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Abstract 

     In this study, the indium tin oxide (ITO) electrode was modified, physical and 

electrochemical characterization were studied to be used in some biosensor 

applications. Using the drop-casting method, functionalized Multiwall Carbon 

Nanotubes, Polypyrrole, and gold nanoparticles (f-MWCNTs-AuNP-PPy) were 

efficiently coated on the surface of an ITO electrode. Fourier transform of infrared 

radiation (FTIR) and field emission scanning electron microscopy (FE-SEM) were 

utilized to describe the microscopic structure and morphogenesis of the generated 

films at the ITO electrode's surface. Cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) were used to assess the electroanalytical performance 

of electrodes after modification. The f-MWCNTs-AuNPs-PPy distribution on the 

ITO electrode was improved by studying the effect of adding gold nanoparticles and 

varying polymer concentrations on the film distribution. Electrodes were tested with 

bare ITO electrodes as well as electrodes modified with f-MWCNTs, f-MWCNTs-

PPy, and f-MWCNTs-AuNPs-PPy. The results revealed that nanoparticles 

distributed on the surface of the modified electrode reduced its impedance by 

roughly 40% for f-MWCNTs, 75% for f-MWCNTs-PPy, and 95% for f-MWCNTs-

PPy-AuNPs. The equivalent circuit was appropriately matched in three situations (f-

MWCNTs, f-MWCNTs-PPy, and f-MWCNTs-PPy-AuNPs). The transmission line 

model, which shows the impedance sensitivity of a diffusion process was utilized to 

describe the film properties. Nanoparticles enhance electrochemical performance by 

increasing electrochemical active surface area and allowing electron transport from 

the redox probe (Ferrocene/ Ferrocenium) to the ITO electrode.   
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   الخلاصة 
قطب          تعديل  تم  الدراسة،  هذه  أجهزة    ITOفي  تطبيقات  لبعض  والكهروكيميائي  الفيزيائي  للتوصيف 

الجدران   متعددة  النانوية  الكربون  أنابيب  طلاء  تم  المسقط،  الصب  طريقة  باستخدام  البيولوجي.  الاستشعار 
 ( النانوية           الذهب  بكفاءة على  f-MWCNTs-AuNP-PPyالمفعلة، والبولي بيرول، وجسيمات   )

قطب   ) ITOسطح  الحمراء  تحت  للأشعة  فورير  تحويل  استخدام  تم   .FTIR   لمسح الألكتروني  والمجهر   )
 ( الميداني  القطب  FE-SEMالانبعاث  سطح  على  المتولدة  الأفلام  وتشكيل  المجهري  التركيب  لوصف   )

( لتقييم  EISللمقاومة الكهروكيميائية ) ( والتحليل الطيفي  CV. تم استخدام قياس الجهد الدوري ) ITOالكهربائي  
-f-MWCNTs-AuNPsالأداء التحليلي الكهربائي للأقطاب الكهربائية بعد التعديل. تم تحسين توزيع مركب 

PPy    على قطب ITO  من خلال دراسة تأثير إضافة جسيمات الذهب النانوية وتراكيز البوليمر المختلفة على
أقطاب   باستخدام  الكهربائية  الأقطاب  هذه  اختبار  تم  الفيلم.  ألاقطاب    ITOتوزيع  إلى  بالإضافة  المجردة 

باستخدام   المعدلة  .  f-MWCNTs-AuNPs-PPyو  f-MWCNTs-PPyو  f-MWCNTsالكهربائية 
% بالنسبة لـ  40كشفت النتائج أن الجسيمات النانوية الموزعة على سطح القطب المعدل قلت ممانعتها بحوالي  

f-MWCNTsو بالنسبة  75،  وf-MWCNTs-PPyلـ  %  لـ  95،  بالنسبة   %f-MWCNTs-PPy-
AuNPs ( في ثلاث حالات  المكافئة بشكل مناسب  الدائرة  -f-MWCNTsو  f-MWCNTs. تمت مطابقة 

PPy  وf-MWCNTs-PPy-AuNPs  الذي النقل،  خط  نموذج  استخدام  تم  الفيلم،  خصائص  لوصف   .)
عن   الكهروكيميائي  الأداء  تحسين  على  النانوية  الجسيمات  تعمل  الانتشار.  لعملية  الممانعة  حساسية  يوضح 
والاختزال   الأكسدة  مسبار  من  الإلكترونات  بنقل  والسماح  النشط  الكهروكيميائي  السطح  مساحة  زيادة  طريق 

 .ITO)الفيروسين/الفيروسينيوم( إلى قطب 
 

1. Introduction 

     Carbonaceous compound-based electrode materials are frequently employed as working 

electrodes in electrochemistry and electroanalysis because of their special characteristics, such 

as different surface chemistry, reduced resistivity, and chemical inertness, which make them 

an excellent choice for determining different substances in the electrocatalytic area [1-5]. 

Furthermore, in terms of hydrogen overvoltage, carbon electrodes (CEs) outperform metals 

[6]. Carbon paste [7, 8], carbon fiber [9], glassy carbon [10], screen-printed carbon [11], 

carbon nanotubes (CNTs) [12, 13], and other carbon-based materials have been created and/or 

modified to meet particular requirements for a wide range of electrochemical applications. 

CNTs' nano-scale structure, excellent electrical and huge surface area, high mechanics 

strength, and capabilities have made them helpful in a variety of enticing applications, 

including nanoscale semiconductor devices, sensors, highly advanced materials, power-

converting devices, and so on [14 - 17]. Several functionalization strategies have been 

developed to enable the application of CNTs in the fabrication of sensor electrodes [18 -21]. 

Conductive polymers are extensively used in electrode materials due to their superior 

conductivity, biological compatibility, great chemical stability, and ease of production and 

processing [22].  Polypyrrole (PPy) is the most extensively researched conductive polymer to 

date [23]. PPy has strong water stability and reasonable conductivity. Moreover, it is readily 

produced, and its surface features, like porosity, may easily be modified for various purposes 

[24]. Electrochemical impedance spectroscopy (EIS) indicated that the CNTs-PPy 

significantly lowered the electrode's charge transfer resistance [25]. 

 

     Gold nanoparticles (AuNPs) have attracted interest in recent decades for their remarkable 

catalytic characteristics in various processes, including low-temperature CO oxidation. As a 

result, investigating the electrocatalytic activity of gold nanoparticles for O2 reduction is 

critical. A two-electron reduction of oxygen occurs on Au electrodes at low overpotentials in 

acid environments, with the first electron transfer dictating the rate. The O2 reduction reaction 

was found to be a structure-sensitive reaction on gold electrodes [26, 27]. 
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     This study aimed to assess the adsorption and electrooxidation of indium tin oxide (ITO) 

working electrodes (WE) modified with Multiwall Carbon Nanotubes (MWCNTs) 

functionalized with Polypyrrole polymer (PPy) (at different concentrations (0.02, 0.04, and 

0.1 mL)) and gold nanoparticles (AuNPs) in order to modify the working electrode (ITO/f-

MWCNTs-PPyAuNPs) to develop a genosensor. 

 

2. Experimental Work 

2-1 Materials 

     This work employed short functionalized MWCNTs (f-MWCNTs) with 5.3-5.85% OH 

supplied by Nanostructured and Amorphous Materials, Texas, USA. f-MWCNTs have an 

outer diameter of 8 nm, a length of 0.5-2 nm, and a purity of >95.1%. Gold nanoparticles 

(AuNPs) with purity of >99.97%, APS: 28nm, bulk density ~ 0.85 g/m^3 were supplied by 

US Research Nanomaterials, Inc. Dimethyl sulfoxide (DMSO) solution with a molecular 

weight of 78.14 (g/mol), 99.6% purity and formula (CH₃)₂SO was supplied by ALPHA 

CHEMIKA, India. While N, N Dimethylformamide (DMF) solution with a molecular weight 

of 73.08(g/mol), density of 0.944 gm/ml (at 25 °C) and formula C3H7NO used to prepare f-

MWCNTs-PPy-AuNPs suspension, was supplied by Biosolve, USA Company. For the 

electrolyte solution, potassium ferrocyanide (Fe( CN)6]−3 −4⁄ ) of 99 % purity from Sigma-

Aldrich and potassium chloride (KCl) of 99 % purity from Sigma-Aldrich were used. The 

chemicals were utilized as received without further purification. 

 

2-2 Preparation of (ITO/MWCNTs-PPy-AuNPs) modified electrode 

     For the preparation of f-MWCNTs-AuNPs suspension, 2 mg of f-MWCNTs powder was 

mixed with 2.0 mL of DMF solution and sonicated for 15 min. with a sonicated probe, then 2 

µg of AuNPs were added to the suspension and sonicated again for 15 min. for a homogenous 

distribution. Polypyrrole conductive polymer was  prepared through easy and low-cost in-situ 

chemical oxidative polymerization, as described by Taradh and Saleh [15] and Ahmed and 

Hassan [28]. By micro syringing, a quantity of PPy solution was injected directly into the (f-

MWCNTs-AuNPs)  prepared suspension. The breaking up of f-MWCNTs aggregation and 

generating a small network was accomplished by sonicating the mixture for 20 min. using an 

ultrasonic probe, as shown in Figure 1. 

 

 
Figure 1: Schematic diagram of the (f-MWCNTs-PPy -AuNPs) suspension preparation steps. 
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      Following that, a micropipette was used to drop 7 µL of the  suspension onto the ITO 

surface. The (ITO/MWCNTs-PPy-AuNPs) modified electrode was successfully constructed 

after drying at room temperature. The schematic representation of the constructed modified 

electrode is shown in Figure 2. 

 

 
Figure 2: Schematic diagram of the proposed ITO electrode modification steps. 

 

3. Results and discussion 

3.1. Physical characterization   

     The produced suspension's FTIR spectra were measured in the range (500-4000) cm-1 

using a Thermo Nicolet Avatar 360 FT-IR Spectrometer. FTIR spectra of several electrodes 

are presented in Figure 3.  

 
Figure 3: FTIR spectra of PPy, f-MWCNTs, AuNPs, f-MWCNTs-AuNPs, and f-MWCNTs-

PPy -AuNPs. 
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     Peaks of the PPy spectrum located at 1027cm-1, 1311 cm-1, 1671 cm-1  and 1433 cm-1 

might be ascribed to C-H (alkene bending), C≡C and C=C deformation vibrations, C-N 

stretching, and antisymmetric and symmetric ring-stretching modes, respectively. The small 

peaks at 1671cm-1 in all spectra are attributed to the C=O stretching bond and are most likely 

attributable to PPy and f-MWCNT impurities. The wide peak at 3500 cm-1 in all spectra 

belongs to the stretching vibration of the O-H carbonyl and hydroxyl functional groups. In the 

spectrums of (f-MWCNTs/AuNPs/f-MWCNTs-AuNPs/MWCNTs-AuNPs-PPy) the peak at 

1256 cm-1 is related to C-C stretching vibration. Furthermore, the weak peaks around 2935 

cm-1 belong to C-N vibration. These results are in good agreement with the results of 

Alagappan et al. [29]. 

 

     The capacitance of the ITO electrode material is proportional to its surface area. When 

comparing f-MWCNTs-AuNPs and f-MWCNTs-PPy-AuNPs, the synergistic effect of f-

MWCNTs-AuNPs' high conductivity and surface area, in addition to PPy's mesoporous 

structure can boost the capacitance of PPy coated f-MWCNTs-AuNPs nanocomposites. 

Figure 4 shows FE-SEM images collected at high magnification to assess the coating state of 

the f-MWCNTs-AuNPs by PPy. Figure 4a shows a homogenous f-MWCNTs layer with well-

dispersed AuNPs on the modified ITO electrode's surface. Figure 4b shows a thick covering 

of PPy on the f-MWCNTs-AuNPs nanocomposite. This might be because of the presence of 

more pyrrole during the in-situ polymerization procedure, which supports the generation of 

PPy on the surface of the f-MWCNTs-AuNPs, resulting in the thick coating [15, 30]. 

 

 
                                    (a)                                                                  (b) 

Figure 4: FE-SEM images of (a): f-MWCNTs-AuNPs and (b) f-MWCNTs-AuNPs-PPy films 

deposited on ITO conductive glass. 

 

3.2 Electrochemical characterization  

     In this study, voltammetric measurements were done with an IRASOl PGS-10 

potentiostat/galvanostat operated by LMS-27 software. In electrochemical testing, a 200 mL 

electrochemical cell with a modified ITO WE, an Ag/AgCl reference electrode (RE) and a 

platinum wire counter electrode (CE) were used. Electrochemical Impedance Spectroscopy 

(EIS) investigations were carried out with a PGS-18 potentiostat.  
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Figure 5 shows the Cyclic Voltammetry (CV) of the modified electrodes and the ITO 

electrode in 10 mM [Fe( CN)6]−3 −4⁄  in 0.1 M KCl solution, at (-0.5 − 1.2) V potential range 

with a scan rate of 100 mV/s. The ITO electrode exhibited very low capacitive current and no 

Faradic current in the applied potential range. The capacitive current increased when the 

surface was coated with f-MWCNTs because the electroactive area increased due to the 

presence of carbon nanotubes. The cathodic and anodic peaks associated with the redox 

reactions of the carboxylic acid groups were also clearly visible.  

When the electrode was modified with f-MWCNTs-PPy-AuNPs, the current associated with 

carboxylic acid group redox processes rose compared to ITO and f-MWCNTs. This behavior 

might be due to the f-MWCNTs-PPy layer's high conductivity, huge specific surface area, and 

the catalytic influence of AuNPs, which accelerates electron transmission. The various 

electrochemical responses recorded using cyclic voltammetry give insight into the diverse 

spatial conformations selected by AuNPs on f-MWCNTs depending on the functionalization 

technique.  

 
Figure 5: Cyclic voltammograms for ITO, f-MWCNTs, f-MWCNTs-PPy(0.02mL), f-

MWCNTs-PPy(0.06mL), f-MWCNTs-PPy(0.1mL) and f-MWCNTs-AuNPs-PPy(0.1mL). 

  

     This conformational shift of the AuNPs on the f-MWCNTs impacts the dispersion 

homogeneity and, as a result, the surface characteristics of the electrode. These findings are 

consistent with previous research and suggest that the MWCNTs-PPy-AuNPs generated 

might be used in genosensor applications [31, 32]. 

 

     In Electrochemical Impedance Spectroscopy (EIS), data collected from measurements are 

fitted to an equivalent electrical circuit model specified circuit to identify its characteristics.  

Figure 6 depicts the Constant Phase Element with two layers (CPE), a circuit model in which 

𝑅𝑠 indicates the resistance  of the solution, 𝑍𝐷 indicates the diffusion impedance and 𝑅𝑐𝑡 

indicates the resistance of the charge transfer. 𝑍𝐶𝑃𝐸 is the impedance of a capacitor expressed 

as [33, 34]: 

 

𝑍𝐶𝑃𝐸 = 
1

𝑞
(t𝜔)−𝑛 

 

      Where: q represents the capacitance when n is approximated to 1, t=√−1, ω= 2πf (rad/s) 

represents the angular frequency, and f is the frequency (Hz). The parameter n determines the 
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distribution of the phase-phase interaction where (0 < n < 1). The impedance matches the 

Warburg impedance at n = 0.5, and the CPE resembles a capacitor when n=1. 

High-frequency semicircle-like complex plane plots were identified in all modified ITO 

electrodes, but the line of lower frequency became significantly larger as a result of surface 

preparation and deposition of f-MWCNTs. At low frequencies, the Nyquist plots revealed a 

slanted line similar to Warburg impedance, but the diffusive impedance, which is mainly 

associated with the line of transmission model, was utilized to represent the diffusion 

process's impedance response. Many systems in which charge transfer is governed by a 

diffusion process have been investigated using this model [35-37]. 

 
Figure 6: Equivalent electrical circuit used in EIS fitting data for electrodes. 

 

      Nyquist plots, shown in Figure 7, were obtained at 0.2 V at a frequency range (0.1 - 100) 

KHz. An equivalent electrical circuit was built employing ZSimpWin software using the 

impedance spectra. An indicator of the electrode modification process is the difference in 

charge transfer resistance 𝑅𝑐𝑡 values which were determined for each stage of electrode 

change(Table 1). The presence of f-MWCNTs increases electron transmission due to 

disrupted  𝑠𝑝2  bonding networks, explaining the reduction in 𝑅𝑐𝑡 value to 0.059KΩ after 

drop-casting of f-MWCNTs on the ITO electrode. Adding PPy at different concentrations 

(0.02, 0.04, and 0.1 mL) to f-MWCNTs reduced the 𝑅𝑐𝑡 value to  0.055KΩ, 0.043KΩ and 

0.038 KΩ, respectively. Whereas, the addition of AuNPs to f-MWCNTs-PPy (at 0.1mL PPy) 

lowered the 𝑅𝑐𝑡value to 0.029KΩ due to the total covering of the gold nanoparticles. 

 

 
Figure 7: Nyquist diagrams of the ITO electrode before and after modificationin (10 mM) 

[Fe( 𝐶𝑁)6]−3 −4⁄  in (0.1 M) KCl. 
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     As a consequence, the equivalent circuit model shown in Figure 6 utilized to clarify the 

form of the EIS spectra indicated that the disorderly line detected at lower frequencies was 

driven by a dispersed transfer mechanism. Furthermore, the total impact of charge transfer in 

bulk, electrode/liquid interfaces, and the solid phase all have the electrochemical reactions of 

ITO electrodes in a wide frequency range. ∆E in Table 1 represents the difference between the 

potential of redoxing electrons. It is another indication of the modification process. The best 

result was when ∆E is approximately equal to zero, which be because the oxidation and 

reduction energies of the electrons are convergent. 

 

Table 1: The characteristic parameters of CV and EIS of the proposed modified electrode 

during different steps of its preparation    
NO. Modified electrode (µA)d ReI (µA) OxI E (V) (KΩ) ctR 

1 Bare ITO -------- -------- ------- 720.0 

2 f-MWCNTs -0.00118 0.00158 0.0172 590.0 

3 f-MWCNTs-PPy(0.02mL) -0.00153 0.00179 0.0215 550.0 

4 f-MWCNTs-PPy(0.06mL) -0.00168 0.00221 0.0560 430.0 

5 f-MWCNTs-PPy(0.1mL) -0.00178 0.00233 0.0517 0.038 

6 f-MWCNTs-AuNPs-PPy(0.1mL) -0.00202 0.00243 0.0766 290.0 

 

      According to Table 1, the modified ITO electrode with the best electrochemical sensing 

was f-MWCNTs-AuNPs-PPy(0.1mL), because it has a greater oxidation current, lower 

reduction current, as well as lower charge transfer resistance. 

 

Conclusions 

     A nanostructured material based on functionalized multiwall carbon nanotubes, gold 

nanoparticles, and Polypyrrole was successfully built for the production of electrochemical 

genosensors that make use of the synergistic benefits of nanomaterials and a conductive 

polymer. 

 

     The electrochemical activity of the modified ITO electrode surface was studied using EIS 

and CV in the presence of various redox mediators. A significant improvement in thin film 

performance was observed using different procedures for modifying the electrode surface, 

owing to previously reported conductive features and catalytic characteristics of 

nanomaterials and conductive polymer. Based on these findings, the projected benefits and 

high potential of using nanomaterials and polymers to modify the electrode surface to 

manufacture electrochemical genosensors were proven.  

 

     The technique provided in this study offers substantial future possibilities for biosensors in 

the clinical-medical, environmental, and food application sectors. 
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