly from the liquid or gas phase.  
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 There are many applications of electrocatalysis as shown in Figure 

1.3 for heterogeneous catalysts and the basis for development and 

research. The use of electrical catalysts has many advantages, 

including more efficient conversion of chemistry to electrical energy 

(in a fuel cell), more efficient use of energy (in an electrolysis cell), a 

more selective way of reacting (i.e., greater productivity than the 

desired product), and low cost of materials.  

Figure 1.3.  Various applications, research and development areas 

of heterogeneous electrocatalysis [5]. 
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1.3.2. Potential step and sweep techniques [2]  

1.3.2.1.  Chronoamperometry 

Chronoamperomety is where the current from an electrochemical 

procedure is estimated carefully as a function of time [6,7]. The potential 

of the working electrode is stepped to a certain potential and the resulting 

current from faradaic processes occurring at the electrode (caused by the 

potential step) is monitored as a function of time. A single (Figure 1.4) or 

double potential step to the working electrode of the electrochemical 

system is applied. 

 

Figure 1.4. (a) Potential stepping waveform in a typical experiment in 

which a species of interest is electro inactive at E1, but is reduced at a 

diffusion-controlled rate at E2 [2]. 

https://en.wikipedia.org/wiki/Working_electrode
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Figure 1.4. (b) Chronoamperometric response as a result of the waveform 

perturbation described in (a) [2]. 

 

1.3.2.2. Voltammetry  

Voltammetry (volt-amperometry) contains a unique gathering of 

chronoamperometric electrochemical techniques in which data about an 

electrochemically-active species is gotten from the measurement of 

current through a working electrode as a function of time, while the 

applied potential to the electrode is controlled as a linear function of time 

[8]. The utilization of the three electrodes (working, counter, and 

reference), alongside the potentiostat instrument, allows accurate 
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application from the electrochemical cell of a perturbation potential 

waveform and the measurement of the resultant signal. Usually, a 

voltammogram is acquired during the potential sweep by measuring the 

current at the working electrode. The primary event is the oxidation or 

reduction of a chemical species at a working electrode and the i-E 

response measured can be considered as an ‘electrochemical spectrum’ in 

particular, information is obtained as if oxidation and reduction occurs [6, 

9,10].  

The technique can provide thermodynamic information as well as 

kinetic parameters related to electron transfer reactions at an electrode-

solution interface. In addition, voltammetry can provide information 

related to the kinetics and mechanisms of chemical reactions subsequent 

to an electron transfer step. Some of the main advantages of sweep 

voltammetry are based on the fact that a wide potential range can be 

scanned rapidly for reducible and oxidizable species. These experiments 

can also be performed with variable time scales by applying different 

potential scan rates [6, 9,10]. 

Cyclic voltammetry (CV) 

Cyclic voltammetry is a method for investigating the 

electrochemical behavior of a system. It was first reported in 1938 and 
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described theoretically by Randies [11]. Cyclic voltammetry is the most 

widely used technique for acquiring qualitative information about 

electrochemical reactions. The power of cyclic voltammetry results from 

its ability to rapidly provide considerable information on the 

thermodynamics of redox processes, on the kinetics of heterogeneous 

electron-transfer reactions, and on coupled chemical reactions or 

adsorption processes. Cyclic voltammetry is often the first experimental 

approach performed in an electroanalytical study, since it offers rapid 

location of redox potentials of the electroactive species and convenient 

evaluation of the effect of media upon the redox process [12-14]. 

Basic principles of Cyclic Voltammetry  

A cyclic voltammogram is obtained by applying a linear potential 

sweep (that is, a potential that increases or decreases linearly with time) 

to the working electrode. As the potential is swept back and forth past the 

formal potential, E°, of an analyte, a current flow through the electrode 

that either oxidizes or reduces the analyte. The magnitude of this current 

is proportional to the concentration of the analyte in solution, which 

allows cyclic voltammetry to be used in an analytical determination of 

concentration.  
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The equipment required to perform cyclic voltammetry consists of 

a conventional three-electrode potentiostat connected to three electrodes 

(working, reference and auxiliary) immersed in a test solution. The 

potentiostat applies and maintains the potential between the working and 

reference electrode while at the same time measuring the current at the 

working electrode.  

Voltammetry is a collection of electroanalytical techniques in 

which the current is measured as a function of applied potential of certain 

waveform (Fig. 1.5). The excitation signal for CV is a linear potential 

scan with triangular waveform as shown in Fig. 1.5. This triangular 

potential excitation signal sweeps the potential of an electrode between 

two values, sometimes called the switching potential. It is widely used by 

chemists for non-analytical purposes including fundamental studies on 

redox processes, adsorption processes on surfaces, electron transfer 

mechanisms and electrode kinetics. Oxidation potentials, diffusion 

coefficients and electron transfer rates are readily obtained using 

electroanalytical methods.  
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Figure 1.5. Variation of the applied as a function of time in a cyclic 

voltammetry experiment [11]. 

In CV the electrode potential between potential limits E1 and E2 at 

a known sweep rate (also called scan rate) is scanned. On reaching limit 

E2 the sweep is reversed to E1 to obtain a cyclic scan. The CV scan is a 

plot of current verses potential and indicates the potential at which redox 

process occur, and the result is referred to as a cyclic voltammogram. A 

peak in the measured current is seen at a potential that is characteristic of 

any electrode reaction taking place. The peak width and height for a 

particular process may depend on the sweep rate, electrolyte 

concentration and the electrode material [15,16].  
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The CV is usually initiated at a potential where species are not 

electroactive. The important parameters of a cyclic voltammogram are the 

magnitudes of anodic peak current (ipa), the cathodic peak current (ipc), 

the anodic peak potential (Epa) and cathodic peak potential (Epc). The 

basic shape of the current versus potential response for a cyclic 

voltammetry experiment is shown below (Fig. 1.6).  

 

Figure 1.6. A typical cyclic voltammogram of current potential [11]. 



INTRODUCTION AND LITERATURE SURVEY 

 

Page | 16  

At the start of the experiment, the bulk solution contains only the 

reduced form of the redox couple (R) so that at potentials lower than the 

redox potential, i.e. the initial potential, there is no net conversion of R 

into O, the oxidized form (point A). As the redox potential is approached, 

there is a net anodic current which increases exponentially with potential. 

As R is converted into O, concentration gradients are set up for both R 

and O, and diffusion occurs down these concentration gradients. At the 

anodic peak (point B), the redox potential is sufficiently positive that any 

R that reaches the electrode surface is instantaneously oxidised to O. 

Therefore, the current now depends upon the rate of mass transfer to the 

electrode surface. Upon reversal of the scan (point C), the current 

continues to decay and a peak shaped response (point D). If a redox 

system remains in equilibrium throughout the potential scan, the 

electrochemical reaction is said to be reversible. In other words, 

equilibrium requires that the surface concentrations of O and R are 

maintained at the values required by the Nernst Equation.  

The transfer of electrons to or from the substrate is an activated 

process. The electron transfer process can be  

i. Reversible process  

ii. Irreversible process and  

iii. Quasi-reversible process  
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Reversible Electron Transfer Process  

  

Figure 1.7. Typical voltammogram for a reversible process. 

 

For a reversible process, oxidation and reduction peak is observed 

as shown in Fig. 1.7 in which Epa and Epc are potentials of anodic and 

cathodic peaks, respectively, and ipa and ipc are the corresponding 

currents. Reversibility can be defined as chemical or electrochemical. In 

an electrochemically reversible process the electron transfer is not rate 

limiting. For a chemically reversible process, both forms of redox couple 

(O for oxidized form and R for reduced form) are stable in the time scale 
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of measurement. The rate of electron transfer is fast compared to the rate 

of mass transport and does not control the overall rate. In this process the 

rate of the reaction is fast enough to maintain equal concentration of the 

oxidized and reduced species at the surface of electrode. The 

concentration Cox and Cred of oxidized and reduced forms of the redox 

couple respectively follow the Nernst equation  

𝐸 = 𝐸° +
𝑅𝑇

𝑛𝐹
 𝐿𝑛 

𝐶𝑜𝑥
𝐶𝑟𝑒𝑑

                     (1.6) 

where, n= number of electrons transferred, F= Faraday constant, R= gas 

constant and T= temperature. If the system is diffusion controlled then 

the Fick's law of diffusion holds for both oxidation and reduction. Under 

these conditions, peak current is given by Randies Sevcik equation;  

𝑖𝑝 = (2.69 × 10
5)𝑛3/2 𝐴 𝐷𝑜

1/2
 𝐶𝑜 𝜈

1/2          (1.7) 

where n is the stoichiometric number of electrons involved in the 

electrode reaction, A is the area of electrode in cm2. Do is the diffusion 

coefficient of the species O in cm2𝑠−1, Co is the concentration of the 

species O in mol/cm3and  is the scan rate in V𝑠−1. 
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Irreversible Electron Transfer Process  

 

Figure 1.8. Typical voltammogram for an irreversible process [11]. 

 

For an irreversible process, only forward oxidation or reduction 

peak is observed (Fig. 1.8). This process is usually due to slow electron 

exchange or slow chemical reactions at the electrode surface [17]. In an 

irreversible electrode process, the mass transfer step is very fast as 

compared to the charge transfer step.  
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For an Irreversible reaction, the peak current is given by [18] 

𝑖𝑝 = (2.99 × 10
5)𝑛 (𝛼𝑛)1/2𝐴 𝐷𝑜

1/2
 𝜈1/2 𝐶𝑜

∗          (1.8) 

(𝛼𝑛𝑎) =
47.7

𝐸𝑝 − 𝐸𝑝/2
                                                      (1.9) 

The value of Ep, the difference between the cathodic and anodic peak is 

given by equation 1.9. The peak separation Ep is a factor determining the 

reversibility or irreversibility of an electrode reaction.  

 

Quasi Reversible Electron Transfer process  

Quasi-reversible process is intermediate between reversible and 

irreversible systems (Fig. 1.9). The current due to quasi-reversible 

processes is controlled by both mass transport and charge transfer kinetics 

[19]. The process occurs when the relative rate of electron transfer with 

respect to that of mass transport is insufficient to maintain Nernst 

equilibrium at the electrode surface. In the quasi-reversible region both 

forward and backward reactions contribute to the observed current. The 

equation by Nicholson is normally used to calculate electron transfer rate 

constants [20]. 
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Figure 1.9. Typical voltammogram for a quasi-reversible process [11]. 

1.4. Electrocatalysis at nanomaterials 

Nanomaterials are solid materials that have dimensions at the 

nanoscale. In general, nanomaterials are fabricated either by size 

reduction of bulk materials, the so called top-down, or, starting from the 

atomic level and build up the nanomaterials, the so-called bottom-up 

approach. The former one is based on physical processes like crushing or 

grinding, and usually adopted by Engineers. Bulk material is ventured 

into the nanometer range via miniaturization.  Using this approach, it is 
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difficult to prepare nanomaterials of uniform shapes. In addition, 

nanomaterials prepared by this approach suffers from imperfections and 

significant damage of the crystallographic orientation of the surface [21]. 

Synthesis of nanomaterials considering the route can be subdivided into 

top-down and bottom up, and in view of routes, it can be subdivided into 

physical and chemical methods. It can also be subdivided in terms of 

phase of medium for preparation into gas phase/ liquid phase/ aerosol 

phase and Solid phase. Selection of the route, of course, depends on the 

purpose of preparing the nanomaterials.  

 

In the other hand, bottom –up approach includes the build-up of a 

material from the bottom: atom-by-atom, molecule-by-molecule or 

cluster-by-cluster. It utilizes the chemical and/or physical forces in 

assembling basic units into larger structures in the nano range. This 

approach avoids most of the problems encountered by the previous 

approach. In addition, it provides several alternative ways to control onto 

scale dimension. Thus, it is often used for fabricating nano-scale 

materials characterized by a uniform size, shape and distribution. This 

route is approached by chemical synthesis by which a tailored 

nanomaterial can be assembled.  
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1.5. Nanomaterials for the direct oxidation of glucose 

Detection of glucose oxidation directly at an electrode is one of the 

most important research in non-enzymatic glucose sensors. However, 

there are several limitations in it such as the need for a large applied 

potential and slow reaction kinetics, which decreases specificity [22]. 

Nanomaterials have helped to overcome these limitations and thereby 

have allowed the development of direct-oxidation glucose sensors as 

replacements for biological recognition sensors. 

1.6. Glucose 

  It is a simple sugar with the molecular formula C6H12O6. Glucose is 

the most abundant monosaccharide, a subcategory of carbohydrates. 

Glucose is mainly made by plants and most algae during photosynthesis 

from water and carbon dioxide, using energy from sunlight. In energy 

metabolism, glucose is the most important source of energy in all 

organisms. Glucose for metabolism is partially stored as a polymer, in 

plants mainly as starch and amylopectin and in animals as glycogen. 

Glucose circulates in the blood of animals as blood sugar. The naturally 

occurring form of glucose is D-glucose, while L- glucose is produced 

synthetically in comparatively small amounts and is of lesser importance. 

Glucose is a monosaccharide containing six carbon atoms and an 
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aldehyde group and is therefore referred to as an aldohexose. The glucose 

molecule can exist in an open-chain (acyclic) and ring (cyclic) form, the 

latter being the result of an intramolecular interaction between the 

aldehyde C atom and the C-5 hydroxyl group to form an intramolecular 

hemiacetal [23].  

1.6.1. Chemical properties 

With six carbon atoms, it is classed as a hexose, a subcategory of 

the monosaccharides. D-Glucose is one of the sixteen aldohexose 

stereoisomers. The D-isomer, D-glucose, also known as dextrose, occurs 

widely in nature, but the L-isomer, L- glucose, does not. Glucose can be 

obtained by hydrolysis of carbohydrates such as milk sugar (lactose), 

cane sugar (sucrose), maltose, cellulose, glycogen, etc. All forms of 

glucose are colorless and easily soluble in water, acetic acid, and several 

other solvents. They are only sparingly soluble in methanol and ethanol.  

1.6.2. Practical applications 

Electrochemical oxidation of glucose has generated much interest 

over the years. It has been extensively studied for applications in glucose 

sensors, [23] whose optimization (in terms of response time, lifetime, 

sensitivity and selectivity) is required to improve the treatment of 

Diabetes Mellitus, a chronic disease affecting millions of people around 
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the world [24]. Most studies on this subject have involved the use of the 

enzymes to catalyze the oxidation of glucose to δ-gluconolactone [23]. 

Although enzymatic detection usually shows good selectivity and high 

sensitivity, the enzyme is easily denatured during its immobilization 

process. The most serious problem of such sensors is the inherent lack of 

stability due to the sensitive nature of enzymes, especially in implantable 

devices that represent the new frontier in diabetes management. Non- 

enzymatic glucose sensors have been studied in order to develop effective 

enzyme-free sensors. Much attention has also been paid to the 

electrocatalytic oxidation of glucose for the construction of glucose-air 

biofuel cells and abiotically catalyzed fuel cells. In comparison with other 

fuel cells, this new type is powered with glucose derived from degradable 

biomass. Moreover, the direct glucose fuel cell is of high energy-density. 

Theoretically, glucose can be completely oxidized to CO2 and H2O, 

releasing 24 electrons per glucose molecule [25].   

1.7. Mechanism of glucose oxidation on electrode surface 

             The glucose oxidation rate and its detection are mainly influenced 

by the electrochemical factors on the surface of the electrode. The 

glucose oxidation mechanism on the surface of the electrode is unclear, 

but two main models have been proposed to explain them [26-28]. 
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            The first model, discovered by the researcher Pletecher [29]. This 

model is known as chemisorption activator. The mechanism occurs by 

forming a part of the glucose bond with the surface of the electrode 

through the process of adsorption with the help of electric balls. At the 

same time, the hydrogen atom is extracted in the part of the glucose (see 

Figure 1.10), which is attached to hemiacetal carbon [26,27,30]. 
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Figure 1.10. An example of the concentric adsorption theory with 

adjacent adsorption sites proposed by Pletcher. C1: hemiacetalic carbon 

atom. R: the other parts of the glucose molecule [31] 
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After extraction the hydrogen atom is associated with the electrode 

surface and the link is near the selected glucose. There is a change in the 

interaction of the glucose with the metal because of the change in the case 

of oxidation of the part of the glucose at the metal electrode. So, the 

effect of the strength of the link between the glucose and the metal 

occurs, which leads to the adsorption of the part of the glucose on the 

surface of the electrode. A strong intermediate bond is needed in the 

electro-catalytic process to form and break the bonds on the surface of the 

electrode and on the glucose molecules. Therefore, a strong, intermediate 

bonding force must be available in this method, and this association helps 

to adsorption (Formation of the bonds) and operations of desorption 

(break the bonds).  

             The second model, discovered by the researcher Burke and 

named “incipient hydrous oxide adatom mediator” (IHOAM) [28,32]. 

This model was originally suggested based on the observation that there 

are active metallic atoms on the electrode surface that have low lattice 

stability and improved interaction [26,32,33]. Where the metal atoms are 

subjected to premonolayer oxidation step through which the formation of 

the primary water oxide, OHads is formed. This layer is believed to 

mediate the oxidation of glucose on the electrode surface [33]. Figure 

1.11 shows a schematic illustration of the IHOAM model.  
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Figure1.11. A schematic illustration of the IHOAM model [31]. 
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1.8. Literature survey 

Glucose electro-oxidation is of potential importance in many fields 

including for example the diagnosis of diabetes mellitus, food preparation 

and for the development of a category of fuel cells [34-38]. Glucose 

electrooxidation is realized by catalysis either enzymatically (enzyme-

based) or non-enzymatically (enzymeless-based) methods. In the 

enzymatically based methods, the used enzyme can be utilized in a free 

state or in an immobilized one.  

Enzyme-based electrooxidation is characterized by; 

i.  High selectivity  

ii. It is the widely accepted approach since 1967 [39].  

iii. Most of enzymatic sensing electrodes need electron shuttle, 

i.e., mediators or catalysts [40,41].  

In this case, the enzyme converts analyte into electroactive species. 

However, enzymatic detection of glucose suffers from some restrictions; 

i.  The prerequisite of a biocompatible matrix as support  

ii. Limited stability. 

iii.  Oxygen deficit under low oxygen pressure.  

iv. The difficult immobilization of the enzyme [42,43].   

Glucose oxidase (GOD)-based sensor depends on reaction 

conversion of glucose to gluconic acid, liberating hydrogen peroxide 
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(H2O2). Thus, the glucose was sensed either by measuring the 

consumption of oxygen or the liberated H2O2 [43].   

Glucose + O2 + 𝐻2O 
𝐺𝑂𝐷
→    gluconic acid + 𝐻2𝑂2        (1.10) 

 

Enzyme-based electrodes have been fabricated by several 

approaches including reversible and irreversible immobilization (Fig.1. 

12)  

  

 

Figure1.12. Classification and representation of different enzyme 

immobilization techniques. 
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Reversible immobilization occurs via adsorption which includes 

the enzyme molecule bounding to the carrier matrix either by hydrogen 

bonding, van der Waals forces, electrostatic and hydrophobic 

interactions.  This strategy of adsorption fulfills several advantages as for 

instance simplicity, cost effective and is generally non-destructive toward 

enzyme activity. However, it suffers several drawbacks as the bound of 

the enzyme to the carrier matrix is loose. Changes in temperature, pH or 

ionic strength may result in enzyme desorption. Enzyme leaching from 

the carrier can be prevented by compounds such as silicone [44]. 

Irreversible immobilization includes covalent bonding, entrapment 

and cross- inking. In immobilization via covalent bonding, stable 

complexes between functional groups on enzyme molecules and a 

support matrix are formed, taking in consideration that the included 

functional group of the enzyme in the covalent bond is not essential for 

enzymatic activity. The enzyme functional groups that could be utilized 

in covalent coupling include: amino group, carboxylic group, phenolic 

group, sulfhydryl group, thiol group, imidazole group, indole group and 

hydroxyl group [45]. 

 

In entrapment immobilization, enzyme is entrapped within a 

polymeric network. Entrapment immobilization process is conducted via 

mixing the enzyme with a monomer solution, and the subsequent 
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polymerization of monomer solution either chemically or 

electrochemically. This method improves enzyme stability and minimize 

enzyme leaching and denaturation. However, a limitation of the method is 

the mass transfer resistance occurred as polymerization extension tends to 

increase the gel matrix thickness [46].  

 

In cross linking immobilization, a bifunctional chemical cross-

linker is used. This had several drawbacks such as low activity retention, 

low mechanical stability, poor reproducibility, and difficulties in handling 

the gelatinous cross-linked enzymes [47].  

Immobilized enzymes, compared with free enzymes, can be 

operated in a continuous manner and present good stability and wider 

working concentration range of analytes [48-50], but the lifetime of the 

enzyme-based sensors is limited [51,52]. Immobilization of the enzymes 

onto metallic substrates through a thin film of self-assembled monolayer 

and conducting polymers [53-57] were introduced to increase the life 

time of enzyme- based sensors. Also, nanostructured materials have been 

used as an underlying platform for enzymes immobilization because of 

their large surface-to-volume ratio and high catalytic and surface reaction 

activity. Using nanomaterials as substrates require some strategies to 

prevent enzyme leaching from electrode surface [58].  

 



INTRODUCTION AND LITERATURE SURVEY 

 

Page | 34  

1.8.1. Enzymeless glucose sensors  

Enzymeless glucose sensors can overcome the above-mentioned 

problems, and thus have been uses as a promising alternative for enzyme-

based analysis [59]. Electrocatalysts designed for sensing or 

electrocatalysis of glucose oxidation usually use a single or binary 

catalyst of metal and/or metal oxides.  Noble metals have been 

extensively used for the purpose of enzymeless electroanalysis of glucose 

owing to their biocompatibility, good electrocatalytic activity and strong 

stability [60,61].  

 

Platinum was the first discovered material that demonstrated 

electrocatalytic activity for glucose oxidation [62]. However, Pt electrode 

suffer from required large polarization as well as the poisoning by 

adsorbed intermediates and interfering species. As a result, the sensitivity 

is low and selectivity is very poor [63-67]. To solve these problems, 

researchers used another metal as a co-catalyst with Pt with the aim to 

decrease poisoning. It has been reported that using a sacrificial metal with 

Pt increase the life time of Pt [68,69]. Pt-based electrocatalysts, PtM (M = 

Ru, Pd, Au, Ni, Ag, Bi, Pb) received much attention regarding glucose 

oxidation. They provide rapid response, good stability, and high catalytic 

efficiency [70-88].  
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Gold electrode is characterized by oxidizing glucose at relatively 

low anodic potential, both in neutral and alkaline media, and so shows 

high selectivity as well as sensitivity towards glucose oxidation. 

However, the electro-oxidation of glucose at Au electrodes has been 

faced with two main problems. First is the interference from ascorbic acid 

(AA), and the other one is the deactivation of the electrode activity by Cl− 

ions [89,90]. Chlorides, getting adsorbed at gold active sites inhibit the 

glucose oxidative-adsorption, which is the first and key step of the failure 

of the oxidation mechanism [91]. Toghill and Compton reported this 

problem earlier in 2010 [59]. After that, a number of approaches have 

been reported including that of gold-modified electrodes [92-96]. Au 

electrode surfaces with porous structures have been successfully used to 

eliminate interference from AA [97-102]. Several strategies have been 

explored for the preparation of nanostructured Au-modified electrodes in 

recent years. Nanoporous gold electrodes have been prepared mainly by 

de-alloying [102,103] and anodization [104-107]. Pd coated nanoporous 

gold films [108] enhanced the catalytic activity and stability of gold 

electrode for glucose oxidation [109,110]. Pd nanoparticles have been 

dispersed on a variety of substrates such as indium tin oxide, carbon 

nanotubes [111,112], epoxy-silver [113], graphene nanohybrids [114], 

boron-doped diamond [115], and polymers [116-118]. In this 

correspondence, Au-based bimetallic catalysts, AuM (M = Pt, Pd, Ag) 
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have been reported [119,120]. Other bimetallic catalysts have been 

reported albeit not extensively as those of the combination of either Pt or 

Au with other metals [121].  

 

Cu-modified electrodes, characterized by their low cost and ease of 

fabrication, have received considerable attention due to their 

electrocatalytic activity for glucose oxidation [122]. The effect of the 

underlying substrate on the electrocatalytic properties of copper-modified 

electrodes has also been reported [123,124]. Recently, combining copper-

based materials with carbon nanotubes for glucose detection has been 

widely investigated. This has been achieved by sputtering cupric oxide on 

multi-walled carbon nanotubes (MWCNTs) [125,126], electrodepositing 

copper nanocubes onto vertically-well-aligned MWCNTs [127], 

electrochemical deposition of copper oxide nanoparticles on horizontally-

aligned single-walled carbon nanotubes (SWCNTs) [128], seed-mediated 

growth synthesis of copper nanoparticles on carbon nanotubes (CNTs) 

[129], copper oxide nanoleaves decorated CNTs [130] and nanospindle-

like cuprous oxide/straight CNT nanohybrids [131].  

 

1.8.2. Metal oxides 

Recently, large numbers of transition metal oxides replaced costly 

noble metals as non-enzymatic electrocatalysts for glucose 
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electrooxidation [132-142]. Among these oxides, NiOx and CuOx 

received substantial attention because of their low cost and environmental 

safety [143-158].  

 

Copper oxides (CuO, Cu2O), as an important class of p-type 

semiconductor metal oxides, have attracted considerable attention for use 

in enzyme free glucose sensors due to their high electrocatalytic activity 

resulting from the multi-electron oxidation mediated by surface metal 

oxide layers [159-160]. Since the catalytic activities of the nanoscale 

materials are shapes dependent, the electrochemical behavior of glucose 

at nanostructured copper oxides with various morphologies have been 

studied [161-167].  

 

Electrocatalytic materials containing nickel redox couple 

Ni(II)/Ni(III) received much interest devoted to investigations of the 

electrochemistry of a nickel hydroxide/oxyhydroxide couple [168-171]. 

Nickel oxyhydroxide has high affinity for the adsorption of some organic 

substances and electrocatalyze their oxidation via mediation electron-

transfer processes in alkaline solutions. The electrocatalytic activity of 

Ni-based nanomaterials originating from the redox couple of 

Ni(II)/Ni(III) formed on the electrode surface in alkaline medium [172-

176].  
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1.8.3. Details regarding nickel 

• Electrocatalytic oxidation of glucose at Nicke.  

Nickel‐modified glassy carbon electrode prepared by galvanostatic 

deposition has been used for the electrocatalytic oxidation of glucose 

in alkaline solutions utilized several electrochemical techniques. In 

cyclic voltammetry studies, in the presence of glucose an increase in 

the peak current of the oxidation of nickel hydroxide is followed by a 

decrease in the corresponding cathodic current. The oxidation of 

glucose has been reported to follow mediated electron transfer in 

which the nickel hydroxide layer comprising nickel ions of various 

valence states play the role of a mediator.  The reaction followed a 

Cottrellian behavior and the diffusion coefficient of glucose was found 

to be 8 × 10−6cm2s−1 and was in consistency with the value 

determined hydrodynamic voltammetry [177]. 

Also, Nickel based materials such as nickel, its oxides, hydroxides 

as well as oxyhydroxides exhibited excellent electrocatalysis 

performances toward many small molecules. Electrocatalyis by these 

modifiers are proposed from three aspects such as Ni(OH)2/NiOOH 

mediated electrolysis, direct electrocatalysis of Ni(OH)2 or NiOOH. 

The transformation from nickel or its oxides to hydroxides or 

oxyhydroxides enhanced in the strong alkaline solution under the 
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cyclic scanning at relatively high positive potential. The redox 

transition between Ni(OH)2 and NiOOH is also contributed to the 

electrocatalytic oxidation of Ni and its oxides toward small molecules 

in alkaline media [178]. 

Nickel based modified electrodes have been utilized for highly 

sensitive and selective non-enzymatic detection of glucose. A novel 

disposable electrochemical sensor based on three-dimensional (3D) 

porous nickel nanostructures. The enzyme-free sensor was fabricated 

through in situ growing porous nickel networks on a homemade 

screen-printed carbon electrode substrate via electrochemically 

reducing the Ni+2 precursor, along with continuously liberating 

hydrogen bubbles. The resulting nickel-modified electrode was 

morphologically and electrochemically characterized Under optimized 

condition.  The enzymeless sensor exhibited excellent performance for 

glucose analysis selectively, offering a much wider linear range (from 

0.5 μM to 4 mM), an extremely low detection limit (0.07 μM, signal-

to-noise ratio (S/N) of 3), and an ultrahigh sensitivity of 2.9 

mA/(cm2 mM). Application of the proposed sensor in monitoring 

blood glucose was also demonstrated [179]. 

Modification of nickel in the form of foam by low-cost methods 

has been also reported and applied for non-enzymatic glucose sensing. 
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The Ni nanofoam was converted to the catalytic Ni(OH)2/NiOOH – 

necessary for non-enzymatic glucose oxidation – by cyclic 

voltammetry (CV) in NaOH electrolyte. The electrode fabricated on 

conducting glass substrate showed a glucose sensitivity of 2.37 

mA/cm2 mM, a linear range of 0.01–0.7 mM, a limit of detection 

(LOD) of 5 M, a fast response time (1 s), and resistance to chloride 

poisoning. The glucose sensor also exhibited an excellent long-term 

stability (4% decrease in sensitivity after 64 days) and selectivity in 

the presence of common interfering species. The versatility of the 

preparation method was demonstrated in the fabrication of a flexible 

(plastic substrate) sensor with a sensitivity of 1.43 mA/cm2 mM. The 

ease of fabrication and the excellent properties of Ni nanofoam in 

glucose sensing make it promising for low-cost and wearable sensing 

applications [180].  

Nickel nanoparticles (NPs) modified glassy carbon electrode, 

characterized morphologically and electrochemically, prepared by 

potentiostatic electrodeposition has been also reported and applied for 

glucose electro-oxidation in alkaline medium. Amperometric response 

of the electrocatalytic oxidation to glucose at the potential of 500 mV 

presents a linear dependence in the glucose concentration range of 5 

μM-1.155 mM, with a 1 μM detection limit. The biologic compounds 
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probably existed in human serum sample, such as ascorbic acid, uric 

acid, and dopamine, do not disturb the determination of glucose. The 

relative standard deviation (RSD) of the determination of practical 

serum samples is less than 7 % compared with the results obtained 

from clinical examination. The proposed sensor exhibits excellent 

electrocatalytic activity toward the oxidation of glucose, which is a 

good candidate for glucose quantification [181]. 

 

• Electrocatalytic oxidation of glucose at Nickel oxide  

 

The electrochemical pretreatment of the glassy carbon prior to the 

electrodeposition of nickel largely affected the response of the 

modified electrode as has been reported. Different shape and size of 

NiOx nanoparticles were reported when NiOx is deposited on 

anodically oxidized GC electrode. Glucose electrooxidation is 

conducted in alkaline medium at GC/NiOx (GC is untreated) and 

GCox/NiOx (GC is treated) electrodes. The GCox/NiOx shows an 

excellent electrocatalytic activity toward glucose oxidation compared 

to GC/NiOx. The enhancement of the electrocatalytic activity obtained 

at the GCox/NiOx is discussed in the light of the obtained differences 
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in characteristics of GCox /NiOx and increase in the surface 

concentration of C–O functional groups [182]. 

 

Preparation method has been reported to largely affect the 

electrocatalytic activity. Nickel oxide nanoparticles (nano-NiOx) of 

peculiar shape were prepared by sole gel technique and its 

electrocatalytic activity was evaluated at different conditions. The 

prepared nanoparticles were annealed at three different temperatures, 

i.e., 200, 400 and 600 C and anchored on glassy carbon (GC) 

electrode. Nano-NiOx modified GG (nano-NiOx/GC) electrodes are 

subjected to surface analysis techniques such as field emission 

scanning electron microscopy (FE-SEM) high resolution transmission 

electron micrograph (TEM) and X-ray diffraction (XRD). 

Electrochemical characterizations were performed using cyclic 

voltammetry and chronoamperometric techniques. The effects of 

annealing temperature on the morphological structure, surface 

concentration and subsequently on the electrochemical properties of 

nano-NiOx/GC were examined. Experimental results indicated that 

the grain size and electrochemical characteristics of the nano-

NiOx/GC are significantly affected by the annealing temperature. The 

electrocatalytic oxidation of glucose at nano-NiOx/GC electrode is 
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significantly enhanced especially with nano-NiOx annealed at 200 C 

compared to those annealed at 400 and 600 C. Nano-NiOx is applied 

for the electrocatalytic oxidation of glucose [183].  

 

Impacts of the synthesis route on the structural and electrochemical 

properties of NiOx nanoparticles modified glassy carbon electrode 

(nano-NiOx/GC) have been reported.  Nanoparticles of nickel oxide 

(nano-NiOx) have been synthesized using electrochemical and sol-gel 

routes. Cyclic voltammetry (CV), field emission scanning electron 

microscopy (FE-SEM), X-ray diffraction and transmission electron 

microscopy (TEM) were used for the characterization of nano-

NiOx/GC. The size of the particles using the sol-gel technique (NiOx-

SG) is uniform and have smaller particle size (~20 nm) than that 

obtained using the electrochemical route (NiOx-El, ~80 nm). The 

specific activity (given in mA per mg of the NiOx) of the 

Ni(OH)2/NiOOH redox couple of the NiOx-SG is higher with higher 

reversibility compared with the NiOx-EL. Impacts of the synthesis 

route on the electrocatalytic properties of the NiOx-SG and NiOx-El 

are tested by the glucose oxidation in alkaline solution as a probing 

reaction for the electrocatalytic activity [184]. 
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Assembled NiO nanosheets have been successfully prepared using 

graphene oxide (GO) film as template, where the Ni2+ ion was firstly 

adsorbed in GO film, followed by calcination in N2 to form NiO-based 

materials and calcination in air to remove carbon-based template. The 

morphology, structure, and electrochemical activities of these NiO 

nanosheets were characterized by X-ray diffraction (XRD), 

transmission electron microscope (TEM) and electrochemical 

techniques, respectively. It has been found that the NiO nanosheets 

thus obtained electrochemically catalyzed glucose oxidation in 0.1 M 

NaOH, leading to fabrication of non-enzymatic glucose sensor. The 

glucose sensor based on NiO nanosheets exhibits detection limit of 

0.18 M, and linear range from 1 M to 0.4 mM with the sensitivity 

of 1138 A mM−2 cm−2. Furthermore, such glucose sensor also shows 

excellent selectivity for detection of glucose, compared to the 

commonly interfering species, such as ascorbic acid, dopamine, and 

uric acid [185]. 

 

Substitution of carbon substrate reflected on the electrocatalytic 

activity of deposited nickel. Nickel oxide (NiO) nanofilm 

electrodeposited on a bare Cu electrode for glucose oxidation has been 

reported. Electrochemical deposition was assisted with cetyl 



INTRODUCTION AND LITERATURE SURVEY 

 

Page | 45  

trimethylammonium bromide (CTAB) as a template. Scanning 

electron microscopy (SEM) was applied to observe the surface 

morphology of the modified electrode. Cyclic voltammetry (CV) and 

amperometry techniques were used to study the electrocatalytic 

behavior of NiO porous film in glucose and methanol detection. The 

electrode showed a linear relationship in the concentration range of 

0.01-2.14 mM with a low limit of detection (LOD) 1.7 µM. Moreover, 

high sensitivities of 4.02 mA mM−1 cm−2 and 0.38 mA mM−1 cm−2 

respectively in glucose and methanol monitoring suggested the 

modified electrode as an excellent sensor. The NiO-Cu modified 

electrode was relatively insensitive to common biological interferers. 

The sensor possessed good poison resistance towards chloride ions, 

and long-term stability and significant selectivity towards glucose and 

methanol. The proposed sensor was successfully applied for 

determination of glucose in human blood serum samples [186].  

 

The aqueous NiOOH nanosheets were also synthesized using a 

hydrothermal method via a surfactant template under mild reaction 

conditions. The as-prepared products were characterized by atomic 

force microscopy (AFM), X-ray diffraction (XRD) and scanning 

electron microscopy (SEM), the results of which indicated that 

ultrathin and porous NiOOH nanosheets with a thickness of only 
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several nanometers have been obtained. The obtained NiOOH 

nanosheets were subsequently assembled on electrochemically 

pretreated glassy carbon (EPGC) electrode through a simple physical 

bath deposition method to form NiOOH/EPGC electrode. SEM, 

energy dispersive X-ray spectroscopy (EDX) and electrochemical 

impedance spectroscopy (EIS) proved the successful assembly of 

NiOOH on EPGC surface. They explained the effective deposition of 

NiOOH electrocatalyst based the higher surface area and higher 

surface concentration of C-O functional groups existing on EPGC 

surface. The modified electrode was applied for glucose and methanol 

oxidation [187].  

 

• Electrocatalytic oxidation of glucose at Nickel composite  

A non-enzymatic potentiometric glucose sensor was developed by 

modifying a glass carbon electrode with Ni/NiO decorated nitrogen 

doped carbon spheres (Ni/NiO/NCSs). The Ni/NiO/NCSs were 

prepared with in situ growth of Ni/NiO on the nitrogen doped carbon 

spheres. The amperometric measurement revealed that the sensor had 

wide linear regions of 2 mM-600 mM and 800 mM-2500 mM with a 

sensitivity of 219.19 mA mM−1 cm2 and 87.88 mA mM−1cm2 

respectively. Moreover, the Ni/NiO/NCS composites also exhibited 
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good selectivity by adding certain amount of urea, NaCl, L-proline, L-

valine, L-Leucine and ascorbic acid into 0.1 M NaOH solution. The 

excellent electro- catalytic performance was attributed to the 

synergistic effect of nitrogen doping and Ni loading, which may result 

in the increase of electron density and the enhancement of surface 

conductivity of the composite electrode materials [188].  

 

• Electrocatalytic oxidation of glucose by nickel oxides composite  

A novel binary electrocatalyst fabricated from manganese and 

nickel oxides nanoparticles (MnOx and NiOx), prepared by 

electrodeposition, has neen proposed as an anode for an amplified 

electrochemical oxidation of glucose in NaOH solutions. Cyclic 

voltammetry and scanning electron microscopy images were used to 

characterize these electrocatalysts. It has been found that the 

electrocatalytic activity critically depends on the order of the 

deposition of the two oxides. The NiOx/MnOx/GC electrode (MnOx 

deposited first) showed a superior electrocatalytic activity towards 

glucose oxidation compared to NiOx/GC, MnOx/GC or 

MnOx/NiOx/GC electrodes (NiOx deposited first). The extraordinary 

activity obtained at the NiOx/MnOx/ GC electrode is attributed to the 

compilation of the better adsorption of glucose molecules on the 
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MnOx sites and the increase of conductivity of the NiOx due to the 

increase of Ni3+ content. A synergism between the two oxides towards 

the electrooxidation of glucose was proposed for explaining the 

extraordinary electroactivity [189].  

Modification of  glassy carbon electrode (GCE) with graphene 

oxide (GO), NiO nanofibers (NiONFs) and Nafion (NA) were also 

reported for the oxidation of glucose. NiONFs were prepared by the 

facile electrospinning technique followed by calcination. 

The modified electrode was pretreated by the electrochemical 

reduction. The sensor was characterized by scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-

ray photoelectron spectroscopy (XPS) and electrochemical impedance 

spectroscopy (EIS). The sensor exhibited high sensitivity (1100 μ A 

mM−1 cm−2), fast response time (less than 5 s), low detection limit of 

0.77 μM (S/N = 3), long term stability, and excellent anti-fouling 

ability for glucose determination. The sensor was further applied to 

detection of glucose in human blood serum sample, and the results 

accorded with those of commercial test [190].  
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CHAPTER II 

EXPERIMENTAL 

             This Chapter of dissertation would introduce the materials, 

synthesis of nanoparticles, morphological, and electrochemical 

characterization techniques employed along with a brief overview of the 

techniques. 

2.1. Chemicals and solutions 

                All chemicals used in the present work were analytical grade. 

Reagent grade Sulphuric acid (H2SO4, OmniTrace Ultra), glucose 

(C6H12O6, 99.9 % purity) were purchased from (Sigma-Aldrich). Sodium 

hydroxide NaOH (99. 8% purity), Boric acid, and Nickel sulphate were 

purchased from (BDH). Nickel chloride was purchased from (M&B). In 

this work, all chemicals were used as received without any further 

purification.  

All solutions were prepared with deionized water and bubbled with 

nitrogen whenever needed. A nickel oxide (NiOx) nanoparticles 

electrocatalyst was prepared by electrodeposition from a nickel bath (0.02 

M NiSO4 + 0.03 M NiCl2 + 0.03M   H3BO3) in the presence or absence of 

a suitable additive, typically glucose, dissolved in deionized water. 

Details are mentioned in chapter III. 
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Glucose was prepared by taking the right amount of glucose using 

a micropipette and mix it with the appropriate electrolyte. All the 

glassware (Conical flask, volumetric flask, pipette, measuring cylinder, 

etc.) were cleaned by distilled water, rinsed with de-ionized water, and air 

dried before use. 

 

2.1.1. Electrolyte 

             Deionized water was used to prepare all aqueous solutions and 

for rinsing. The electrolyte solutions consisting of 0.5 M NaOH were 

prepared with de-ionized water for glucose oxidation experiments in 

alkaline medium.  

2.2.  Electrochemical measurements 

           To determine the chemical behavior of nickel oxide (NiOx) 

nanoparticles for the electrooxidation of glucose, cyclic voltametery, 

chronoamperometry, chronocoulometry and Tafel techniques were used.  

 

2.2.1. Electrodes  

  In this thesis, two working electrodes, i.e., gold (Au) electrode and 

glassy carbon (GC) electrodes, platinum spiral wire as the counter 

electrode and silver/ silver chloride Ag/AgCl (KCl sat.) as reference 

electrode.  
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2.2.2. Pretreatment of working electrodes 

The electrode was prepared in such a manner to make sure its 

surface is reproduced before each experiment. These may be as simple as 

mechanical polishing and may include pre-scanning across a certain 

potential range or exposure to a solvent or chemical species to “activate” 

the electrode. 

Polishing procedure was used in this work to prepare the working 

electrodes (Au and GC electrodes). The electrode was polished until the 

surface is visually smooth with sandpaper. Polishing start from Grit 1500 

to 3000 and rinsed with de-ionized water. Then, using alumina powder 

(down to 0.06 μm) and then ultrasonically cleaned in pure De-ionized 

water for 15 min for removing any physically adsorbed species. 

2.2.2.1.  Electrochemical pretreatment  

 Au electrode was electrochemically pretreated [1] in 0.5 M H2SO4 

solution by repeating the potential scan in the potential ranges of – 0.2 to 

1.5 V vs. Ag/AgCl (KCl sat.) at three steps. First step called (before 

treatment), in this step one potential scan in the potential ranges of – 0.2 

to 1.5 V vs. Ag/AgCl (KCl sat.) at scan rate 100 mV/s−1.  is conducted. 

Second step called (treatment step), this step takes ~800 potential scan by 

cyclic voltammetry (CV) at 10 V/s−1. in the potential ranges of – 0.2 to 

1.5 V vs. Ag/AgCl (KCl sat.). Third step called (after treatment), in this 
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step one scan by CV measured in the potential ranges of –0.2 to 1.5 V vs. 

Ag/AgCl (KCl sat.) at a scan rate 100 mV/s−1. to make sure that the 

cyclic voltammetric (CV) characteristic of a clean Au electrode was 

obtained.  

 GC electrode was electrochemically activated in 0.5 M H2SO4 

solution by repeating the potential scan in the potential ranges of – 0.2 to 2.0 

V vs. Ag/AgCl (KClsat.) at a scan rate 100 mV/s−1. for a suitable number 

of potential cycles [2]. 

2.2.3. Modification of graphene on glassy carbon electrode (GCox/Gr) 

Graphene was prepared (figure 2.1) in ultrasonicating for 30 min 

by using 0.1 mg of graphene with 5 ml of ethanol according to literature 

[3]. Then, 10 l of prepared graphene is dropped on the surface of glassy 

carbon electrode then left to dry room temperature. 
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Figure 2.1: Steps of the preparation of GCox/Gr electrode. 

 

2.2.4. Assembling of NiOx nanoparticles on gold and glassy carbon 

electrodes 

          In cell 1 the electrochemical behavior of GCox electrode and Au 

electrode are recorded in 0.5 M H2SO4. The electrode was then 

transferred to cell II where the deposition of the nickel oxide (NiOx) 

nanoparticles from a nickel bath (0.02 M NiSO4 + 0.03 M NiCl2 + 0.03M   

H3BO3) containing a suitable additive, typically glucose, using five 

potential cycles at range from 0.0 to -1.0 V vs. Ag/AgCl (KCl sat.).   
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2.3. Measurements 

           The voltammetric measurements are conducted in a conventional 

three-electrode cell of around 20 ml, shown in (Fig. 2.2).  

Potentiostat/galvanostat/ZRA model the Reference 600 ™ machine (Fig 

2.3) was used for voltammetric experiments. Counter and reference 

electrode used in the all experiments were a platinum spiral wire and 

Ag/AgCl (KCl sat.), respectively. A 3 mm glassy carbon disc (SigradurR-

G, Sigri Electrographite GMBH, Germany) bound in a Teflon tube via 

araldite (Fig. 2.4) and gold was used as working electrode. All 

electrochemical measurements were performed at the room temperature. 

 

 

Figure 2.2. One compartment cell. 
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Figure 2.3. Potentiostat /galvanostat/ZRA model Reference 600 ™. 

 

Figure 2.4. Glassy Carbon (GC) electrode. 

 

    2.4. Electrochemical characterization 

    2.4.1. Cyclic Voltammetry 

After assembling of nickel oxide (NiOx) nanoparticles by potential 

cycling, the modified electrode was subjected to measuring cyclic 
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voltammetry under different conditions, both in the presence and absence 

of glucose.  

2.4.2. Tafel 

After recording the CV of the modified electrode in 0.5M NaOH, 

the electrode has been transferred to another cell (containing 5 mM 

glucose) and Tafel plot has been obtained at potential scan rate of 5 

mV/s−1.  

2.4.3. Current-decay measurements 

   After recording the voltammogram of the modified electrode in  

0.5M NaOH, the electrode the current decay measurements were 

measured over a period of ~3000 sec.   

 

     2.5. Surface Characterization of modified electrode 

            Several qualitative and quantitative methods were employed for 

structural characterization, probing morphology of modified electrodes. 

2.5.1. Scanning electron microscopy (SEM)measurements 

Scanning Electron Microscopy (SEM) is a type of electron 

microscope technique that utilizes back scattered and secondary 

electrons to produces images by scanning the surface of the sample 
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with focused beam of a tiny electrons. At the same time, the generated 

signals are being recorded, and an image is formed pixel by pixel. 

It also has the ability to accurately measure and evaluate 

materials, molecules and fibers. SEM is a useful tool in terms of 

industry and research because it is a strong tool for characterization in 

many fields. For example, pollution problems, identification of 

unknown particles, component testing, study of interaction between 

materials and their substrates . 

High-resolution images can be obtained by applying SEM to 

both catalysts, plastics, raw materials, food, surfaces, contaminants, 

films, coatings, metals, biological tissues or unknown materials.  

A Scanning Electron Microscope (SEM) Model (JEOL JSM 

5410 JAPAN) was used to investigate the surface morphology and 

composition of the metal nanoparticles on glassy carbon electrodes, 

before and after modification with catalysts. 

2.5.2. XRD Characterization 

     X-ray diffraction (XRD) is a powerful and non-destructive technique 

for the characterization of crystalline materials. Many information is 

obtained about the preferred crystalline orientations (texture), phases and 

other structural parameters and structures. For example, strain, grain size, 

crystal and crystal defects. Each set of lattice planes occurs by the 
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constructive interference of a monochromatic beam of x-rays diffraction at 

specific angles from which X-ray diffraction peaks are produced. Bragg’s 

law is used for evaluation of crystal structure, which can be modeled as 

constructive interference by two waves reflected from rows of atoms. Fig. 

2.5. shows the model of reflection from two planes of atoms in a solid. If the 

wavelength (λ) of the incident X-rays and the incident angle (θ) are known, 

then the interplanar spacing (d) can be determined by Bragg‟s equation as: 

2𝑑 sin(𝜃) = 𝑛𝜆                                                                                      (2.1)   

 

 

Figure 2.5. Diffraction of X-ray by rows of atoms in a crystal lattice 

 

This technique is characterized by giving a certain material the fingerprint 

of periodic atomic arrangements. 
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In this work, the X-ray diffraction studies were recorded with using a 

Philips PW 105 diffractometer using Nifiltered Cu Kα radiation at a grazing 

incidence angle of 1.540 A˚ with a step size of 0.1° and counting time of 15 

s per step. A scanning range recorded in the 2θ of extending from 10° to 

85°. 

2.5.3 EDAX Characterization 

           There are many x-ray techniques, including Energy Dispersive 

X-Ray Analysis EDX, referred to as EDS or EDAX, which are used to 

determine the initial structure of the elements by identifying the atomic 

ratios in the electrocatalysts synthesized.  

EDX gives the sample data that is analyzed in the form of 

spectra to determine their true composition by showing the peaks 

corresponding to the elements in the sample and mapping them first by 

measuring the characteristic X-rays energies emitted during the 

transferring process (a transition of the outer shell electrons to inner 

shell). Also, a high energy incident electron beam makes an electron 

hole in the inner shell and causes the transition of an outer shell 

electron. As well as, the energy of the X-rays emitted is characteristic 

of the element, an accurate estimation of elemental compositions can 

be obtained using this technique. Elemental composition of the catalyst 

on the electrode surface was determined using energy dispersive x-ray 
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(EDAX), horida-ex-200, Japan. The incident electron energies were 

kept constant at 10 keV for all the samples. 
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CHAPTER III (PRAT 1) 

RESULTS AND DISCUSSION 

Electrocatalytic oxidation of glucose at nickel oxide modified gold electrode 

3.1.1. Abstract 

Nickel oxides (NiOx) modified gold electrodes (Au) was suggested as efficient 

and durable anode for glucose oxidation reaction. It was fabricated from (Watts 

Nickel) in the presence, designated as Au/NiOx(Glu),  and in absence, 

designated as Au/NiOx, of suitable additive (Glucose). Moreover, 

Au/NiOx(Glu) electrode showed the best electrocatalytic activity for 

electrooxidation of glucose compared to Au/NiOx electrode. These outstanding 

enhancements are attributed to adding of glucose in the deposition bath. The 

electrocatalytic activity of the various prepared electrodes towards 

electrooxidation of glucose was evaluated by cyclic voltammetry (CV) and 

chronoamperometry in alkaline media. Furthermore, scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX), mapping 

EDX techniques were used to characterize the electrocatalysts. Enhancement of 

electrooxidation of glucose is discussed in the light of the difference in 

structural and electrochemical characteristics of both electrodes.  
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3.1.2. Introduction 

In the clinical field it was estimated that 2.8% of the world population, 

around 171 million people, were affected by diabetes in 2000. It is expected to 

be around 4.4% by the year 2030, approximately 366 million people [1]. Most 

of the studies involved for the glucose sensor are the enzymatic reaction 

between the glucose and glucose oxidase.  

Glucose oxidase catalyzes the oxidation of glucose to gluconolactone in 

the presence of redox mediators and metallic nanoparticles coated on the 

electrode. However, the cost of the enzyme, mediator, and electrode are 

expensive. In addition, electrode fouling might occur due to the thermal 

environment, pH change, lack of chemical stability, and fair toxicity [2-4]. 

Hence, the enzymeless glucose sensors are dramatically developed due to the 

low fabrication cost, overpotential reduction, and low detection limit with 

selectivity, sensitivity, and stability [5-10]. The noble metals and their oxides 

used as the redox mediators for the non-enzymatic glucose sensors have been 

reported [11-17].  

In the present work nickel oxide (NiOx) film modified gold electrode (Au) 

is applied for electrocatalysis of glucose. NiOx become popular for sensor 

devices because of its electrocatalytic activities [18-22].  
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3.1.3.  Experimental 

    3.1.3.1. Chemicals 

All chemicals used in this work were of analytical grade and were 

purchased from Sigma Aldrich and they were used as received without further 

purification. All solutions were prepared using deionized water.  

    3.1.3.2. Electrochemical measurements 

Potentiostat/galvanostat/ZRA model the Reference 600 ™ machine were 

used for the electrochemical measurements. A conventional cell with a three-

electrode configuration was used in this work. An Ag/AgCl/KCl (sat.) as a 

counter electrode and a platinum spiral wire as reference electrodes were 

utilized. The working electrode was gold electrode. It was cleaned by 

mechanical polishing with aqueous slurries of successively finer alumina 

powder then washed thoroughly with deionized water.  

    3.1.3.3. Fabrication of modified electrode 

Au electrode was electrochemically pretreated in 0.5 M H2SO4 solution by 

repeating the potential scan in the potential ranges of – 0.2 to 1.5 V vs. 

Ag/AgCl (KCl sat.) at scan rate 100 mV/𝑆−1 to make sure the cyclic 

voltammetric (CV) characteristic of a clean Au electrode was obtained. Then, 

Au electrode was transferred to cell II containing the nickel bath, either 
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containing glucose as additive or not, where the deposition of the nickel oxide 

(NiOx) using cyclic voltammetry in potential range from 0.0 to -1.0 V vs. 

Ag/AgCl (KCl sat.) is conducted.   

    3.1.3.4. surface characterization 

A field emission scanning electron microscope, FE-SEM, (QUANTA 

FEG 250) was used to identify the structure of the nano-NiOx Energy. Also, 

dispersive X-Ray Analysis (EDX) analysis, referred to as EDS or EDAX, 

(PANalytical, X'Pert PRO) operated with Cu target (λ = 1.54 Å) were used to 

identify the crystallographic structure of the nano-NiOx at bare Au, Au/NiOx 

electrodes, and Au/ NiOx(Glu) electrode. 

3.1.4. Results and Discussion 

   3.1.4.1. Morphological characterization 

Fig. 3.1 shows (A, C and E) SEM images and (B, D and E) EDX taken 

for (A,B) bare Au, (C,D) Au/NiOx and (E,F) Au/NiOx(Glu) electrodes.  

Electrodes were prepared as mentioned in the experimental section.  In image 

(A) a relatively smooth surface is shown and in EDX (plot B), an intense peak 

for Au obtained at 2.2 KeV is revealed. In the case of Au/NiOx (image C), a 

nickel film is revealed. The formation of non-porous nickel film is confirmed 

from the EDX (plot D) in which the peak of the gold is almost disappeared 
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along with the formation of an intense peak for Ni at 0.9, 7.6, 8.2 KeV in 

addition of another peak at 0.4 KeV for oxygen. Probably the last peak is 

formed as a result of the oxidation of nickel in NaOH as explained in the 

experimental section.    In image E, obtained at Au/NiOx(Glu) electrode; i.e., at 

nickel oxide deposited onto Au from a nickel bath containing glucose as an 

additive, a deposition of NiOx is observed, as revealed from the EDX (plot F) in 

which peaks for nickel appeared at  0.9 , 7.6, 8.2 KeV, are observed [23,24]. In 

this case the peaks of the Au, obtained at 0.8, 2.2, 8.4, and 9.8 KeV are also 

revealed.  This may point to that the deposited of nickel film is porous. 

  

  

Figure 3.1. SEM (A,C,E) and EDX (B,D,F) of (A,B) Au, (C,D) Au/NiOx , 

and(E,F) Au/NiOx(Glu) electrodes. 
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Figure 3.1. (Continued). 

  3.1.4.2. Cyclic Voltammetry 

Fig. 3.2. shows CVs obtained at (a) bare Au, (b) Au/NiOx and (c) 

Au/NiOx(Glu) electrodes in 0.5 M NaOH solution. In curve a, the well-known 

response of Au electrodes is obtained; the broad peak started at 0.45 V which 

coupled by a cathodic peak, centered at 0.18 V, for the reduction of gold oxide 

formed in the anodic scan is revealed. In the case of Au/NiOx (curve b) the 

gold/gold oxide couple disappeared and another new couple appeared. Probably 

this couple, at 0.35 and 0.39 V corresponds to nickel oxidation/ reduction 

couple, consistently with the reported values [25]. In the case of Au/NiOx(Glu) 

in which nickel was deposited from nickel bath containing glucose as additive 

the response for the nickel couple is intensified and became sharper than for 

Au/NiOx, which is prepared from nickel bath free of glucose.  One more point 

to be focused is the successful deposition of nickel as indicated from the 

E F 
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enhancement of oxygen evolution at large anodic potential. The oxygen 

evolution at bare Au is not revealed within the studied potential range.  It is well 

reported that Nickel is more active than gold towards oxygen evolution [26].  

The absence of gold response at both modified electrodes points to the complete 

coverage of the underlying substrate with deposited nickel.   
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Figure 3.2. CV obtained at (a) bare Au, (b) Au/NiOx, (c) Au/NiOx(Glu) 

electrodes in 0.5 M NaOH. 

Fig. 3.3 shows the cyclic voltammograms obtained at the Au/NiOx(Glu) 

in 0.1 M NaOH solution at different potential scan rates. The anodic and 

cathodic peak currents directly proportional to the potential scan rate (Fig. 3.4). 

This can be attributed to an electrochemical activity of an immobilized redox 

a 

b 

c 
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couple at the surface (Eq. (3.1)). A direct proportion points to a surface confined 

species [26,27,28].  From the slope of this line and using (Eq. (3.2)) [29,30]:  

 Ni(OH)2 +  OH−  ⇄  NiOOH + H2O + e−                (3.1) 

 Ip =  n2F2υA Γ ∗ /4RT                                                     (3.2) 

where Ip, A and * are peak current, electrode surface area and surface coverage 

of the redox species, respectively, and taking the average of both cathodic and 

anodic currents, the total surface coverage of the immobilized active substance 

of about   2.01 x 10−8mol cm−2 was derived. 
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Figure 3.3. CV obtained at Au/NiOx (Glu) electrode in 0.5 M NaOH at different 

scan rates (a) 20, (b) 50, and (c) 100 mV/s. 
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Figure 3.4. A plot of Ip with the scan rate obtained at Au/NiOx(Glu) in 0.5 M 

NaOH, for both anodic (ipa) and cathodic (ipa) peaks. 

Fig. 3.5 shows CVs responses obtained (a) Au/NiOx and (b) 

Au/NiOx(Glu) electrodes in 0.5 M NaOH solution containing 2.5 mM glucose. 

As clearly shown, in the response at Au/NiOx(Glu) electrode (curve b) is 

significantly enhanced compared with the one obtained at Au/NiOx electrode.  

While a well-defined oxidation peak is obtained at Au/NiOx(Glu) electrode at 

relatively less positive potential, a weak peak is obtained at larger positive 

potential at Au/NiOx electrode.  This confirms the prominent role of glucose in 

ipa 

ipc 



RESULTS AND DISCUSSION 

 

Page | 101  
 

the deposition bath for the subsequent oxidation of glucose at the modified 

electrode. In addition to the enhancement of glucose oxidation, the oxygen 

evolution at Au/NiOx(Glu) electrode is largely retarded compared with 

Au/NiOx electrode, a point which is very useful in the analysis of glucose.  
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Figure 3. 5. CV obtained at (a) Au/NiOx and (b) Au/NiOx(Glu)  in 0.5 M NaOH 

containing 2.5 mM glucose, scan rate 100 mV/s. 
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Cyclic voltammograms of the Au/NiOx(Glu) in the presence of  2.5 mM 

glucose  at various potential scan rates were recorded in Fig. 3.6. It can be seen 

from this figure that glucose oxidation peaks potentials slightly shift to more 

positive values with increasing of potential scan rates, suggesting a kinetic 

limitation. This reveals that the catalytic oxidation of glucose on the modified 

electrode is not a rapid reaction. The catalytic behavior is pointed by the 

increase of the anodic peak current, at ca.  0.42 V on the expense of the 

reduction peak obtained at ca.  0.35 V.  
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Figure 3.6. CV obtained at Au/NiOx(Glu) electrode in 0.5 M NaOH containing 

2.5 mM glucose at different scan rates (a) 10, (b) 20, (c) 50, and (d) 100 mV/s. 
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The value of diffusion coefficient (D, cm2/s) were obtained by the 

Randles-Sevcik equation (Eq. 3.3) for irreversible systems using the slope (of 

Fig. 3.7) of scan rates study (Ip vs. ν 1/2). 

Ip = (2.99 ×  105)α
1
2 AC∗D

1
2ν

1
2                             (3.3) 

where A is the electrode surface area (cm2) and ν is the scan rate (V 𝑠−1) C* is 

the bulk concentration of glucose in 0.05 M NaOH in terms of molar (mol/cm3) 

solution. In this study the obtained D value is 2.6 x 10−6cm2/s from the slope 

value of Fig. 3.7, consistent with literature [31]. 
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Figure 3.7. A plot of peak height (Ip) against square root of scan rate ( 1/2), in 

range of 10-100 mVs−1, at Au/NiOx(Glu) electrode in 0.5 M NaOH containing 

2.5 mM glucose. 

Fig. 3.8   shows the dependence of the function (Ip/ 1/2),) with v obtained 

at the Au/NiOx(Glu) electrode. As can be seen at scan rate higher than 40 mV 

s−1, Ip/ 1/2 does not change significantly with the scan rate. This behavior is 

reported as a characteristic of catalytic reactions [33,34], i.e., EC mechanism, 

represented by Eqs. (3.4), and (3.5). 
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NiOOH + [Glucose]ads ⟶ Ni(OH)2 + radical intermediate.                                       (3.4) 

 Radical intermediate + 2NiOOH ⟶ 2Ni(OH)2 + gluconolactone + 2e−                 (3.5) 

The glucose oxidation is mediated by Ni couple, and that the inclusion of 

glucose in the deposition bath significantly modify deposited nickel oxide in 

such a manner that glucose oxidation is enhanced.   
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Figure 3.8. Variation of Ip/ 1/2 with v for glucose electrooxidation obtained at 

Au/NiOx(Glu) in 0.5 M NaOH containing 2.5 mM glucose. 
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3.1.4.3. Effect of loading of NiOx 

 

Fig. 3.9 shows the effect of increasing loading of NiOx on the glucose 

oxidation. Parameters obtained from this figure are shown in Table 3.1. With 

increase of the time of deposition the current peak of glucose oxidation regularly 

increases with the larger current obtained at the deposition time of   400 s (at -1V). 

Thus, the deposition time of 400 s will be used as the optimum one. As clearly 

shown, the effect on the peak potential is negligible, while the effect on the peak 

current is significant. 
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Figure 3.9.CV obtained at Au/NiOx(Glu) in 0.5 M NaOH containing 2.5 

mM glucose, with different loading of NiOx obtained by various time of deposition: 

at  (a) 50, (b) 150, (c) 200, (d) 400s. at SR = 100 mV/S. 
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Table 3.1.  Glucose peak current, peak potential obtained at (a) Au/NiOx(Glu) 

electrode with different loading of NiOx. 

 

  

 

3.1.4.4. Effect of concentration of glucose 

Fig. 3.10. shows behavior of the modified electrode in the presence of 

different glucose concentrations. It is observed that as glucose concentration 

increases, the anodic peak height increases linearly with glucose concentration 

(Fig. 3.11).  
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Figure 3.10. CV obtained at Au/NiOx(Glu) electrode in 0.5 M NaOH containing 

2.5 mM glucose at different concentrations of glucose  (a) blank, (b) 0.001M, 

(c) 0.002 M, (d) 0.004 M, (e) 0.008 M, (f) 0.012 M. 



RESULTS AND DISCUSSION 

 

Page | 110  
 

C / mM

0 2 4 6 8 10 12 14

i/
 

A

0

50

100

150

200

250

300

350

 

Figure 3.11.  Peak current dependence for glucose. Data obtained from Figure 

3.10. 

 

3.1.4.5. Tafel plots 

In order to get further insight and obtain information about the rate 

determining step the Tafel plots at (a) Au/NiOx, (b) Au/NiOx(Glu) in 0.5 M 

NaOH containing 2.5 mM glucose at SR = 5 mV/S was obtained and shown in   

Fig. 3.12. Tafel slopes were obtained using the following Eq. (3.6) [29]. 
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η = a + b log i                                                  (3.6) 

where η is the overpotential, “a” and “b” are Tafel constants  

Tafel plots of ca. 119 and 110 mV/dec obtained at Au/NiOx(Glu) and 

Au/NiOx, respectively. This slope indicates that a one electron transfer process 

is the rate determining step (RDS) [32].  
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Figure 3.12. Tafel plots obtained at (a) Au/NiOx, (b) Au/NiOx(Glu) in 0.5 M 

NaOH containing 2.5 mM glucose at SR = 100 mV/S. 
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3.1.4.6. Chronoamperometry 

One of the main objectives of using additive is to enhance the stability 

and catalytical activity of the NiOx (the active oxide) modified electrode. So, to 

investigate the catalytical activity of the proposed catalysts, current–time curves 

were recorded for glucose oxidation and shown in Fig. 3.13 in which 

chronoampergram obtained at constant potential of 0.45 V for (a) Au/NiOx, (b) 

Au/NiOx(Glu) electrodes in 0.5 M NaOH containing 2.5 mM glucose. The 

obtained high current at the beginning was attributed to the charging of the 

double layer. The initial high current may be attributed to the increase in surface 

area. Then followed by a slight decrease which is indicative of a loss in the 

catalytic activity. Au/NiOx(Glu) electrode exhibits the highest initial currents 

and steady state currents compared with that obtained at Au/NiOx electrode in 

which Ni was deposited in the absence of glucose as additive. The order 

obtained using chronoamperometric measurements sustain that observed from 

cyclic voltammetry shown above. This confirmed the higher activity of the 

Au/NiOx(Glu) electrode, compared with Au/NiOx electrode towards glucose 

oxidation, and the prominent role of glucose in the deposition bath.  
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Figure 3.13. Chronoampergram obtained at constant potential of 0.45 V for (a) 

Au/NiOx, (b) Au/NiOx(Glu) electrodes in 0.5 M NaOH containing 2.5mM 

glucose. 

 

3.1.5. Conclusions 

 

Au/NiOx(Glu) modified electrode displays high electrocatalytic activity 

for glucose oxidation compared with Au/NiOx electrode. This approved that 

glucose has dramatic effects on the electrodeposition of NiOx on Au electrode 

and on the catalytic oxidation of glucose from alkaline solutions. Au/NiOx(Glu) 

electrode has been studied at different scan rate. The relation between Ip and 
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v1/2 gives the characteristic feature of a catalytic reactions. Further, the 

electrocatalytic activity of glucose oxidation was indicated by cyclic 

voltammetry for Au/NiOx(Glu) electrode at different concentrations. Tafel plots 

were used to give more insight and information about the rate determining step 

for Au/NiOx and Au/NiOx(Glu) electrodes. The rate determining step is found 

to be a one electron transfer process.  
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CHAPTER III (PRAT 2) 

3.2.1. Impact of Glucose as an Additive on the Deposition of Nickel: 

Application for Electrocatalytic Oxidation of Glucose 

3.2.1.1 Abstract 

A nickel oxide (NiOx) nanoparticles modified glassy carbon (GC) 

electrode, designated as GCox/NiOx(Glu), were fabricated from a nickel 

bath (0.02 M NiSO4 + 0.03 M NiCl2 + 0.03M   H3BO3) containing a 

suitable additive, typically glucose. The GC was electrochemically 

pretreated prior to the deposition of nickel. The thus modified electrode 

was applied for the electrooxidation of glucose in alkaline medium. For 

the sake of comparison, a similar modification was conducted but in the 

absence of glucose as an additive, and the modified electrode is 

designated as GCox/NiOx. The effect of loading of NiOx was optimized. 

Cyclic voltammetry (CV), and chronoamperometry were used for the 

voltammetric characterization. Several surface techniques were used for 

probing the morphology and composition of the deposited modifier, 

including field emission scanning electron microscopy (FE-SEM), EDX 

and X-ray diffraction. The highest electrocatalytic activity towards 

glucose oxidation was obtained at GCox/NiOx(Glu) using five potential 

cycles at range from 0.0 to -1.0 V vs. Ag/AgCl(Kcl sat.).  Possible 



RESULTS AND DISCUSSION 

 

Page | 121  

reason(s) behind the enhancement of glucose electrocatalytic oxidation 

was (were) explored. 

3.2.1.2. Introduction 

 

Environmentally friendly materials have become very important at 

the moment, so research has turned to fuel with these specifications, 

leading researchers to use glucose to fuel cell work. There are three major 

types of glucose fuel cells, classified based on the type of catalyst used. 

First one, enzymatic glucose fuel cell, which uses biological enzymes 

such as glucose oxidase as catalysts. As such they have limited long-term 

stability. Second, microbial glucose fuel cell: these are fuel cells in which 

the catalysts are immobilized bacteria capable of oxidizing glucose. 

Bacterial and enzymatic fuel cells contain defects and complications so 

they can be replaced by non-enzymatic fuel cells counter or part for 

oxidation of glucose on the noble electrode. However, enzymes are 

unstable at high temperatures and aggressive environments. Many 

researches have been done to obtain non-enzymatic glucose sensors. 

Third, direct glucose fuel cell: they are fuel cell that use inorganic 

catalysts [1-4]. Out of the three types of cells, direct glucose fuel cells 

have the advantage that they are the most robust, and biocompatible. 

Commercializing glucose fuel cells face several problems; of these 
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problems the cost of the electrocatalyst and its susceptibility to poisoning 

are the dilemma. Oxidation of glucose to carbon dioxide yields very high 

energy (−2.87 × 106 J/mol) and 24 electrons are exchanged [5-8]. 

Theoretically, an open-circuit of 1.24 V voltage can be obtained from a 

direct glucose fuel cell [ 7,8] 

Over the past decade, many studies have been conducted on the 

electrochemical oxidation of sugars resulting in the conclusion that single 

sugars such as glucose is oxidized by noble metal catalysts based on 

platinum and gold electrodes [9-11]. However, these electrodes showed 

their long term inefficiency due to several reasons: of these lack of 

selectivity and low sensitivity. A lot of research has been done on 

transition metal oxides to solve these problems either by replacing the 

costly platinum electrocatalyst or the co-deposition of a secondary 

catalyst [2,3]. Of these modifiers, nickel is the first choice as it is 

naturally active for glucose oxidation. Nickel and nickel oxide (NiOx) 

electrodes have many technological applications which led to research in 

the past years. Of these applications: use in densities [12,13] alkaline 

batteries [14] biological sensors [15, 16] and energy conversion devices 

[17,18] .The electrooxidation rate of glucose in alkaline environments is 

facile than in neutral or acidic media [9,10, 19-22]. On the other hand, the 

use of nanoscale materials has led to the development of huge sensors, 
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particularly glucose sensors [2]. In the alkaline medium, the oxidation of 

glucose have been studied on the following electrodes Au, Pt ,Fe ,Ni ,Cu [ 

23-27]. 

In this chaptre, the electrochemical fabrication of the electrode is 

based on the electro-oxidation of the glassy carbon electrode, and the 

subsequent deposition of nickel nanoparticles (nano-NiOx) from solution 

containing nickel ions and glucose onto the thus oxidized glassy carbon 

electrode. Then, the deposited nickel is oxidized electrochemically in 

alkaline medium for the formation of NiOx. The experimental parameters 

are optimized to sustain the highest electrocatalytic activity towards 

glucose oxidation.  

3.2.1.3. Experimental 

     3.2.1.3.1. Electrochemical measurements 

Potentiostat/galvanostat/ZRA model the Reference 600 ™ machine 

were used for the Electrochemical measurements. A conventional cell 

with a three-electrode configuration was used in this work. The 

electrochemical measurements were performed at room temperature (25 

°C). The working electrode was glassy carbon (GC, d = 3.0 mm). It was 

cleaned by mechanical polishing with aqueous slurries of successively 

finer alumina powder then washed thoroughly with deionized water.  
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    3.2.1.3.2. Fabrication of nickel oxide (NiOx) nanoparticles. 

Nickel oxide (NiOx) nanoparticles modified GC were prepared. 

First, the GC electrode was activated electrochemically designated as 

GCox. Second, (NiOx) nanoparticles were deposited in the GCox electrode 

further information were explained in experimental chapter. Then, the 

addressing of the electrocatalytic activity of the modified electrode 

toward glucose oxidation was conducted at different scan rates, different 

concentrations, different loading of nano-NiOx. To prove reproducibility 

of the results the CVs were repeated several times.  

 

3.2.1.4. Results and discussion. 

       3.2.1.4.1.  Morphological characterizations. 

Fig. 3.14 shows SEM images of nano-NiOx prepared by a cyclic 

voltammetry technique described in the experimental section. Also, the 

atomic ratios of C/O/Ni from EDX test were examined. In image (a) a 

smooth surface is shown  and in EDX (plot B), as expected, the weight of 

carbon element (97.07%) is large compared with oxygen.  In case of 

GCOx (image C), the electrode surface becomes rougher, and as revealed 

from EDX (plot D) the percence of oxygen increased to 10 %. The 

increase in the percent of oxygen is attributed to the electrooxidation of 
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GC which results in the formation of several containing oxygen 

functional groups. In image E, obtained at GCox/NiOx electrode; i.e., at 

nickel oxide deposited onto oxidized GCE, a deposition of NiOx is 

observed, as revealed from the EDX (plot E) in which  new peaks for 

nickel at  0.9 KeV, 7.4 KeV are observed [28]. At GCox/NiOx(Glu) 

electrode which is fabricated similarly to GCox/NiOx but in the presence 

of glucose in the deposition bath, EDX (plot H) presents a larger ratio of 

Ni at GCox/NiOx-as revealed from the increase of intensities of peaks 

corresponds to nickel at 0.9, 7.6 ,and 8.2 KeV [29]. 
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Figure 3.14. SEM (A,C,E,G) and EDX (B,D,F,H) of (A,B) GC, (C,D) 

GCox , (E,F) GCox/NiOx, and (G,H) GCox/NiOx(Glu) electrodes. 
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                                 Figure 3.14. (Continued). 

Fig. 3.15.  shows XRD patterns obtained at (a) GCox, (b) 

GCox/NiOx, and (C) GCox/NiOx(Glu) electrodes. The sharp peak at 

19°corresponds to the (002) diffraction of the glassy carbon underlying 

substrate. At GCox/NiOx (curve b) and GCox/NiOx(Glu) (curve c) 

electrodes, the XRD pattern of NiO showed several diffraction peaks at 

2θ = 37.20°, 43.20°, 44.4°, 75.20° which are indexed as (101), (012), 

(111), (113) and (220) crystal planes of the NiOx, respectively. Those 

peaks are indexed to the face-centered cubic (FCC) crystalline structure 

of NiOx in accordance with that of the standard spectrum (JCPDS, No. 

04-0835) [30]. 
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Figure 3.15. XRD of (a) GC, (b) GCox/NiOx, and (C) 

GCox/NiOx(Glu) electrodes. 

3.2.1.4.2. Electrochemical characterizations. 

The electrochemical oxidation of glucose has been an interesting 

topic for the last decade, especially at nickel modified electrodes, which 

presents a unique electrocatalytic properties. Nickel deposition is 

critically affected by the ingredient of the deposition bath [31].  Here, the 

effect of adding glucose, as an additive, in the deposition bath of nickel is 

examined. Fig. 3.16.  shows CVs responses obtained at (a) GC, (b) 

GC/NiOx(Glu), (c) GCox/NiOx and (d) GCox/NiOx(Glu) electrodes in 0.5 

M NaOH. The same potential cycles were used to deposit Ni on the 

different electrodes. As clearly shown, in Fig. 3.16.  (curve a), obtained at 

GC electrode, the CV is featureless.  Curve b, obtained at GC/NiOx(Glu) 

electrode in which nickel oxide was deposited, in the presence of glucose 

in the deposition bath, on GC electrode, a well-defined couple for nickel-

nickel oxide is obtained.   Curves C and d show CV responses obtained at 

GCox/NiOx and GCox/NiOx(Glu) electrodes, respectively. The peak 

current for nickel couple increases at both electrodes compared with that 

on the GC/NiOx(Glu) (b). Probably, the functional groups of the 

underlying substrate participate in this enhancement.  Comparing curves c 
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and d indicates that including glucose in the deposition bath (curve d) 

promotes the nickel-nickel oxide couple.   
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Figure 3. 16. CV obtained at (a) GC, (b) GC/NiOx(Glu), (C) GCox/NiOx 

and (d) GCox/NiOx(Glu) electrodes in 0.5 M NaOH at SR = 100 mV/S. 
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Fig. 3.17.  is similar to 3.16.  but in the presence of glucose. Inspection 

of this figure reveals several interesting points;  

i. GC is inactive towards glucose oxidation. 

ii. At GC/NiOx(Glu) (curve b), a well-defined oxidation response for 

glucose oxidation is obtained.  

iii. At GCox/NiOx (curve c) and GCox/NiOx(Glu) (curve d), the 

oxidation of glucose is significantly enhanced, with the one at the 

latter is larger indicating the significant effect of the underlying 

substrate as well as the including of glucose in the deposition bath. 

The prominent role of the underlying substrate surface is proved by 

comparing curves b and d in which nickel was deposited from a 

bath containing glucose and the only difference is the case of the 

underlying substrate. It has been reported that anodic oxidation of 

GC in H2SO4 results in an increase of the percentage surface 

composition of functional groups bearing –OH group. The presence 

of –OH group adsorbed on the GC surface (i.e., OHads) promotes 

the electrocatalytic oxidation of glucose [32,33] and other small 

organic molecules such as methanol [34]. 

iv. The role of glucose in the deposition bath is confirmed by 

comparing curves c and d in which the modification of the 

underlying substrates is the same.  Curve d was obtained for 
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GCox/NiOx(Glu) electrode, this electrode was fabricated in a 

similar way to GCox/NiOx (curve c) with only one difference. In the 

former one, i.e., GCox/NiOx(Glu), glucose was added to the 

deposition bath. Interestingly, in this case the response for glucose 

oxidation is the largest among studied electrodes. It seems that a 

synergistic effect from the different conditions results in such 

increase along with the morphology presented in SEM images 

shown above.   In previous study they assume [35], a part of the 

anodic current is due to glucose oxidation by NiOOH and a part of 

the current is due to glucose oxidation on the surface of oxide layer 

by direct electrooxidation.  
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 Figure 3.17.  CV obtained at (a) GC, (b) GC/NiOx(Glu), (C) GCox/NiOx 

(d) GCox/NiOx(Glu) electrodes in 0.5 M NaOH containing 2.5 mM 

glucose at SR = 100 mV/S. 

The redox transition of nickel species from Ni (II) to Ni(III) occurs, 

then in a following step glucose is oxidized on the modified as represnted 

by Eqs.(3.4) and (3.5).                      

where Ni3+ sites are regenerated by the power source and on the Ni3+ 

oxide surface by direct electrooxidation [36,37]:  

Ni(III) − glucose ⟶ Ni(III) − intermediate         ( 3.7) 

a 

b 

c 

d 
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Ni(III) − intermediate ⟶ Ni(III) − products         (3.8) 

Eqs. (3.4) and (3.5) are according to the Fleischmann mechanism [37, 

38], and in Eqs. (3.7) and (3.8) Ni3+ is used as an active surface for 

glucose oxidation. Gluconolactone [39, 40] as well as methanoates and 

oxalates [41] have been reported as the oxidation products of glucose 

electrooxidation.   

3.2.1.4.3.  Effect of loading of nickel nanoparticles.  

Fig. 3.18.  shows that the anodic and cathodic peak currents increase 

as the loading level increases up to loading level of 5 cycles for 

deposition of Ni, in the potential range of  0.0 to -1.0 V vs. Ag/AgCl(Kcl 

sat.). It can be noticed that the peak current is increased to a certain limit 

and then significantly decreases  when the loading of the catalyst goes 

above five cycles. It may be concluded that a loading NiOx nanoparticles 

of five cycles is considered to be an optimum loading for this electrode at 

the present experimental conditions and it will be used hereafter for 

further investigation. 

The peak current and enhancing factors (the peak current obtained in 

cycles next to the first one with respect to the peak current of the first 

cycle), calculated by Eq.(3.9), are shown in Table 3.2.  



RESULTS AND DISCUSSION 

 

Page | 134  

  The current is considered for anodic peak. As clearly shown the peak 

current increases with cycling of potential and the enhancing factor reaches 3 

for cycle 5th.   

 

     Enhancing factor = 𝐼pa2/𝐼pa1                                                        (3.9) 

 

where 𝐼pa1 and 𝐼pa2 are the current obtained in the 1st and consecutive cycles, 

respectively. 
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Figure 3.18.  CV obtained at GCox/NiOx(Glu) in 0.5 M NaOH containing 

2.5 mM glucose, NiOx was prepared by different potential cycles in the 

range of 0.0 to -1.0 V vs Ag/AgCl (KCl sat.) Potential cycles are 1, 2, 5, 

20 and 50 cycles at SR = 100 mV/S. 

 

 

5 

50 

10 

1 



RESULTS AND DISCUSSION 

 

Page | 136  

Table 3.2. Glucose peak current and enhancing factors obtained at 

different loading of NiOx nanoparticles. Data are extracted 

from Fig 3.18. 

 

It was evident that CVs for glucose oxidation GCox/NiOx(Glu) 

electrode in solution of  0.5 M NaOH  gave a higher current than CVs for 

glucose oxidation on GCox/NiOx electrode that approved adding glucose 

in the deposition bath made the electrode more active toward the 

oxidation of the glucose. 

 

 

 

Enhancing factor Peak current / 𝝁A Potential cycle number 

-- 

1.23 
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In order to get further insight,  Fig. 3.19.  shows Tafel plots obtained 

at (a) GCox/NiOx and (b) GCox/NiOx(Glu) in 0.5 M NaOH containing 2.5 

mM glucose at a scan rate of 5 mV/s. Tafel slopes of ca. 38 mV/dec was 

obtained at GCox/NiOx(Glu), while at GCox/NiOx the Tafel slope equals 

60 mV/decade. The former one  points to a possibly an electron-transfer 

step is controlling the oxidation process. At  GCox/NiOx  electrode, it is 

likely that  a chemical step is the controlling for the glucose oxidation.  

This means that at GCox/NiOx electrode, the removal of an adsorbed 

species  (represented by Eq. 3.4) is the rate determining step.  At 

GCox/NiOx(Glu)  electrode at which the Tafel slope is 40 mV/decade, the 

step represented by Eq. (3.5) is the rate determining step [42]. The plots 

confirmed reinforcement of the glucose oxidation on GCox/NiOx(Glu) 

compared with GCox/NiOx. 
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Figure 3.19. Tafel plots obtained at (a) GCox/NiOx and, (b) 

GCox/NiOx(Glu) electrodes in 0.5 M NaOH containing 2.5 mM glucose at 

SR = 5 mV/S. 
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3.2.1.4.4. Long-term stability of the prepared electrocatalysts.  

One of the main objectives of using additive at deposition of Ni 

nanoparticles is to enhance the stability of the NiOx (the active oxide) 

modified GCE. So, to investigate the stability of the proposed catalysts, 

current–time curves were recorded for glucose oxidation and shown in 

Fig. 3.20.  in which chronoampergram obtained at constant potential of 

0.4 V for (a) GCox/NiOx, (b) GCox/NiOx (Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM glucose are shown. The obtained high current at the 

beginning was attributed to the charging of the double layer. The initial 

high current may be attributed to the increase in surface area. Then 

followed by a slight decrease which is indicative of a loss in the catalytic 

activity. GCox/NiOx (Glu) electrode exhibits the highest initial currents 

and steady state currents compared with that obtained at GCox/NiOx 

electrode in which Ni was deposited in the absence of glucose as additive. 

The order obtained using chronoamperometric measurements sustain that 

observed above using cyclic voltammetry shown above. This confirmed 

the higher activity of the GCox/NiOx (Glu) electrode, compared with 

GCox/NiOx electrode towards glucose oxidation, and the prominent role of 

glucose in the deposition bath.  
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Figure 3.20. Chronoampergram obtained at constant potential of 0.4 V for 

(a) GCox/NiOx, (b) GCox/NiOx (Glu) electrodes in 0.5 M NaOH containing 

2.5 mM glucose. 

Fig. 3.21.  shows the dependence of the function (Ip/1/2) with v 

obtained at the GCox/NiOx (Glu) electrode. As can be seen at scan rate 

higher than 40 mV s−1, Ip/1/2 does not change significantly with scan 

rate. This behavior is reported as a characteristic of catalytic reactions 

a 

b 
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[42], i.e., EC mechanism, represented by Eqs (3.4) and (3.5), shown 

above. The glucose oxidation is mediated by Ni couple, and that the 

inclusion of glucose in the deposition bath significantly modify deposited 

nickel oxide in such a manner that glucose oxidation is enhanced. 
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Figure 3.21. Variation of Ip/v1/2 with v for glucose electrooxidation 

obtained at GCox/NiOx(Glu) electrode in 0.5 M NaOH containing 2.5 mM 

glucose.  
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3.2.2. Tolerance of glucose electrocatalytic oxidation on 

GCox/NiOx(Glu) electrode to poisoning by halides 

 

Glucose electrooxidation on non-precious metals, especially Ni and 

its composites has been greatly developed in recent years due to their low 

cost, high oxidation capacity and high stability.  Glucose oxidation is the 

anodic reaction in direct alkaline fuel cells and it is used as the basis for 

enzymeless detection [43-47]. However, the most challenging problem of 

glucose fuel cells and non-enzymatic glucose sensors is the poisoning by 

halides especially chloride ions. So, studying the effect of halide ions on 

glucose oxidation on the proposed modified electrode is important topic in 

electrocatalysis [45,48-50]. It has been reported that halide ions exhibit a 

strong poisoning effect on several small organic molecules 

electrooxidation on noble metal electrodes such as Pt, Au, and their alloys 

[51-56]. This high poisoning has been attributed to the high specific 

adsorption of the halide ions on such metals [51-56]. On the other hand, 

metal oxides such as CuOx and NiOx are susceptible to poisoning albeit to 

a lower extent compared to their metal counterparts. This is attributed to 

the difference in the adsorbability of halide ions on metal and metal oxides 

[57,58]. In this part the effect of halide ion poisoning on the fabricated 

catalyst is investigated.  
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Figures (3.22-3.23-3.24) shows cyclic voltammetry (CV) responses 

for glucose electrooxidation on GCox/NiOx(Glu) electrode in the presence 

of different concentrations of chloride, bromide ions and iodide ions, 

ranging from 0.1 to 0.3 M. Glucose oxidation is revealed at a potential 

around 0 to 0.7V vs. Ag/AgCl(Kcl sat.).  It has been reported that NiOOH 

acts as a mediator of glucose oxidation. As mentioned above, the redox 

transition of nickel species from Ni(II) to Ni(III) occurs, and then in a 

following step, glucose is oxidized on the modified electrode, i.e., via EC 

mechanism[59-61]. Interestingly, upon the addition of the corresponding 

halide ions, the effect on the forward and backward scans is significant 

effect. Regarding the forward scan, the peak potential shifted negatively. 

The backward scan shifted positively.  The shift in both cases is halide 

concentration dependent.  It has been reported [58] that the NiOx/GC 

electrode has strong tolerance to chloride ions which is consistent with the 

present results. However, in the present electrode, surprisingly, the 

behavior is enhanced.  This indicates that the proposed catalyst not only 

exhibits good resistance to surface fouling but also enhance the oxidation 

response of the glucose oxidation.  It is a promising electrocatalyst for the 

development of enzymeless glucose sensors and alkaline fuel cells at low 

cost. The effect is larger in case of adding iodide compared with chloride 

and bromide. 
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Figure 3.22. CV obtained at GCox/NiOx(Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM of glucose in the presence of different concentrations 

of the halide ions [Cl−] (a) chloride free glucose, (b) 0.2M, and (c) 0.3M , 

at scan rate of 100 mV/s. 
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Figure 3.23. CV obtained at GCox/NiOx(Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM of glucose in the presence of different concentrations 

of the halide ions [Br−] (a) bromide free glucose, (b) 0.1M, and (c) 0.2M 

,and (d) 0.3M at scan rate of 100 mV/s. 
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Figure 3.24. CV obtained at GCox/NiOx(Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM of glucose in the presence of the halide ions [I−] (a) 

iodide free glucose, and (b) 10−5M at scan rate of 100 mV/s. 

 

In case of iodide (Fig. 3.24) in which CV obtained on the 

GCox/NiOx(Glu) electrode in 0.5 M NaOH containing 2.5 mM glucose in 

the presence of 10−5M iodide ion. Note that the concentration used for the 

effect of iodide is much lower than that used above for Cl− and Br−. This 

is because I−has significant adsorbability, and so at high concentrations, it 

blocks the electrode surface active sites. The literature reported that the 

iodide ion is oxidatively adsorbed by Pt and Au electrodes as zerovalent 
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atomic iodine at potentials between −0.4 and +0.4 V (Ag/AgCl reference). 

The amount of adsorbed iodine increases upon scanning the potential to 

values more positive than − 0.4 V until the surface is saturated with a 

monolayer of close-packed iodine atoms with coverage limited by van der 

Waals interactions. Additional iodine atoms forced into the already space 

limited interfacial layer lead to the formation of molecular iodine, which is 

evolved into the solution as aqueous I2 (2 I−↔ I2 + 2e). On the surface of 

Pt and Au anodes, at considerably more positive potentials and before 

oxygen evolution, the adsorbed zerovalent iodine is oxidized to aqueous 

iodate (I2  ↔ IO3
− ) along with the oxide formation of the electrode surface. 

Finally, it is quite probable that the iodates formed on the electrode diffuse 

back into the solution and react with the iodide, forming iodine again [62-

64]. The forward scan current is larger than that in the iodide-free glucose 

case. The increase in the forward scan may be attributed to the oxidation 

of the adsorbed zerovalent iodine to aqueous iodine molecules and/or 

iodates as they are available in this potential range.  

   

The above recorded results (shown in Figures (3.22,3.23, and 3.24)) 

are the first run after the direct addition of halide ions. In order to further 

demonstrate the effect of adding halides, various numbers of potential 

scans (cycles) were recorded in the presence of glucose, both in the absence 

and presence of halide ions.  
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Fig. 3.25 shows consecutive CV obtained on the GCox/NiOx(Glu) 

electrode in 0.5 M NaOH containing 20 mM glucose (halide-free solution) 

at a scan of rate 100 mV/s. To quantitatively demonstrate the effect of 

halide ions during potential scan cycling, we can correlate the peak current, 

which corresponds to glucose oxidation, to the number of potential cycles 

as it appears in Fig. 3.26 (the data were taken from Fig. 3.25).  In Fig. 3.25 

the peak current decreases continuously; the peak current after 15 cycles is 

around 0.8 of the initial runs. This may point to the poisoning of the 

electrode by the oxidation product.  
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Figure 3.25.  CV obtained at GCox/NiOx(Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM of glucose (halide-free) at scan rate of 100 mV/s for 

15 cycles. 
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Figure 3.26. Relation between peak current for CV’s scan at each run and 

number of runs data were taken from Fig. 3.25. 

 

Fig. 3.27 and 3.28 shows the continuous cycling of potential in 

glucose solution containing Cl− and Br−, respectively.  To quantitatively 

compare the poisoning effect of Cl− and Br− ions, the oxidation peak 

currents for the forward scan in the halide-free glucose and after adding 

Cl−and Br− are plotted as a function of the number of potential cycles as 

shown in Fig. 3.29. Many features could be extracted from Fig. 3.29.  
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1. In the presence of Cl−or Br− ions, the oxidation peak current for the 

first cycle is larger than that in the absence of both species. With 

potential cycling, the peak current decreases in the presence of any of 

the two species, i.e., Cl−or Br−, the decrease is parallel.  

2. The decreasing rate of the oxidation peak current follows the sequence 

Br− = Cl−> halide-free (glucose only) solution.  

3.  The peak currents change with the potential cycles with a regime 

similar to that obtained in the case of the halide free (glucose only) 

solution.  

  The above results reveal the tolerance of glucose oxidation on the 

GCox/NiOx(Glu) electrode to poisoning by chloride and bromide ions. 

This may be attributed to the low adsorbability and high solvation of 

Cl−and Br− ions. Also, it could be attributed to the high reversible 

oxidation potentials of Cl2/Cl−and Br2/Br− reactions (1.36 and 1.06 V 

vs. normal hydrogen electrode (NHE), respectively) [65]. 

 

 

 

 

 



RESULTS AND DISCUSSION 

 

Page | 153  
 

E /mV vs. Ag/AgCl/ KCl(sat.)

0.0 0.2 0.4 0.6 0.8

I 
/

A

-200

0

200

400

600

800

1000

1200

 

 

Figure 3.27. CV obtained at GCox/NiOx(Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM of glucose in the presence of the halide ions, Cl− 

(0.2M) at scan rate of 100 mV/s for 15 cycles. 
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Figure 3.28. CV obtained at GCox/NiOx(Glu) electrodes in 0.5 M NaOH containing 

2.5 mM of glucose in the presence of the halide ions, Br− (0.2M) at scan rate of 100 

mV/s for 15 cycles.  
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Figure 3.29.  Relation between peak current for CV’s scan at each run 

and number of runs data were extracted from figures 3.25,3.27, and 3.28. 

 

Fig. 3.30 shows consecutive CV obtained on the GCox/NiOx(Glu) 

electrode in 0.5 M NaOH containing 2.5 mM glucose and (10−5 M) of  I−. 

We can see that with the increase in the number of potential cycles, the 

forward current decreases.   
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Figure 3.30. CV obtained at GCox/NiOx(Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM of glucose in the presence of the halide ions, I− (10-5 

M) at scan rate of 100 mV/s for 15 cycles. 

 

Fig. 3.31 shows the relation between the peak current for the anodic 

peak (𝐼𝑝𝑎) with the number of potential cycles (data were taken from Fig. 

3.30). This figure demonstrates an interesting falling dependence of the 

curve of the oxidation peak current with the potential cyclic number. It is 

noteworthy to mention that the peak current for the first run is higher than 
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the blank itself. This behavior was attributed to adsorbed iodine oxidation 

as it is available in this potential range. In the following potential cycles, 

the peak current decreases with the potential scan number to values lower 

than that of the blank. The fact that the peak current decreases again after 

the first run, although two reactions occur (glucose oxidation and adsorbed 

iodine oxidation), could be explained by considering the cross effect of 

both glucose and I− oxidation on each other. That is to say, the glucose 

oxidation reaction is retarded by the adsorbed products of iodine oxidation, 

and the iodide oxidation reaction may retard further oxidation of I−to I2.  
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Figure 3.31: Relation between peak current for CV’s scan at each run and 

number of runs data extracted from figures 3.25, and 3.30. 
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3.2.5. Conclusions 

GCox/NiOx (Glu) electrode was fabricated by electrodeposition 

of nickel from Watts bath in the absence and presence of glucose and 

then examined for glucose electrooxidation. The modified electrode 

significantly enhanced the glucose electrooxidation as compared with 

GCox/NiOx electrode which was prepared similarly to GCox/NiOx 

(Glu) electrode but in the absence of glucose. The relation between 

Ip/ v1/2 and v denoted an EC mechanism for glucose oxidation and 

the nominal equalities of Tafel slopes obtained at the two modified 

electrodes pointed to a similar mechanism at both electrodes. The 

current density for glucose electrooxidation is larger than that 

obtained in the previous section.  This points to the critical effect of 

the underlying substrate on the deposited nickel oxide. Poisoning was 

studied and acceptable resistant to poisoning was obtained. 
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CHAPTER III (PRAT 3) 

Electrocatalytic oxidation of glucose at graphene-Nickle oxides 

nanoparticles composite 

 

3.3.1. Abstract 

Graphene (Gr) and nickel oxide (NiOx) nanoparticles modified 

glassy carbon (GC) electrode were fabricated in the presence of a suitable 

additive controlling the interfacial properties. The modified electrode was 

applied in enhancing the electrochemical oxidation of glucose. The effect 

of the concentration of the additive on the extent of electroactivity of 

those modified electrodes was optimized. Also, the effect of loading of 

nickel oxide (NiOx) nanoparticles on the GCox/Gr electrode was 

optimized as well. Cyclic voltammetry (CV), and chronoamperometry 

were used for the voltammetric characterization. Several surface 

techniques were used for probing the morphology and composition of the 

deposited modifier, including field emission scanning electron 

microscopy (FE-SEM), Dispersive X-Ray Analysis (EDX). GC electrode 

was casted by graphene (Gr) and then (NiOx) was deposited either from 

nickel bath containing glucose or not.  The deposition was achieved by 

cyclic voltammetry (CV) for certain potential cycles in the potential range 
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from 0.0 to -1.0 V vs. Ag/AgCl(Kcl sat.). Possible reason behind the 

enhancement of glucose electrocatalytic oxidation was explored. 

3.3.2.  Introduction 

In the resent years glucose electro-oxidation reaction has magnetized 

remarkable study because of its significance in many potential 

applications containing clinical diagnostics, food industry [1], glucose 

fuel cells (FCs) [2], treatment of wastewater, [3] biotechnology [4] and 

glucose sensors [5]. So, the expansion of stable, cheap, and efficient 

glucose electrocatalysts is very important.  Valuable metal-based 

electrocatalysts have been used in former research such as Pt-multi wall 

carbon nanotubes (MWCNTs) [6], Pt–Pb/MWCNT [7], platinum and 

gold-based electrodes [8,9]. However, there are limits to its use in the 

practical application because of: its low durability and high cost [10-13].  

In this respect, many transition metal oxides (MOx) nanostructured 

modified anodes have obtained intense research attention for glucose 

electro-oxidation reaction such as Co3O4 nanofibers [14], Ni NPs [15], 

Fe3O4 nanorod arrays [16], MnO2 [17], and CuO nanostructures [18]. 

Recently, since the discovery of graphene, two-dimensional materials 

have become of great importance as electrical stimuli [14-17]. This is due 

to the high graphene activity as a catalyst due to its amazing structural, 
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physical and chemical properties [14,16,19] such as: good chemical 

stability, exceptional electrical loyalty, strong mechanical strength, high 

surface area (≈2600 m2 /g) [15, 17], easy operation, high cost of catalytic 

behavior, and high carrier mobility (≈15,000 cm2/V·s) [16,20-23], which 

stimulated the study of electrical catalysis reactions using graphene. 

Graphene-based electrochemical sensors have been used as 

comprehensive application in electroanalysis and facilitate the evolution 

of biosensors with specificity and high sensitivity [24-26].  

In the present work, the fabrication of glassy carbon (GC) electrode 

modified with graphene (Gr) in short time (with the aid of 30 min 

sonication) through the solution phase approach and deposition of NiOx 

nanoparticles for glucose electro-oxidation reaction, designated as 

GCox/Gr/NiOx(Glu) electrode is prepared and characterized by cyclic 

voltammetry (CV) in alkaline medium. The experimental parameters are 

optimized to sustain the highest electrocatalytic activity towards glucose 

oxidation. Inclusion of glucose in the deposition bath significantly affect 

the oxidation of glucose at the modified electrode.  
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3.3.3.  Experimental 

     3.3.3.1. Electrochemical measurements 

Potentiostat/galvanostat/ZRA model the Reference 600 TM 

machine were used for the Electrochemical measurements. A 

conventional cell with a three-electrode configuration was used in this 

work. The electrochemical measurements were performed at room 

temperature (25 °C). The working electrode was glassy carbon (GC, d = 

3.0 mm). It was cleaned by mechanical polishing with aqueous slurries of 

successively finer alumina powder then washed thoroughly with 

deionized water.  

    3.3.3.2. Preparation of GCox/Gr/NiOx. electrode 

The bare GCE was polished to a mirror-like surface with 1, 0.3, 

and 0.05 um alumina slurry, respectively. The GC electrode surface was 

casted with 10 uL Gr suspension and then dried at room temperature to 

fabricate the GCox/Gr electrode. The GC/Gr electrode was scanned for 

five potential cycles at range from −0.2V to 2V.vs. Ag/AgCl /KCl (sat.) 

in 0.5 M H2SO4. After that, the electrodeposition of NiOx was corducted 

by using five potential cycles at range from 0.0 to -1.0V vs. Ag/AgCl 

/KCl (sat.) in 0.5 M NaOH.  
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3.3.4. Results and discussion 

       3.3.4.1.  Morphological characterizations 

The morphology and composition of the various electrocatalysts 

prepared atop the surface of the GC electrode were first investigated by 

SEM, and EDX. Fig. 3.32. shows SEM images of nano-NiOx prepared by 

a cyclic voltammetry technique described in the experimental section. 

Also, the atomic ratios of C/O/Ni from EDX were obtined. In image A, 

the nanoparticles obtained looks like cauliflower but have many mini 

diamonds like. In EDX (plot B), as expected, peaks of Ni at GCox/NiOx-

as at 0.9, 7.6, and 8.2 KeV are revealed [27]. At image C, 

GCox/Gr/NiOx(Glu) electrode which is fabricated similarly to 

GCox/NiOx(Glu) electrode but in the presence of graphene. The 

nanoparticles obtained look like rocks. EDX (plot D), however, presents a 

smaller ratio of nickel compared with plot B. 
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Element Weight% Atomic% 

C K 74.24 86.68 

O K 9.54 8.36 

Cl K  6.92 2.74 

Ni K 9.30 2.22 

 
 

Element Weight% Atomic% 

C K 72.01 80.49 

O K 20.78 17.43 

Cl K  0.54 0.21 

Ni K 4.97 1.14 

Si K 0.32 0.15 

S K 1.38 0.58 

 

Figure 3.32. SEM (A,C) and EDX (B,D) of (A,B) GCox/NiOx(Glu), and 

(C,D) GCox/Gr(Glu)/NiOx(Glu) electrodes. 
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3.3.4.2. Electrochemical characterizations 

In this work, the glassy carbon electrode was casted by graphene. 

Then nickel was deposited in the presence and absence of glucose, and 

then applied for the electrocatalytic oxidation of glucose in alkaline 

media. Fig. 3.33 shows CVs responses obtained (a) GCox/Gr/NiOx, (b) 

GCox/NiOx, (c) GCox/NiOx(Glu)  and (d) GCox/Gr/NiOx(Glu) 

electrodes in 0.5 M NaOH. The five potential cycles in the range from 0.0 

to -1.0V vs. Ag/AgCl /KCl (sat.) were used to deposit NiOx nanoparticles 

onto electrodes. As clearly shown, in Fig. 3.33 (curve a), obtained at 

GCox/Gr/NiOx electrode in which glassy carbon was electrochemically 

oxidized and then casted by graphene and subsequently nickel was 

deposited, the CV is featureless.  Curves b and c shows CV responses 

obtained at GCox/NiOx and GCox/NiOx(Glu) electrodes, respectively. The 

peak current for nickel couple increases at both electrodes compared with 

that on the GCox/Gr/NiOx (a). Probably, the functional groups of the 

underlying substrate participate in this enhancement.  Comparing curves 

b and c indicates that including glucose in the deposition bath (curve c) 

promotes the nickel-nickel oxide redox couple. Curve d, show CV 

response obtained at GCox/Gr/NiOx(Glu)  electrode.  In this case the 

largest enhancement in the nickel-nickel oxide redox couple  is obtained.  
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E /mV vs. Ag/AgCl / KCl sat.
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Figure 3.33. CV obtained at (a) GCox/Gr/NiOx , (b) GCox/NiOx, (c) 

GCox/NiOx(Glu) and (d) GCox/Gr(Glu)/NiOx(Glu) electrodes in 0.5 M 

NaOH. 

 

Fig. 3.34 is similar to Fig. 3.33 but in the presence of glucose. Data 

extracted from this figure are presented in Table 3.3.  The glucose 

oxidation peak current increases at GCox/Gr/NiOx(Glu) electrode (curve 

d) compared with GCox/NiOx(Glu) electrode (curve c) . The oxidation 
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b 

c 
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current increases in the presence of graphene. When graphene was casted 

on the electrode, the electrocatalytic oxidation of glucose was obviously 

observed at lower positive potential and the oxidation peak current was 

two times of that obtained at GCox/NiOx(Glu) electrode, indicating that 

co-effect of graphene and NiOx played an important role in the 

electrocatalytic oxidation of glucose. The graphene provides larger 

surface area for NiOx as well as for glucose adsorption and assists in 

faster electrode kinetics [28-31]. 
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E /mV vs. Ag/AgCl /KCl sat.
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Figure 3.34. CV obtained at (a) GCox/Gr/NiOx, (b) GCox/NiOx, 

(c)GCox/NiOx(Glu),and (d) GCox/Gr(Glu)/NiOx(Glu) electrodes in 0.5 

M NaOH containing 2.5 mM glucose. 
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Table 3.3. Peak potential, peak current and onset potential of glucose 

oxidation obtained at modified electrodes. Data are extracted 

from Fig. 3 .34. 

 

3.3.4.3. Effect of loading of nickel nanoparticles 

The extent of NiOx loading levels  have  been  investigated  at 

GCox/Gr/NiOx(Glu) electrode towards the glucose oxidation reaction and 

results are shown in Fig. 3.35. Data extracted from this figure are shown 

as Table 3.4. The monotonic increase of the peak current of glucose 

oxidation with the amount of NiOx is observed. The presence of Gr 

caused increase of the anodic peak current for glucose oxidation reaction 

at GCox/Gr/NiOx(Glu) electrode possibly due to the larger specific 

surface area of Gr (compared to GCox) which enhances the 

Peak 

current/𝝁A 

Onset 

potential/𝑽 

Peak 

potential/𝑽 

Electrode 

31 

399 

616 

905 

0.37 

0.35 

0.36 

0.34 

0.43 

0.45 

0.46 

0.43 
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electrocatalytic activity of the modified electrode towards glucose 

oxidation reaction. 
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Figure 3.35. CV obtained at GCox/Gr/NiOx(Glu) in 0.5 M NaOH 

containing 2.5 mM glucose, NiOx was prepared by by different potential 

cycles in the range of 0.0 ~  -1.0 V. 
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Table 3.4. Peak potential, peak current and onset potential of glucose 

oxidation obtained at GCox/Gr/NiOx(Glu) with different 

loading of nickel. Data are extracted from Fig. 3 .35. 

 

In order to get further insight, Fig. 3.36 shows Tafel plots obtained 

at (a) GCox/NiOx(Glu), and (b) GCox/Gr/NiOx(Glu) in 0.5 M NaOH 

containing 2.5 mM glucose at a scan rate 5 mV/s.  

Tafel slopes of ca. 38 mV/dec was obtained at both electrodes. This 

means the electron transfer represented by Eq. 3.4 is the rate determining 

step [32]. The plots confirmed reinforcement of the glucose oxidation on 

GCox/Gr/NiOx(Glu) compared with GCox/NiOx(Glu). 
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Figure 3.36. Tafel plots obtained at (a) GCox/NiOx(Glu), (b) 

GCox/Gr/NiOx(Glu) in 0.5 M NaOH containing 2.5 mM glucose at SR = 

5 mV/S. 
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3.3.4.4.  Long-term stability of the prepared electrocatalysts  

One of the main objectives of using graphene is to improve the 

oxidation current and stability of the NiOx modified GC electrode 

towards the glucose oxidation reaction. Thus, the anodic oxidation current 

of glucose has been recorded at a constant potential of 0.45 V for 

electrolysis time of 220 s at the two electrodes i.e., GCox /Gr/ NiOx(Glu) 

(a) electrode and GCox / NiOx(Glu) (b) electrode (as shown in Fig.3.37 ). 

This figure shows that the prior casting of Gr atop the GC electrode 

followed with the modification with the NiOx shows a higher oxidation 

current than that obtained at the GC electrode modified with the NiOx 

only without prior casting of Gr. This proves a better catalytic 

enhancement at the GCox /Gr/NiOx(Glu) (A) electrode, there is a sharp 

initial current drop, followed by a constant current. The initial drop may 

be due to fast oxidation of glucose molecules adjacent to the surface of 

the modified electrode, and after that, the kinetic of glucose oxidation 

reaction changes to be mass transfer-controlled process. 
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Figure 3.37. Chronoampergram obtained at constant potential of 0.45 V at 

(a) GCox/NiOx(Glu), (b) GCox/Gr/NiOx(Glu) electrodes in 0.5 M NaOH 

containing 2.5 mM glucose. 

 

Fig. 3.38 shows the dependence of the function (Ip/1/2) with v 

obtained at the GCox/Gr/NiOx(Glu) electrode. As can be seen at scan rate 

higher than 400 mV 𝑠−1, Ip/1/2 does not change significantly with scan 
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rate. This behavior is reported as a characteristic of catalytic reactions 

[32], i.e., EC mechanism, represented by Eqs 3.4 and 3.5.  
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Figure 3.38. Variation of Ip/1/2 with v for glucose electrooxidation 

obtained at GCox/Gr/NiOx(Glu) electrode in 0.5 M NaOH containing 2.5  

mM glucose. 
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3.3.5. Conclusions 

Glucose electrooxidation has been studied GCox/Gr/NiOx(Glu) 

modified electrode in which graphene is coated onto glassy carbon 

underlying substrate and then nickel is deposited subsequently.  It has 

been found that the activity towards the glucose oxidation reaction 

critically depends on the presence of Gr, and the addition of glucose to 

the nickel deposition bath. The effect of loading of NiOx nanoparticles on 

GCox/Gr was studied. Further, the electrocatalytic activity of glucose 

oxidation was indicated by CV of GCox/Gr/NiOx(Glu) electrode at 

different scan rate. The peak current of glucose oxidation is amplified on 

GCox/Gr/NiOx(Glu) electrode compared with  GCox/NiOx(Glu) 

electrode. The current transient for glucose oxidation at 

GCox/Gr/NiOx(Glu) electrode by applying a constant potential of 0.4 V 

was larger  than that obtained at GCox/NiOx(Glu) electrode.  
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CONCLUSIONS 

 

In this work, three themes were achieved; 

  

✓ Glucose oxidation in alkaline medium has been studied at Au/NiOx(Glu) 

modified electrode.  Au/NiOx(Glu) electrode display high electrocatalytic 

activity for glucose oxidation compared with Au/NiOx electrode. This 

approved that glucose has dramatic effects on the electrodeposition of NiOx 

on Au electrode and on the catalytic oxidation of glucose from alkaline 

solutions.  

 

✓ GCox/NiOx (Glu) electrode was fabricated by electrodeposition of nickel from 

Watts bath both in the absence and presence of glucose, as an additive, and 

then examined for glucose electrooxidation. The modified electrode 

significantly enhanced the glucose electrooxidation as compared with 

GCox/NiOx electrode which was prepared similarly to GCox/NiOx (Glu) 

electrode but in the absence of glucose.  

✓ Glucose electrooxidation has been studied. It has been found that the activity 

towards the glucose oxidation reaction critically depends on the presence of 

Gr, and the glucose present in the deposition of NiOx.  
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FUTURE WORK AND 

RECOMMENDATIONS 

 

In the present work, based on the extracted conclusions, the following points are 

suggested for future work; 

1- Au/NiOx(Glu) electrode display high electrocatalytic activity for glucose 

oxidation compared with Au/NiOx electrod. This point needs further 

investigation. 

2- GCox/NiOx(Glu) electrode significantly enhanced the glucose 

electrooxidation as compared with GCox/NiOx.. The assembling of this 

catalyst by different methods will be addressed in the future. Also, the 

modification of NiOx under different conditions needs more investigation. 

3- GCox/Gr(Glu)/NiOx(Glu) electrode needs further characterization and 

addressing of the catalytic activity.    
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 الخلاصة
الحفز الكهروكيميائي لبعض المواد العضوية على الأقطاب  

 المعدلة 
 
 

في المستقبل للأجهزة الالكترونية   ة للجلكوز مصدر طاقة واعدهروكيميائيتعتبر الاكسدة الك

المحمولة. ومع ذلك، لايزال هناك حاجة الى أنود رخيص مناسب ذو أكسدة حركيا سريعة. يمكن ان توفر  

المعدلة للمواد النانونية السبيل لتطوير خلايا وقود الجلكوز. تم تلخيص مقدمة   وكيميائية الأقطاب الكهر

موجزة تليها مراجعة الادبيات ذات الصلة بهذا العمل. يتضمن قسم النتائج والمناقشة اقتراح محفزات  

 للجلكوز في الوسط القلوي.   وكيميائي الكهر  للأكسدةواعدة  وكيميائيةكهر

 

في الجزء الأول من قسم النتائج، تمت دراسة السلوك الكهروكيميائي للجلكوز على قطب الذهب. 

 محلولالجلكوز في   وغيابتم تجميع الجسيييييمات النانونية لأكسيييييد النيكل على قطب الذهب في وجود  

تم تمييز   .الترسيييب. بعد ذلك، تم التحقم من تعزيز السييلوك الكهروكيميائي للجلكوز على القطب المعدل

تكوينها باسيييتخدام الأشيييعة فحص   وتم  الإلكترونيالأقطاب المعدلة شيييكليا باسيييتخدام الفحص المجهري  

 السينية المشتتة للطاقة.  

 

السيييييلوك الكهروكيمييائي للجلكوز على محفز مكون من  دراسيييييةفي الجزء الثياني، تم تحقيم 

 تم فحص تأثير إضيافة  أيضيا،  .وكيميائياهرجزيئات النانو على قطب الكربون الزجاجي المنشيط مسيبقا ك

)مرسييييبة في عدم    (GCox/NiOx)المعدلة،    وكيميائيةالجلكوز الى محلول الترسيييييب. الأقطاب الكهر

 وكيميائيا)مرسييييبة في وجود الجلكوز( تم تمييز اقطابها كهر(GCox/NiOx(Glu)) وجود الجلكوز( و

,SEMكرونومتر و مورفولوجيا السيط  باسيتخدام  ، و قياس  قياس الجهد الدوريباسيتخدام   EDX , XRD 
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يعتمد بشيكل حاسيم على وجود المادة المضيافة )الجلكوز( في   وكيميائيتم التوصيل الى ان التحفيز الكهر.  

أكبر نحو أكسيييدة الجلكوز   وكيميائيانشييياطا كهر(GCox/NiOx(Glu)) محلول الترسييييب. قدم قطب  

 .(GCox/NiOx) مقارنة بقطب

  

النيكيل  وجزيئياتفي الجزء الثيالي ، تم تعيدييل قطيب الكربون الزجياجي بواسيييييطية الجرافيين      

                     (GCox/Gr/NiOx(Glu)) النييانونييية في سيييييينيياريو مميياثييل للجزء الثيياني. تم تطبيم قطييب 

. تم اسيييتخدام   رمتلتعزيز الاكسيييدة الكهروكيميائية للجلكوز. تم اسيييتخدام قياس الجهد الدوري و الكرونو

تكوين الترسييب على القطب المعدل،  والعديد من التقنيات السيطحية لفحص شيكل السيط  )مورفولوجيا(  

. في (XRD)   ، الاشيعة السيينية المشيتتةSEM)  )  كترونيةبما في ذلك الفحص المجهري للانبعاثات الال

خلال دراسية تأثير العديد من العوامل  جميع الحالات تم دراسية تأثير تحميل النيكل. تم اكتشياا الالية من

 . للجلكوز على السلوك الكهروكيميائي

            

أكسيد النيكل ، قياس الفولتية الدورية ،    من المحفزات، الجسيمات النانوية الكلمات الدلالية للبح : 

.، قطب الكربون الزجاجي ، قطب الذهب للجلوكوز ، المقاييس الكرونومترية وكيميائيه الأكسدة الكهر  
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 الملخص العربي 

طاعااياف نااا  يداا  اااكار ناا ه غيااا طاجتداادد  جااه ط اااتسار طاجتااايا  طاتقليدياا  تعااي ا طاقي اا           

جيااا  ىاااو  لااكر جلتصااا  اج اادا قي اا   اادير اللي اا ق تعتلااا ةايااي طاك ااكد طاقي جاا   لااو طادلكصااك  

الدلكصااك  لقي اا  ك  يااتف طا  ااكر  ليسااي ى   كصيجيي ياا ناا ه طسصاااد  طاصسا ،ركااا  اااو كط اادوطق كجاا  

ب جااه طاتاااجف جااه يعااي ا طاققاا  كااار، ط ااد  صليااا  نااا طاجعاايده طااجي اا ق لي  ااين  ىاااو  تصلفاا ل

ناا ه طاااتلدطر طاجعااده طا فااير لجعااده اةاايي ك ل كك تقلياار طاتصلفاا   كلياتااياا،ج تداايا طسصاااد ق 

 .لياتةدطف تاايب طادايجيا طا ي كي  لة ي ي ت في ي  طاتا ي ي   د يصكه  او ديدوط

ر صليااا تعتجااد طاة ااي ي طات في ياا  الد ي اايا طا ي كياا  طاجعد ياا  ككصيااايد طاجعاايده ل ااص         

لي  ااين  ىاااو طااصياا   طساياااي  طاتااا  طاج فاا ، لااو جكانكاكديااي كطاتكداا  طاللااكاذ اجااار  ااكط 

يجصااه كه ت يااد جااه ط اااتةدطف طاجفيااد الدااايجيا طا ي كياا  طاجكد اا  كتعاا   ة ااي ي طجت اايي 

يااتف ىدةااير ت اا ي  د ي اايا  ي كياا  جعد ياا  ك ل كك د ي اايا جعد ياا   طاعجاار،طادلكصااك ق نااا  ااكط 

ني قااا   كصيجيي يااا صساكصياااايدي   لاااو اصيااا   كايااااي  ج ياااال  تساااد  ىااااو كصااااد  ت فيااا    ي كيااا 

 طاج يااال ،طاجعدااا ق يجصااه كه تصااكه طااصياا   طساياااي   كصيجيي ياا الدلكصااك  نااا تلاار طس قاايب طاصسا

كج ققاا  طااااقم طاج اادد   طاعيدياا ،جاا  طاجك االي  طاعياياا  غيااا  طا ديدياا ،جااار ك قاايب طاصالااكه 

جياااي ا لجايلااا  طااصيااا   طسايااااي  طاجالاااو الداااايجيا طا ي كيااا  طاجعد يااا  ككصياااايد كطاةجاااكر طاصي

طاجعاايده ، ةي اا  ىكط تااف ت ااكيلسي ل ااصر ةاايي جاا  لعاا  طاجدجك اايا طاتااا يجصااه كه تاات صف نااا 

 .تكاي  ط اتةدطف طاجفيد الدايجيا طا ي كي  طاجة    طاجكد   طاو ة ي ي طا  قكا طالي ي

تت ااجه طااااايا  طا ياياا  كالعاا  ن ااكرق كتاااد كد اايض طاةقااكق طاعاي اا  طاجااكد   اسااكض  -

 طاف كر ؛

العجااار  كصيجيي يااا  اااك دااا م  جقدجااا  كجاااام كدلاااا ق ياااكد   قاااي  طاصيجيااايم طاصسا الفصللا ال:ا 

 كصيجي ياا طاجقاادف نااا  ااكض طسقاك اا ق لي  ااين  ىاااو كااار ، تااكاا لعاا  تقليقاايا طاصيجياايم طاصسا
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الدلكصااااك ق كي ااااي، ناااا ه طاجااااام طسدلااااا ا صاااااد   اكصيجيي ياااا طسصاااااد  طاصس ط  تلاااايض ىاااااو

ي ،  لاااو ج فااا طا صسا كصيجيي يااا طاصسا ي كغياااا ى  يجياااو  كصيجي يااا طات في يااا  الدلكصاااك ، ى  يجياااو

 ااد جةتلفاا  ىجااي ج فاا طا ك يدياا  كا ي ياا  كاااياا  جاا  طااصااي   طساياااي  طاجاااتةدج  ل ااصر  ااي   

 .تجا ط  يا  طاي 

ياااتف ى قااايم طاتفي اااير طاتدايليااا  لجاااي ناااا كاااار ت ااا ي  كتك اااي  طس قااايب  الثللل: ي الفصلللا 

 .طاجعدا ، كىداطمطا طاعجر كطسدس   طاجاتةدج  كصيجيي ي طاصسا

 يعااا  طا تااي و طاجتعلقاا ك  ٣،٢،١طا تااي و كطاج ي  اا ، كي ااف ااااا  كداا طم داا م الفصللا الث:للل  

 ؛لا

طاجعداااااا  الاااااك ب طاج فااااا  ا صااااااد   سصاااااايد طا يصااااار ت ااااا ي  طاداااااايجيا طا ي كيااااا  -١

 كصيجيي يااااا الدلكصاااااك  ناااااا طاكااااااق طاقلاااااكذق تاااااف تجييااااا  طس قااااايب طاصسا كصيجيي يااااا طاصسا

يعتجااااد ل ااااصر  كصيجيااااي اطاصساطاجعدااااا   ااااصليي كصساكصيجييكياااايق ك ااااد كدااااد كه   اااايق طا فاااا  

 قطاتاايب كاق ياف  لو طاجيد  طاج ين  )طادلكصك ( نا 

طاااااتةدطف  قااااب طاصالااااكه طا داااايدا طاجعاااادر لكطاااااق  د ي اااايا طا يصاااار طا ي ك ياااا  تااااف   -٢

ج اااااين  جااااايد  جاااااه ج لاااااكر طا يصااااار طااااااكذ ي تاااااكذ  لاااااو                          كت ااااا ي 

كصاااكار تاااف داطاااا    لاااو ط صااااد  طات في يااا  الدلصاااك  تقليقااا ج ياااال ، طادلصاااك ، ااااف تاااف 

   قجقيكج  تاجج 

( Gr( طاج اااالكب لكطاااااق  طاداااااطنيه )GCيااااتف طاااااتةدطف  قااااب طاصالااااكه طا داااايدا )  -٣

 ( سصاد  طادلكصك قNiOxاف تعديل  ج  طادايجيا طا ي كي  )

 

GCox/NiOx(Glu) 
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