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The gold nanoparticles (GNP) and functionalized carbon nanotube (f-CNT) film (GNP-f-CNT) was 

prepared on glassy carbon electrode (GCE) by multiple scan cyclic voltammetry. The electrochemical 

measurements and surface morphology of the as prepared films were studied using field emission 

scanning electron microscopy (FE-SEM), electrochemical impedance spectroscopy (EIS) and X-ray 

diffraction (XRD). The proposed film were demonstrated for the determination of dissolved oxygen 

using cyclic voltammetry and rotating disk electrode voltammetry. The electrocatalytic reduction of 

dissolved oxygen at bare GCE, f-CNT, GNP and GNP-f-CNT modified electrodes, were determined in 

0.1 M pH 7 phosphate buffer solution. The dissolved oxygen electrochemical sensor exhibits a well 

linear response range (from 0 to 50 mg/L, R
2
 = 0.9988), lowest detection limit (0.1 mg/L), high 

sensitivity (196.5 A L mg
-1

 cm
-2

) and the relative standard deviation (RSD) for determining dissolved 

oxygen (n = 3) was 3.8%. For the determination of dissolved oxygen, the GNP-f-CNT film modified 

GCE shows on lowest over-potential at -0.17 V. In addition, the proposed film also exhibit excellent 

stability and specificity. 

 

 

Keywords: Gold nanoparticles, multi-walled carbon nanotube, Functionalization, Electrocatalysis, 

Dissolved oxygen, Modified electrodes 

 

1. INTRODUCTION 

Oxygen reduction reactions are chemically and biologically important reactions. Chemically 

modified electrodes have been well known for the detection of important compounds [1 – 4]. Recently, 

dissolved oxygen detection has potential interest in many fields. Among these we can highlight the 

development of new catalysis for the multi-electron reduction of oxygen with applications in biological 

reactions and fuel cell [5–9]. 
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There are few traditional techniques have been proposed for the determination of dissolved 

oxygen, such as titration [10], colorimetry [11, 12], fluorescence [13, 14], chemiluminescence [15], 

and novel techniques like potentiometry [16], amperometry [17, 18], and voltammetry [19, 20]. 

Among these various methods, the electrochemical method gets more attention due to its good 

sensitivity and limited interference has got more attention [21].  

The application of nanoparticles as electrocatalyst for the oxygen reduction process has been 

found as interesting topic. Various types of modified electrodes have been reported for the 

electrochemical reduction of oxygen. Such as electrocatalytic reduction and determination of dissolved 

oxygen at the pre-anodized screen-printed carbon electrode modified with palladium nanoparticles [22, 

23], platinum nanoparticles [24], oxygen reduction at Au nanoparticles electrodeposited on different 

carbon substrates [25], silver/ionic liquid composite [20], gold/platinum hybrid nanoparticles 

supported on multi walled carbon nanotube/silica coaxial nanocables as electrocatalysts for oxygen 

reduction [26], gold nanoparticles dispersed into poly(aminothiophenol) as a novel electrocatalyst and 

CNTs [27] have been used as catalysts for the electroreduction and electrochemical detection of 

dissolved oxygen. 

Recently, several studies have been developed aiming at the search of suitable non-platinum 

based electrocatalysts efficient enough to replace the costly platinum [28-29]. Among various 

nanoparticles, gold has been found as a promising catalyst for the oxygen reduction reaction because 

of its high activity for the oxygen reduction, relatively low costs and withholds the good alcohol-

tolerance capacity [25, 30-32]. Numerous reports have been found for the chemical and 

electrochemical synthesis of gold nanomaterials which could be used as catalysts for the oxygen 

reduction reactions [33, 34], respectively. 

Carbon nanotubes have inherently low bending stiffness and weak interaction with polymer 

phases and metal ions, which results in strong intermolecular interaction between individual nanotubes 

[35, 36]. Therefore, control over the surface polarity and the resulting interactive force between CNTs 

and polymer phase is necessary. In this study, a chemical surface treatment called functionalization 

was employed to enhance the interfacial bonding between CNTs and an epoxy matrix as well as the 

dispersibility of CNTs [37]. Functionalization is used to introduce reactive groups on the surface of 

CNTs to form covalent bonds between the reactive groups and the epoxides [38]. 

The aim of this work is concerned with the effect of a gold nanoparticles- functionalized 

MWCNT composite film (GNP-f-CNT) on electrode behavior. The GNP-f-CNT modified film has 

been characterized using field emission scanning electron microscopy (FE-SEM). Cyclic voltammetric 

(CV) and rotating disk electrode (RDE) techniques were used to study the mechanism of oxygen 

reduction reaction. 

 

 

2. EXPERIMENTAL 

2.1. Reagents 

The used multi-walled carbon nanotubes (MWCNT) with an average length close to 5–20 μm 

and a diameter in the range of 10–15 nm and the potassium tetrachloroaurate (KAuCl4, anhydrous, 
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97%) were purchased from Sigma–Aldrich (USA). The MWCNT were followed the functionalized 

process [35, 36]. All the other chemicals (Merck) used were of analytical grade (99%). Double 

distilled deionized water was used to prepare all the solutions. A 0.1 M phosphate buffer solution 

(PBS) of pH 7.0 was prepared using Na2HPO4 (0.1 M) and NaH2PO4 (0.1 M).  

 

2.2. Apparatus 

All electrochemical experiments were performed using CHI 410a potentiostats (CH 

Instruments, USA). The BAS GCE (=0.3 cm in diameter, exposed geometric surface area 0.07 cm
2
, 

Bioanalytical Systems, Inc., USA) was used. A conventional three-electrode system was used which 

consists of an Ag/AgCl (saturated KCl) as a reference, bare or GNT-CNT modified GCE as working 

and platinum wire as counter electrode. Field emission scanning electron microscope (FE-SEM) 

images were recorded using a HITACHI S-4700 (Japan). Electrochemical impedance studies (EIS) 

were performed using ZAHNER impedance analyzer (Germany). The dissolved oxygen was measured 

using a commercial dissolved oxygen meter 323-A (WTW Wissenschaftlich-Technische Werkstatten 

2BA202, Germany). The buffer solution was entirely altered by deaerating using nitrogen gas 

atmosphere. The oxygen gas was purged as required and the concentrations were measured 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical Properties of GNT-f-CNT Film and Various Scan Rate  

    In Fig. 1A, curve (a) indicates the CV signals of GNP-f-CNT/GCE, (b) GNT/GCE, (c) f-

CNT/GCE and (a’) bare GCE in 0.1 M PBS (pH 7.0). The proposed composites, (a) GNT-f-CNT/GCE, 

shows higher current and obvious peak when compared with other modified electrodes. When 

comparing the formal potential (E
0’

), the GNT-f-CNT/GCE (29.5 mV) is the lowest and the redox peak 

is the most close. In the same buffer solution, there is no obvious response at bare GCE. 

To characterize electrochemical behavior of the proposed film, GNP-f-CNT/GCE was 

examined to study how the peak current of GNP-f-CNT/GCE affected by different scan rate studies. 

As shown in Fig. 1B, the cyclic voltammograms of GNP-f-CNT/GCE was examined in 0.1 M PBS (pH 

7) by controlling scan rates from 0.05 to 1 V/s. In the potential range from 0.4 V to -0.6 V, the GNP-f-

CNT film exhibits a broad anodic and cathodic peak at 0.1 V and –0.3 V, respectively. It can be seen 

that the redox peak current increases with increase in scan rate and found linearly dependent on the 

scan rate from 0.05 to 1 V/s (shown in the inset (a) of Fig. 1B). The corresponding linear regression 

equations are: Ipa (A) = 1.78v (V/s) + 84.77 (R
2
=0.9997) and Ipc (A) = -1.59v (V/s) – 38.91 

(R
2
=0.9995). As shown in inset (b) in Figure 1B, the logarithmic form of the peak current vs. scan rate 

(v) plot yields a gradient of Ipa = 0.83 and Ipc = 0.94, which indicates that the charge transfer was a 

mixed process with a near-equal contribution from the semiinfinite linear diffusion and surface process 

[39, 40]. It indicates that the electrochemical reaction of GNP-f-CNT/GCE was a surface-controlled 

process.  
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Figure 1. (A) CVs of (a) GNP-f-CNT/GCE, (b) GNP/GCE, (c) f-CNT/GCE and (a’) bare GCE in 0.1 

M pH 7 PBS. Potential range +0.4 to -0.6 V, Scan rate = 0.1 V/s. (B) Results of different scan 

rate studies of a GNP-f-CNT/GCE in 0.1 M pH 7 PBS. Scan rate in the range of a-k: 0.05-1 

V/s.  

 

3.2. FE-SEM and XRD Analysis of Various Film 

The surface morphology of electrodeposited GNP-f-CNT has been examined using FE-SEM 

analysis. Here the studies could furnish the comprehensive information about the surface morphology 

of GNP-f-CNT film coated on the GCE surface. As shown in Fig. 2, the surface morphology of (A) 

GNP-f-CNT and (B) f-CNT films were examined by FE-SEM, respectively. As shown in Fig. 2A, the 

f-CNT film show a network structure which is distributed over the GCE during the drop casting 

process. The f-CNT film provided a substrate for successful electrodeposition of gold nanoparticles on 

the GCE surface (Fig. 2B). The average particle size of gold nanoparticles is in the ranges of 10–25 

nm. For formation process of GNP-f-CNT, the functionalization of MWCNT would be slightly 

affected by gold-sulfur of proposed film composite in the presence of gold nanoparticles. However, it 

is can be seen that the gold nanoparticles is uniformly electrodeposited on the f-CNT film.  

XRD has been employed to validate the proposed GNP-f-CNT structure on the ITO glass 

substrate. Fig. 3 shows the XRD patterns obtained for the GNP-f-CNT nanoparticles. There are 

important characteristic peaks obtained for the electrodeposited GNP-f-CNT film. For gold patterns, 

the peaks were found in 38.07°, 44.26°, 64.38° and 77.31° for Au(111), Au(200), Au(220) and 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

5254 

Au(311), respectively. For f-CNT patterns, the peaks were found at around 26.34°. All these XRD 

peaks clearly validate the presence of GNP-f-CNT on the ITO surface. 

 

 
 

Figure 2. FE-SEM image of a (A) f-CNT film and (B) GNP-f-CNT film on GCE surface. 

 

3.3. EIS Analysis and pH effect of Various Film 

To ascertain the pH effect, the voltammetric response of GNP-f-CNT/GCE was studied by 

controlling different pH conditions (a) pH 1, (b) pH 3, (c) pH 5, (d) pH 7, (e) pH 9, (f) pH 11 and (g) 

pH 13. As can be seen in Fig. 4A, the formal potential (E
0’

) of redox couple was found pH dependent 

and had a slope of −62.2 mV per pH for GNP-f-CNT (shown in inset of Fig. 4A) which is very close to 

the anticipated Nernstian value of −59 mV/pH for electrochemical processes involving the same 

transfer number of proton and electron [32]. 

The electrochemical activity of the GNP-f-CNT/GCE was examined using the EIS technique. 

Here the complex impedance can be presented as a sum of the real Z’ () and imaginary Z’’ () 

components that originate mainly from the resistance and capacitance of the cell. From the shape of an 

impedance spectrum, the electron transfer kinetics and diffusion characteristics can be determined. The 
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respective semicircle parameters correspond to the electron transfer resistance (Ret) and the double 

layer capacity (Cdl) nature of the modified electrode [48, 49].  

 

 
 

Figure 3. XRD analysis of (a) GNP-f-CNT film, (b) GNP film and (c) f-CNT film on ITO surface. 

 

 
 

Figure 4. (A) CVs of GNP-f-CNT film modified GCE at a-g: pH 1, 3, 5, 7, 9, 11 and 13 solutions. 

Scan rate = 0.1 V/s. Inset: plot of formal potential of GNP-f-CNT/GCE vs. pH. (B) EIS curves 

of (a) GNP-f-CNT, (b) f-CNT film modified GCE and (a’) bare GCE in 0.1 M pH 7 PBS 

containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]. 
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As shown in Fig. 4B, curve (a) indicates the Nyquist plot of GNP-CNT/GCE, (b) CNT/GCE 

and (a’) bare GCE in the presence of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] in pH 7 PBS, which were 

performed at the open circuit potential. The f-CNT/GCE shows a very small depressed semicircle arc 

with an interfacial resistance due to the electrostatic repulsion between the charged surface and probe 

molecule Fe(CN)6
3-/4-

. This depressed semicircle arc (Ret = 132 (Z’/)) clearly indicates the lower 

electron transfer resistance behavior compared to (a) GNP-f-CNT/GCE (Ret = 229 (Z’/) and (a’) bare 

GCE (Ret = 1315 (Z’/)). The small depressed semicircle of f-CNT/GCE means that the electron 

transfer resistance is relative smaller than mass transfer resistance in this electrochemical system. In 

other words, the electron transfer is fast and mass transfer limits the system. This is because of the 

electron transfer resistance might be lowered by f-CNT. Finally, the EIS analysis clearly illustrates that 

the electrochemical behavior of the proposed GNP-f-CNT/GCE composite film is excellent. 

 

3.4. Electrocatalytic Properties of GNP-f-CNT Film 

3.4.1. Electrocatalytic Reduction of Dissolved Oxygen at GNP-f-CNT film Modified GCE 

 
 

Figure 5. (A) CVs of (a) GNP-f-CNT/GCE, (b) GNP/GCE, (c) f-CNT/GCE and (a’) bare GCE in 0.1 

M pH 7 PBS containing 40 mg/L dissolved oxygen. (B) CVs of GNP-f-CNT modified GCE in 

0.1 M pH 7 PBS containing dissolved oxygen (a) 0.0 mg/L, (b) 5 mg/L, (c) 10 mg/L, (d) 20 

mg/L and (e) 40 mg/L. (a’) bare GCE with 40 mg/L dissolved oxygen. Scan rate = 0.1 V/s. 

Inset: calibration plot of reduction current vs. concentration of dissolved oxygen. 
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The dissolved oxygen reduction is studied and compared with different film modified 

electrodes in 0.1 M PBS solution (pH 7) by cyclic voltammetry. Fig. 5A shows the cyclic 

voltammograms of (a) GNP-f-CNT/GCE, (b) GNP/GCE, (c) f-CNT/GCE, and (a’) bare GCE examined 

in 0.1 M PBS (pH 7) containing 40 mg/L dissolved oxygen, respectively. The proposed composites, (a) 

GNP-f-CNT/GCE, shows high electrocatalytic reduction current for the detection of dissolved oxygen 

with a cathodic peak and a lower over-potential of around -0.17 V as comparing to other electrodes. By 

comparison, the GNT-f-CNT/GCE shows unique electrocatalytic ability of lower over-potential and 

higher electrocatalytic current better than that of GNT/GCE, f-CNT/GCE and bare GCE. On 

comparison with the (b) GNP/GCE and (c) f-CNT/GCE, the peak current is increased by 6.14 and 11 

times. The enhanced peak current of GNP-f-CNT in the modified electrode is due to the presence of f-

CNT. The f-CNT offers good stability, high conductivity, and acts as a good matrix. It represents the 

GNT-f-CNT film has potential to develop a dissolved oxygen sensor.  

The electrocatalytic property of the GNP-f-CNT/GCE towards the reduction of dissolved 

oxygen was studied using CV. Fig. 5B shows the CV obtained for electrocatalytic reduction of 

dissolved oxygen at GNP-f-CNT/GCE in various concentrations (a) 0, (b) 5, (c) 10, (d) 20, and (e) 40 

mg/L. An increase in the concentration of dissolved oxygen simultaneously produced an increase in 

the reduction current of dissolved oxygen in the peak of GNP-f-CNT/GCE. The linear depends on the 

Ipc versus concentration of dissolved oxygen is given in inset of fig. 5B. This behavior is typical of that 

expected for the mediated reduction. In the same solution, there was no obvious response at bare GCE 

electrode. All the above results indicate that GNP-f-CNT film modified electrode enhance the 

electrocatalytic reaction of dissolved oxygen. 

 

3.4.2. Rotating Disk Technique Analysis of Dissolved Oxygen Electrocatalysis by GNP-f-CNT Film 

The RDE technique was employed for the detection of dissolved oxygen in 0.1 M pH 7 PBS 

[50, 51]. The rotation speed of GNP-f-CNT film modified GCE was set to be as 1000 rpm and the 

reduction progress has been examined within the potential of +1.0 to -0.6 V, scan rate = 0.1 V/s. Curve 

a–k of Fig. 6A show that there is a linearly increase in the cathodic peak current at GNP-f-CNT/GCE 

for the increasing concentrations of dissolved oxygen (0 to 50 mg/L) in 0.1 M pH 7 PBS. The 

reduction peak current vs. concentration of the dissolved oxygen has been plotted and shown in the 

Inset of Fig. 6A. The calibration plot is linear in the entire range (0 to 50 mg/L, R
2
=0.9988) of 

dissolved oxygen concentration with a sensitivity of 196.5 A L mg
-1

 cm
-2

. The detection limit was 

found to be 0.1 mg/L and the relative standard deviation (RSD) for determining dissolved oxygen (n = 

3) was 3.8%, respectively. These results shows that the electro-catalytic oxygen reduction occured at 

GNP-f-CNT film modified GCE. As a next step, GNP-f-CNT film modified GCE was used to 

determination the dissolved oxygen of commercial drinking water products (sample A-E) with 0.1 M 

Na2HPO4, NaH2PO4 as electrolyte. As compared the concentration of dissolved oxygen, a 

commercially available dissolved oxygen meter (WTW, 323-A) was used for the reference standard. 

As shown in table 1, the average recoveries of sample A-E were from 92.7% to 102.4%. This results 
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shows that the GNP-f-CNT film modified GCE was successfully employed for the dissolved oxygen 

sensor in the commercially available drinking water products.  

 

 
 

Figure 6. (A) RDE voltammograms of GNP-f-CNT film for the determination of dissolved oxygen in 

0.1 M pH 7 PBS. Dissolved oxygen concentrations were in the range of (a–k): 0, 5, 10, 15, 20, 

25, 30, 35, 40, 45 and 50 mg/L. Rotating speed: 1000 rpm. Inset: calibration plot of reduction 

current vs. concentration of dissolved oxygen. (B) RDE voltammograms of GNP-f-CNT film in 

0.1 M pH 7 PBS containing 50 mg/L dissolved oxygen at different electrode rotation rate 

speed: (a) 200, (b) 400, (c) 600, (d) 800, (e) 1000, (f) 1200 (g) 1400 and (h) 1600 rpm.  

 

Table 1. Recoveries for the determination of dissolved oxygen in various commercial drinking water 

products (n = 3). 

 

Sample NO. GNP-CNT Film 

(mg/L) 

WTW 323-A Meter 

(mg/L) 

Average Recovery 

(%) 

RSD (%) 

A 

B 

C 

D 

E 

36.2 

37.8 

21.1 

17.9 

13.6 

37.9 

38.6 

20.6 

19.3 

14.5 

95.5 

97.9 

102.4 

92.7 

93.8 

7.6 

4.3 

5.1 

7.1 

6.8 

 

Fig. 6B shows RDE voltammograms of 178.4 M dissolved oxygen on GNP-f-CNT film 

modified electrode at different rotation rates. The catalytic current of oxygen reduction increases with 
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increasing electrode rotation speed ((a) 200, (b) 400, (c) 600, (d) 800, (e) 1000, (f) 1200, (g) 1400 and 

(h) 1600 rpm) as shown in Levich plot (inset of Fig. 6B) indicates that the oxygen reduction reaction 

was diffusion controlled process on the modified electrode. The Ipa was found increased linearly with 

the rotation rate with slope 46.94 A (rad s
-1

)
-1/2

 and the diffusion coefficient for oxygen calculated 

from the Levich plot was found to be 1.92 x 10
-6

 cm
2
 s

-1
.  

 

Table 2. Comparison of sensing abilities for dissolved oxygen with different modified electrodes. 

 
Modified Electrode Epc (mV) LCR (mg/L) LOD (mg/L) Sensitivity (A L mg-1 cm-2) Ref. 

MWCNTs-NF-Hb/GCE 

 

nano-Ag/BMT-Nf/GCE 

 

CNF/GCE 

 

Nickel-salen polymer/PtE 

 

SiO2/SnO2/MnPc 

 

CoTSPc/PLL/GCE 

 

Vitamin B12/GCE 

 

SiSb/CoTmPyP/CPE 

 

GNP-f-CNT/GCE 

 

-200 

(Ag/AgCl) 

-440 

(Ag/AgCl) 

-308 

(Ag/AgCl) 

-250 

(SCE) 

-300 

(SCE) 

-300 

(SCE) 

-400 

(Ag/AgCl) 

-250 

(SCE) 

-170 

(Ag/AgCl) 

0.8-8 

 

0.3-3.4 

 

0.003-0.249 

 

3.95-9.2 

 

0.2-8.1 

 

0.2-8.0 

 

0.48-16 

 

1-12.8 

 

0-50 

--- 

 

0.2 

 

0.002 

 

0.71 

 

--- 

 

0.07 

 

0.29 

 

--- 

 

0.1 

513 

 

535 

 

22.6 

 

14.6 

 

212.5 

 

18.3 

 

7.04 

 

0.096 

 

196.5 

[41] 

 

[20] 

 

[42] 

 

[43] 

 

[44] 

 

[45] 

 

[46] 

 

[47] 

 

This work 

 

Table 2 shows the comparison of the determination of dissolved oxygen by various 

electrochemical modified electrodes [20, 41-47]. Compared with other modified electrodes in buffer 

solution, GNP-f-CNT film modified GCE has the lowest over-potential and high sensitivity for the 

determination of dissolved oxygen. Similarly, GNP-f-CNT film modified GCE for the detection of 

dissolved oxygen also has high linear concentration range (LCR) in 0.1 M pH 7 PBS. 

 

 

 

4. CONCLUSION 

A stable and simple film of GNP was successfully electrodeposited on f-CNT modified GCE 

surface by continuous cycling in 0.1 M H2SO4 solution containing KAuCl4. The surface analysis of the 

proposed film by FE-SEM shows that the GNP-f-CNT film was uniform. The composite film can be 

used for the electrocatalytic reduction of dissolved oxygen and investigated using the RDE methods. 

The GNP-f-CNT film facilitated the reduction of dissolved oxygen with a low over-potential of –0.17 

V and a sensitivity of 196.5 A L mg
-1

 cm
-2

. The GNP-f-CNT film modified GCE also successfully 

employed for the dissolved oxygen sensor in the commercial drinking water products. In addition, the 

copper GNP-f-CNT/GCE exhibit a distinct advantage of simple preparation, specificity, stability and 

reproducibility. 
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