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Gold nanoparticles (Au NPs) decorated on ZnO nanorods (NRs) were synthesized via simple chemical 

bath deposition and thermal evaporation techniques on glassy carbon electrodes (GCE). The 

morphological, structural, photocatalyst and electrochemical properties of prepared samples were 

considered by FESEM, XRD, photodegradation and electrochemical analyses. FESEM results 

exhibited that high density and hexagonal wurtzite structure of Au NPs decorated on ZnO NRs were 

successfully synthesized on GCE substrate. The XRD analysis revealed the wurtzite structure of ZnO 

NRs and confirmed formation of Au NPs on ZnO NRs/GCE. The electrochemical studies indicated the 

specific capacitance enhancement of electric double-layer and conductivity improvement by Au NPs 

decorated on ZnO NRs. Photodegradation studies of methylene blue (MB) reveal that the degradation 

rate considerably was enhanced by Au NPs and the entire removal of MB was obtained after 60 min 

under sunlight irradiation. This considerable result can be related to the presence of Au NPs that 

reduced the recombination of photogenerated electron-hole pairs and the structural effect of one-

dimensional ZnO NRs that enhance the light-harvesting ability. The photo-degradation kinetics and 

total percentage of photodegradation reveal that the photocatalytic activities of Au NPs-ZnO NRs/GCE 

was considerably higher with fast kinetic than that of ZnO NRs/GCE. It can be associated with a larger 

surface area of Au NPs-ZnO NRs compared to pure ZnO NRs. 
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1. INTRODUCTION 

Degradation of hazardous and toxic molecules from wastewaters has attracted considerable 

attention [1, 2]. The photocatalytic method has been a promising technique to convert the pollutant to 

nontoxic molecules and remove the environmental pollution [3, 4]. Nanomaterials with new size-

dependent characteristics show properties that are not indicated on the micro- or macroscale. They are 

hopeful tools for remediation and monitoring of wastewater polluted by microorganisms, heavy-metal 

http://www.electrochemsci.org/
mailto:zhujunren008@163.com


Int. J. Electrochem. Sci., 16 (2021) Article ID: 210434 

 

2 

ions and organic/inorganic compounds. Photocatalytic reaction using semiconductors has appeared as 

a favorable wastewater treatment technique to overcome the main challenges created by conventional 

methods [5, 6]. So far, many semiconductor photocatalysts, such as WO3, TiO2, CuO, and ZnO have 

indicated promising photocatalytic activities, highlighting particularly ZnO due to its size-tunable 

physicochemical, lower cost and non-toxicity properties [7-10]. Nowadays, the key challenge for 

efficiency enhancement of the photocatalytic dye degradation by ZnO nanostructures is to prevent the 

photogenerated charge-carrier recombination (electron and holes) [11, 12]. Therefore, strategies like 

development of nanocomposites, doping, and nanostructuring have been approved to obtain this 

enhancement. Among the various types of nanostructures, one-dimensional nanostructures like 

nanowires and nanorods have received considerable attention because of their superior photocatalytic 

properties [13, 14]. Among the noble metallic nanoparticles (NPs), gold (Au) NPs has superior 

potential for decoration of ZnO nanorods and developing the photocatalytic activities [15]. Au NPs are 

reasonably soluble in water, optically sensitive, stable, and catalytically active. The unique optical 

property has enabled wide application of Au NPs as a SERS-active substrate [16, 17]. 

Methylene blue (MB) is one of the aromatic compounds of cyclic heterocycle in related and 

pharmaceutical industries [18-20]. This is an organic compound called the cationic dye thiazine which 

is used as an ultrasensitive redox oxidation electrochemical measurement due to its well-defined a 

redox-reaction at equilibrium. Moreover, there are numerous applications for MB dye as organic 

compounds due to relatively nontoxic, ready availability and low cost which lead to the increase of its 

water pollution [21].Therefore, removing these pollutants from contaminated water is imperative. 

However, many studies had been carried out to investigate degradation of MB in wastewater; obtaining 

high degradation efficiency is still a challenge among researchers. Thus, in this work, high density of 

Au NPs decorated ZnO nanorods on glassy carbon electrode (GCE) substrate were synthesized through 

chemical bath deposition and applied to consider as a superior degradation efficiency of the MB dyes. 

 

 

 

2. MATERIALS AND METHODS 

ZnO seed-layers were produced by a sol-gel technique on GCE substrates. First, GCE substrate 

was cleaned for 20 minutes in acetone, 20 minutes in ethanol, and then 20 minutes in DI water. All 

steps were done in an ultrasonic-bath. After that, the substrates were dried through a N2 gas flux and 

10 min UV-O3 exposure. For seed-layer production, a solution with a zinc acetate dihydrate (0.5 M) 

and monoethanolamine within a 1:1 molar ratio in ethanol solution was prepared. The mixture was 

transferred into an ultrasonic-bath at 50°C for 30 minutes and was maintained stirring at 50°C for an 

extra 30 minutes. Then, the precursor solutions were permitted to cool down to ambient temperature, 

and then, 250μL of solution was put on GCE through spin-coating at 3000 rpm for 20 s. Finally, the 

films were annealed by a hot plate at 400°C for 10 min in air. 

ZnO nanorods were prepared by chemical bath deposition (CBD). A prepared solution 

including 30 mM hexamethylenetetramine and 30 mM zinc nitrate hexahydrate were mixed in DI 

water. Ultrasonication was done for 10 min at room temperature. After that, the prepared solution was 

stirred onto hot-plate at ambient temperature for 20 minutes. ZnO nanorods were grown at 70°C for 60 
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minutes. A 30 mL solution was utilized for each substrate. Then the specimens were cleaned using DI-

water and dried by N2. To prepare the Au NPs decorated on ZnO nanorods, a thin-layer of Au NPs 

were deposited on ZnO nanorods by thermal evaporation technique in the vacuum chamber in 1×10-

6mbar with a deposition rate of 0.2 Å/s.  

The morphology of prepared samples was considered by scanning electron microscopy (SEM). 

The X-ray diffractometer with Cu Kα radiation at wavelength of 1.5404Å operating at 30 kV and 20 

mA was used to investigate the crystal structures of specimens.CV and EIS measurements were 

performed with Metrohm Auto lab instruments in a standard three-electrode electrochemical cell 

which contained Ag/AgCl electrode as a reference electrode, Pt wire as a counter electrode and the 

prepared pure ZnO and Au NPs/ZnO NRs as working electrode. The electrolyte of CV measurements 

was 0.1 M phosphate buffer solutions (PBS) with pH 6. The CV characterization was done at 10 mVs-

1scan rate with potential ranges from 0.0 to 0.3 V. The electrolyte solution of EIS experiments was 0.5 

M Na2SO4 (99%, Tianjin Wodehaotai Trading Co., Ltd., China). The EIS analysis was performed at 

frequency range of 0.1 Hz to 0.1 MHz at 5 mV applied voltage. The degradation activity of all the 

samples were performed for MB (10 mgl−1) under sunlight irradiation. The UV/Vis spectrophotometer 

(UV-2100, China) was used to measure the absorbance spectra of the MB solution. 

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 indicates the morphology of prepared ZnO nanorods and Au NPs/ZnO NRs on GCE 

substrate. The pure ZnO NRs have uniform morphologies and are dense with average diameter of 150 

nm and length of about 900 nm with a growth c-axis along the [0001] direction. Furthermore, Au NPs 

with diameters from 15 nm to 20 nm were homogeneously distributed onto the ZnO NRs/GCE.  

 

 

 
 

Figure 1. FESEM images of (a) pure ZnO NRs and (b) Au NPs/ZnO NRs on GCE substrate 

 

 

XRD patterns of ZnO NRs and Au NPs decorated on ZnO NRs are shown in Figure 2. The 

peaks at 2θ= 31.7°, 34.3°, 36.3°, 47.6°, 56.7°, 62.8°, 66.5°, 67.9°, and 69.2° are found which 
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correspond to (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes of ZnO, 

respectively [22, 23]. It shows that ZnO nanostructures crystallize in a hexagonal (wurtzite) crystal 

structure (JCPDS, card No. 36-1451). Extra diffraction peaks were observed in comparison with pure 

ZnO NRs at the location of 2θ= 38.3°, 44.5°, 64.8°, 77.7° which attributed to the (111), (200), (220), 

and (311) planes of face-centered cubic Au (JCPDS card 04-0784) [24], which is compatible with 

SEM results.  

 

 
Figure 2. XRD pattern of pure ZnO nanorods and Au NPs-ZnO nanorods deposited on GCE substrates 

 

 

 
 

Figure 3. (a)CV plots of ZnO NRs/GCE and Au NPs-ZnO NRs/GCE in 0.1 M PBS (pH 6) solution at 

10 mVs-1scan rate with potential ranges between 0 to 0.3 V (b) The Nyquist diagrams of ZnO 

NRs/GCE and Au NPs-ZnO NRs/GCE with frequency range of 0.1 Hz to 0.1 MHz at 5 mV 

applied voltage into Na2SO4 solution (0.5 M) 

 

 

Figure 3a indicates the CV results of pure ZnO NRs and Au NPs-ZnO NRs on GCE in 0.1 M 

PBS (pH 6) solution at 10 mVs-1scan rate with potential ranges between -0.1 to 0.8 V.  As indicated in 

Fig. 3a, Au NPs-ZnO NRs/GCE reveals greater surrounding area of recorded CV than the ZnO 
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NRs/GCE sample which shows the specific capacitance improvement of electric double-layer due to 

the Au NPs onto the ZnO structures [25]. It can improve the charge-storage value and superior 

electronic-storage capability of Au NPs-ZnO NRs toward pure ZnO NRs. EIS assessments were done 

to consider samples in frequency range of 0.1 Hz to 0.1 MHz at 5 mV applied voltage into Na2SO4 

solution (0.5 M). Figure 3b indicates the Nyquist diagrams of the specimens that was clearly exhibited 

smaller resistance of Au NPs-ZnO than undecorated ZnO NRs, which related to enhancement of the 

conductivity of ZnO NRs by coating Au NPs on ZnO nanostructures because of the synergistic effect 

between Au and ZnO nanorods [26]. Moreover, high electron-transfer rate can be associated with more 

interfaces between Au and ZnO [27]. 

 

 

 

 

Figure 4. Photocatalytic activity of (a) ZnO NRs/GCE and (b) Au NPs-ZnO/GCE in degradation of 10 

mgl−1MB dye under sunlight irradiation 

 

 

The photocatalytic activities of ZnO NRs/GCE and Au NPs-ZnO NRs/GCE were assessed 

based on the efficiency of photodegradation for MB dye under sunlight irradiation. To study the 

efficiency of prepared samples for the MB degradation, each electrode was considered under the same 

condition as a function of the irradiation time. These results are indicated in Figure 4, which shows the 

UV-visible spectra of MB dye recorded at various time intervals in the photodegradation tests. The 

photodegradation percentages were calculated using eq 1 [28]. 



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210434 

 

6 

 

% 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
(𝐶0−𝐶)

𝐶0
 × 100                                    (1) 

 

where C represents the concentration of MB dye after degradation and C0 indicates initial 

concentration of MB dye. The degradation percentage of ZnO NRs/GCE after sunlight irradiation for 

60 min was around 61%. As shown in figure 4b, a superior activity was obtained by the Au NPs-ZnO 

NRs/GCE with about 100% photodegradation of MB dye after sunlight irradiation for 60 min. This 

considerable result can be related to the presence of Au NPs that reduced the recombination of 

photogenerated electron-hole pairs and the structural effect of one-dimensional ZnO NRs that enhance 

the light-harvesting ability, which significantly promoted photoactivity of the catalysts [29]. The 

increase of hydroxyl radicals produced by catalysts was influenced through synergistic effect of the Au 

NPs on the activity of ZnO NRs by electron-hole trapping [30]. 

 

 
 

Figure 5. Kinetic diagrams of the photodegradation reactions of 10 mgl−1MB dye in the presence of 

ZnO NRs/GCE and Au NPs-ZnO NRs/GCEunder sunlight irradiation 
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The photocatalytic mechanism of Au NPs-ZnO NRs is suggested as follows. The ZnO 

nanostructures act as hole and electron sources. The electron-hole pair of zinc oxide nanostructures are 

produced by UV excitation [31]. The electrons in the conduction-band are relaxed to the level of the 

defect and then reacted by the electron acceptors in oxygen to form oxygen ion superoxide, and 

valence-band holes react with H2O to create hydroxide ion (OH−) [32]. The photocatalytic activities 

are mostly related to the oxygen amount [33]. But the essential electrons for creation of O2 may be lost 

by electron-hole pair recombination. Au nanoparticles act as electron sinks to trap photogenerated 

electrons from the semiconductors and lead to the shift Fermi-level to more negative potential [34]. 

The Au NPs-ZnO NRs interface may move electrons from zinc oxide nanostructures to gold 

nanoparticles through a charge equilibration procedure and lower electron-hole pair recombination to 

improve photocatalytic activities [35]. Furthermore, the work function of ZnO is smaller than that of 

the Au, and therefore, a Schottky barrier forms at a junction which leads to inhibiting electron injection 

and enabling the electron capture. 

The photodegradation reaction for MB dye follows pseudo-first-order reaction kinetics and the 

reaction rate constant (k) is assessed by the following equation, where t shows the sunlight irradiation 

time [36]. 

 

Ln C/C0 = -kt                 (2) 

 

 

Table 1. Comparison of degradation efficiency of MB on Au NPs-ZnO NRs surface with other 

nanostructured photocatalysts 

 

Photocatalysts MB 

concentration 

(mg l-1) 

Time 

(minutes) 

Degradation efficiency 

(%) 

Ref 

Fe-doped ZnO 

nanoparticles 

20 120 58 [37] 

ZnO/graphene 10 40 94 [38] 

Al/Fe co-doped ZnO 

NRs 

10  75 94 [39] 

ZnO nanoparticles 20 240 100 [40] 

Ag-ZnO nanostructures 10 60 98 [41] 

Au NPs-ZnO NRs 10 60 100 This work 

 

Figure 5 indicates kinetic diagrams of the photodegradation reactions of MB dye in the 

presence of ZnO NRs/GCE and Au NPs-ZnO NRs/GCE. The degradation of MB dye by the Au NPs-

ZnO NRs/GCE photocatalyst indicated fastest kinetics with a reaction rate constant of 0.0464 min−1, 

which was more than 3 times of the reaction rate constant (0.0159 min−1) for degradation of MB dye 

by the ZnO NRs/GCE photocatalyst.The photo-degradation kinetics and total percentage of 

photodegradation reveal that the photocatalytic activities of Au NPs-ZnO NRs/GCE was considerably 

higher with fast kinetic than that of ZnO NRs/GCE. It can be associated with larger surface area of Au 
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NPs-ZnO sample compared to pure ZnONRs.Moreover, the improved photocatalytic activity of Au 

NPs-ZnO NRs can be related to its porous-like structure, which may enhance the trapping and 

adsorption of the MB dye inside the nanorod arrays, as confirmed by the FESEM images. 

Comparison the photodegradation efficiency of MB on Au NPs-ZnO NRs surface with other 

nanostructured photocatalysts is presented in Table 1. As seen, by considering the time of 

photodegradation, Au NPs-ZnO NRs show the degradation efficiency of 100% for 60 min, which are 

higher than the reported degradation efficiency values in[37-41].  

 

 

4. CONCLUSIONS 

Au NPs decorated on ZnO NRs were synthesized via simple CBD and thermal evaporation 

techniques on GCE. The morphological, structural, photocatalyst and electrochemical properties of 

prepared samples were considered by FESEM, XRD, photodegradation and electrochemical analyses. 

FESEM results exhibited that high density and hexagonal wurtzite structure of Au NPs decorated on 

ZnO nanostructures were successfully synthesized on GCE substrate. XRD results show hexagonal 

(wurtzite) crystal structure of ZnO and face-centered cubic structure of Au, which is compatible with 

SEM results. The electrochemical studies indicated the specific capacitance enhancement of electric 

double-layer and conductivity improvement by Au NPs decorated on ZnO NRs. Photodegradation 

studies of methylene blue (MB) reveal that the degradation rate considerably was enhanced by Au NPs 

and the entire removal of MB was obtained after 60 min under sunlight irradiation. This considerable 

result can be related to the presence of Au NPs that reduced the recombination of photogenerated 

electron-hole pairs and the structural effect of one-dimensional ZnO NRs that enhance the light-

harvesting ability. The photo-degradation kinetics and total percentage of photodegradation reveal that 

the photocatalytic activities of Au NPs-ZnO NRs/GCE was considerably higher with fast kinetic than 

that of ZnO NRs/GCE.The improved photocatalytic activity of Au NPs-ZnO NRs can be related to its 

porous-like structure, which may enhance the trapping and adsorption of the MB dye inside the 

nanorod arrays, as confirmed by the FESEM images. 
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