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The synthesis of CuO-TiO2 hybrid nanostructures using the sol–gel method, as well as their 

characterization as photocatalysts for photodegradation of p-nitrophenol (PNP) in industrial 

wastewater under sunlight irradiation, were presented in this paper. According to SEM and XRD 

investigations, the CuO-TiO2 hybrid nanostructure had a mixture of monoclinic structure CuO and 

anatase phase TiO2, indicating that the CuO-TiO2 hybrid nanostructure was successfully synthesised 

using the sol–gel method. Optical band gap values for CuO, TiO2, and CuO- TiO2 were determined to 

be 1.64, 3.02, and 2.10 eV, respectively. Electrochemical tests revealed that CuO-TiO2 has a longer 

electron lifetime, a higher separation efficiency, and a faster diffusion rate. After 75, 65, and 50 

minutes of sunshine irradiation, full elimination of 200 mL of 10 mg/l PNP was obtained employing 

the photocatalytic activity of TiO2, CuO, and CuO-TiO2, respectively. These findings support CuO-

high TiO2's photocatalytic activity when exposed to sunlight, owing to the synergistic effect of CuO 

and TiO2 in forming a CuO-TiO2 heterojunction with efficient separation of photo-generated electrons 

and holes, which improves electron transport. After 35, 90, and 150 minutes of UV irradiation, 100% 

treatment of 5, 30, and 100 mg/L of PNP was obtained, respectively. The CuO-practical TiO2's 

photocatalytic removal capacity was tested for degradation of a 200 mL 5 mg/L PNP solution 

generated from genuine industrial wastewater, demonstrating CuO-efficient TiO2's photocatalytic 

activity for PNP removal from real industrial wastewater. 
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1. INTRODUCTION 

 

P-nitrophenol (PNP), commonly known as 4-nitrophenol or 4-hydroxynitrobenzene, is a 

phenolic molecule with a nitro group on the benzene ring opposite the hydroxyl group [1, 2]. It's 
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divided into nitrophenols, which are organic chemicals [3, 4]. PNP is a common environmental 

pollutant due to its widespread use in the production of pharmaceuticals, fungicides, insecticides, and 

dyes, as well as in the darkening of leather [5, 6]. Agrochemicals, explosives, and plasticizers are the 

most common uses. Humans suffering from acute (short-term) inhalation or ingestion of PNP 

experience headaches, sleepiness, and nausea. Contact with the skin and eyes might cause serious 

irritation. Ingestion is poisonous, and skin contact is moderately hazardous [7, 8]. It interacts with 

blood late and creates methaemoglobin, which causes methemoglobinemia, which can result in 

cyanosis, disorientation, and coma [9, 10]. 

PNP and its derivatives, as a result, are prevalent contaminants in pharmaceutical and chemical 

industry wastewaters [11, 12]. Because of these substantial environmental and biological issues, 

treating phenolic-contaminated wastewater is a major economic and environmental challenge [13]. 

Thus, numerous studies have been performed to degrade PNP pollutants in wastewaters through 

electrocoagulation [14], Fenton and electro-Fenton [15, 16], adsorption [17], biodegradation in a 

sequencing batch reactor [18, 19], electrochemical oxidation [20], and photocatalysis [21-27]. 

However, a complete degradation has not been achieved using these treatment techniques because of 

the formation of intermediate degradation products which display a much higher toxicity [28, 29]. 

However, photocatalytic oxidation, as a very powerful purification technique can destroy phenolic 

molecules in aquatic media [30-32]. This technique shows some advantages over other existing 

methods such as requiring a simple reactor, no secondary pollution left by the degraded organic 

substances, and being able to be reprocessed in an ecofriendly approach [33, 34].  

This research described the preparation of CuO-TiO2 hybrid nanostructures using the sol–gel 

method, as well as the evaluation of structural, optical, and electrochemical properties, as well as their 

application as photocatalysts for the photodegradation of PNP, an emerging phenolic pollutant in 

industrial wastewater, under sunlight irradiation. 

 

2. EXPERIMENT 

 

2.1. Synthesis of photocatalysts 

 

A sol–gel method was used for synthesis of photocatalysts [35]. Then, 1g of Tetrabutyl titanate 

(TBOT, 97%, Sigma-Aldrich) and 1g of cetyltrimethylammonium bromide (CTAB, 95%, Sigma-

Aldrich ) were ultrasonically added to 150 mL of ethanol. The ultrasonication was continued for 10 

minutes and followed by magnetic stirring for 20 minutes to achieve a transparent solution. Then, 

under magnetic stirring for 40 minutes, Cu(NO3)2 5H2O (98%, Sigma-Aldrich) was added to the 

resultant translucent solution. After aging for 10 hours at room temperature, the mixture was dried for 

8 hours at 100 °C. The sample was heated in an oven at 400 °C for 5 hours to calcinate the product and 

eliminates the organic material, resulting in a CuO-TiO2 hybrid nanostructure. Pure TiO2 was 

synthesized without Cu(NO3)2 5H2O, and pure CuO was synthesized without Tetrabutyl titanate using 

the same technique. 
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2.2. Photodegradation measurements 

CuO, TiO2, and CuO-TiO2 hybrid nanostructure photodegradation studies for PNP treatment 

were carried out in a Pyrex flask type reactor with sunshine as a light source. 0.5 g of produced 

photocatalysts was combined in 200 mL of PNP solutions with magnetic stirring for PNP treatment. 

The mixture was magnetically agitated in the dark for 30 minutes before the photodegradation 

measurements were taken in the presence of sunlight to achieve the desorbance-absorbance balance. 

The stable mixture was then exposed to sunlight for a photocatalytic reaction while being stirred 

magnetically. To remove photocatalyst particles from the degraded PNP samples, they were 

centrifuged for 5 minutes at 1000 rpm. Afterwards, the recorded absorption spectrum of degraded PNP 

using a UV–visible spectrophotometer (UV2500PC; Shimadzu Corp., Japan) at λ=400 nm was utilized 

to determine the removal efficiency by the following equation [36, 37]: 

Removal efficiency (%) = 
C0−Ct

C0
 × 100                      (1) 

Where C0 is the initial concentration of PNP and Ct is the concentration of PNP after 

photodegradation prose at time t (min). 

 

 

2.3. Characterizations  

The structural and morphological analyses were performed using an X-ray diffractometer 

(XRD; Siemens D500 diffractometer) and a scanning electron microscope (HILIPS XL30/TMP, the 

Netherlands). In air at room temperature, UV–Vis absorption spectra (UV2500PC spectrophotometer; 

Shimadzu Corp., Japan) were obtained in the wavelength range of 300 to 800 nm. Electrochemical 

impedance spectroscopy (EIS) experiments were carried out on an electrochemistry workstation (CHI 

660E, Chenhua Technology Co., Ltd., Shanghai, China) with a three-electrode system consisting of 

photocatalysts modified ITO electrode as the working electrode, platinum wire as the counter 

electrode, and an Ag/AgCl electrode as the reference electrode. EIS studies were conducted in a 5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] ( ≥99.0%, Sigma-Aldrich) solution containing 0.1 M KCl (99.0%, Merck, 

Germany) solution at frequencies ranging from 10-5 to 102 kHz with a 5 mV amplitude. 

 

  

3. RESULTS AND DISCUSSION  

3.1. SEM and XRD analyses  

 

SEM images of CuO, TiO2, and CuO-TiO2 are shown in Figure 1. CuO SEM pictures show 

small irregular nanoparticles with an average diameter of 70nm that are strongly agglomerated, as seen 

in Figure 1a. Figure 1b exhibits TiO2 nanoparticles with an average size of 120nm that were produced 

in irregular forms. Figure 1c shows that the morphology of the CuO-TiO2 hybrid nanostructure 

contains block-like crystals that are grown in rectangular shaped crystalline, indicating a rougher and 

porous surface with more active sites [38-40], and thus an increased effective surface area for 

improved photocatalytic performance [41, 42]. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221061 

  

4 

 

 

Figure 1. SEM images of (a) CuO, (b) TiO2 and (c) CuO-TiO2. 

 

CuO, TiO2 and CuO-TiO2 XRD patterns are shown in Figure 2. CuO's XRD pattern reveals 

characteristic peaks at 32.21°, 33.33°, 38.43°, 48.65°, 53.54°, 61.54°, 65.98°, and 75.17°, 

corresponding to (110), (1̅11), (111), (202), (020), (1̅13), (311) and (222) planes, respectively, which 

are attributed to monoclinic structure CuO. (JCPDS card no. 72-0629) [43-45]. Strong diffraction 

peaks of (101), (004), (200), (105), (211), (213), (116), (220), and (115) planes are situated at about 

25.21°, 36.93°, 47.81°, 53.71°, 54.80°, 62.50°, 68.81°, 69.98°, and 75.01°, respectively, and 

correspond to TiO2's anatase phase (JCPDS card no. 21-1272) [46-48]. As shown in the XRD pattern 

of CuO-TiO2,  diffraction peaks of (1̅11) and (111) planes related to the monoclinic structure of CuO, 

and diffraction peaks of (101), (200), (105) and (213) planes related to the anatase phase of TiO2, 

indicate the synthesis of CuO-TiO2 hybrid nanostructure using the sol–gel method. 

 

 

 

 

Figure 2.  XRD patterns of CuO, TiO2 and CuO-TiO2. 

 

3.2. Optical analyses 

 

Figure 3a shows the optical absorbance spectra of CuO, TiO2, and CuO-TiO2. The absorbance 

spectra of anatase TiO2 show significant absorption in the UV area and low absorption in the visible 
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region, as shown in the diagram. The absorption edge is at 378 nm, which is associated with electron 

transport from TiO2's valence band to its conduction band [49-51]. It means that pure TiO2 

nanoparticles are UV light active. Pure CuO nanoparticle absorbance spectra reveal a high and broad 

range of light absorption up to 800 nm, indicating a significant and active absorption of light in the 

visible region [52, 53]. CuO-TiO2 has a broad range of absorption as well as the maximum optical 

absorption when compared to TiO2 nanoparticles, which can be attributed to the hybrid nanostructured 

CuO-TiO2 and its high surface roughness and porosity. Using absorbance spectra and the following 

equation, the band gap energies (Eg) of the samples were obtained [54-56]:  

(αhν)1/2 = A(hν − E)            (2) 

Where α is absorption coefficient, hν reflects the photon energy, and A is the proportionality 

parameter. Extrapolating the Tauc plots as linear sections of the curves until they intersect the x-axis in 

Figure 3b results the Eg values of samples. As seen, the Eg values of CuO, TiO2 and CuO-TiO2 are 

determined ∼1.64, 3.02 and 2.10 eV, respectively. It is found that the addition of CuO in the TiO2 

structure decreases the band gap energy of CuO-TiO2 toward TiO2 which promotes the visible 

absorption of TiO2 and its application in sunlight.   

 

 

 

 

Figure 3. (a) The optical absorbance spectra of, and (b) Tauc plots. 

 

3.3. Electrochemical impedance spectroscopy analyses 

 

The charge transfer pathway was investigated using EIS analysis. The EIS Nyquist and bode 

plots of TiO2, CuO, and CuO-TiO2 under solar light irradiation are shown in Figures 4a and 4b. Figure 

4a shows that all electrodes have semicircles in the high frequency band. The charge transfer resistance 

is represented by the diameter of the semicircle extrapolated in the Nyquist diagram (Rct) [57, 58]. The 

semicircle with the smallest diameter belongs to the CuO-TiO2 sample, meaning that it has the lowest 

charge transfer resistance and the highest separation efficiency of photo-exited electrons and holes, 

both of which are directly related to the surface area and heterostructured CuO-TiO2 [59, 60]. The 
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values of the distinct elements in equivalent electrical circuit models were analyzed using EIS data, as 

shown in Figure 4a, which includes Rs, which represents the magnitude of the solution resistance, Rct, 

which represents the solution resistance and charge transfer resistance, CPE, which represents the 

double layer capacitance, and Rw, which represents the Warburg impedance [61].  Rct usually relates 

to the photocatalytic kinetics and the smaller value in CuO-TiO2 represents more efficient charge 

carrier transfer and a faster redox reaction rate. Therefore, it can be deduced that the CuO-TiO2 

possesses preferable charge transfer efficiency and photocatalytic activity [62]. As seen in Nyquist 

Plots, there is a straight line inclined at 45° at the law frequency region which corresponds to the Rw 

because of diffusion controlled of ions in the electrolyte and it describes the mass transport of the 

electroactive that may be limiting the electron transfer process [63, 64]. In addition, the displayed 

Bode plots in Figures 4b exhibit the peak frequency (fmax) of CuO-TiO2 toward pure CuO and TiO2 is 

shifted to low frequency. Electron lifetime (τe) can be determined as τe = 1/ (2πfmax) [65, 66], which 

indicates that fmax is inversely related to the lifetime of electrons. Therefore, the lower fmax  of  CuO-

TiO2 reflects the longer electron lifetime and great separation efficiency and faster diffusion rate in  

CuO-TiO2  [67, 68]. 

 

 

 

 

Figure 4. (a) EIS Nyquist and (b) bode plots of TiO2, CuO and CuO-TiO2 under sun light irradiation. 

 

 

Table 1. The obtained parameters by fitting the EIS spectra with the equivalent circuit. 

 

Sample Rs (Ω) Rct (kΩ) CPE (µF) RW (Ω) 

CuO 5.15 1.15 0.5 1800 

TiO2 4.22 1.00 15 2400 

CuO-TiO2 4.02 0.29 0.98 620 
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3.4. Photodegradation analyses 

 

Figure 5 shows the photocatalytic removal effectiveness of TiO2, CuO, and CuO-TiO2 for the 

treatment of 200 mL of 10 mg/L PNP solution under sunlight irradiation, as well as the removal 

efficiency of the control sample (without photocatalyst). After 90 minutes of sunshine irradiation, the 

removal efficiencies of the control sample are negligible (0.91%), while the photocatalytic removal 

efficiencies of TiO2, CuO, and CuO-TiO2 are 12.7 %, 21.6 %, and 41.5 %, respectively, after 10 

minutes of sunlight irradiation. Furthermore, using the photocatalytic activity of TiO2, CuO, and CuO-

TiO2, 100% elimination of PNP is obtained after 75, 65, and 50 minutes of sunshine irradiation, 

respectively. These results confirm the great photocatalytic activity of TiO2 and CuO-TiO2 under 

sunlight irradiation and demonstrate more efficient photo-generated electron-hole separation and faster 

charge transfer of CuO-TiO2 than that of CuO and TiO2 which shows good agreement with the XRD, 

SEM, EIS, and optical analyses. In CuO-TiO2, the conduction band (CB) of CuO is more negative than 

that of TiO2. Due to the difference in potential and high separation efficiency of photo-generated 

electrons and holes, photo-excited electrons have an attraction to transfer from CuO CB to TiO2 CB, 

which enhances phenolic pollutant destruction processes. The valence band (VB) of TiO2 is, on the 

other hand, more positive than that of CuO, thus the holes produced undergo oxidation reactions with 

water, producing proton and intermediate intermediates [69, 70]. This results in the accumulation of 

photogenerated holes and electrons at the VB of CuO and the CB of TiO2, respectively. Therefore, the 

recombination rate of photogenerated holes and electrons in the CuO-TiO2 is substantially decreased 

toward the pure CuO and TiO2 [71, 72]. Accordingly, the photogenerated holes in VB of CuO can 

promote the reaction to produce hydroxyl radical (·OH), and photogenerated electrons CB of TiO2 can 

be transferred to the adsorbed oxygen for the formation of superoxide anion radical (•O2
−). •O2

− and 
•OH are strong oxidants that help to the effective oxidation of PNP [73, 74]. 

  

 
Figure 5. The removal efficiency of control sample (without photcatalyst), and photocatalytic removal 

efficiency of TiO2, CuO and CuO-TiO2 for the treatment of 200 ml of 10 mg/L PNP solution 

under sunlight irradiation 
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Figure 6 illustrates the results of CuO-TiO2 removal efficiency for varied PNP concentrations 

treated under sunlight irradiation. After 35, 50, 90, and 150 minutes of UV irradiation, 100 percent 

treatment of 5, 10, 30, and 100 mg/L of PNP is produced, accordingly. As the starting PNP 

concentration is increased, the removal efficiency decreases, as shown [75, 76]. Table 2 compares our 

findings to the photocatalytic activity of photocatalysts reported in the literature for the treatment of 

PNP. CuO-TiO2 has a high photocatalytic removal efficiency due to the synergistic impact of CuO and 

TiO2 in the production of a CuO-TiO2 heterojunction with efficient separation of photo-generated 

electrons and holes, which improves electron transport [71, 77]. 

 

 

 

Figure 6.  Removal efficiency of CuO-TiO2 for treatment 200 mL of various PNP concentrations (5, 

10, 30 and 100 mg/L) under sunlight irradiation. 

 

 

Table 2. Comparison between the photocatalytic activity of CuO-TiO2 and other photocatalysts 

reported in the literatures for treatment of PNP. 

 

Photocatalyst PNP 

content 

(mg/l)  

Light 

source 

Degradatio

n time 

(minute) 

Removal 

efficienc

y (%) 

Ref. 

TiO2 5 UV 120 88 [21] 

rGO/ZrO2 10 UV 100 >90 [25] 

Pt/BiOBr-0.27 10 visible 90 85.3 [26] 

TiO2 14  UV 120 90% [24] 

SnO2-rGO 20 UV 90 95.6 [22] 

Carbon quantum dots/TiO2  30 UV 150 96 [23] 

CuO-TiO2 5 UV 35 100 Presen

t study 10 50 100 

30 90 100 

100 150 100 
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3.5. PNP treatment of actual industrial wastewater 

  

The practical photocatalytic removal ability of 200 mL of 5 mg/L PNP solution was generated 

from genuine industrial effluent (PNP-1) obtained from Tairui Fine Chemical Co., Ltd. (Tianjin, 

China). The control sample was made with deionized water for comparison (PNP-2). Figure 7 

demonstrates that under solar irradiation, full photocatalytic elimination of PNP-1 and PNP-2 takes 50 

and 35 minutes, respectively. The prolonged time for complete treatment of PNP-1 made from real 

industrial wastewater is due to the examined wastewater sample containing a large number of phenolic 

compounds and dyes, which cause pollutants to adsorb on the CuO-TiO2 surface and slow down 

photocatalytic reactions. As a result, these data show that CuO-TiO2 has a high photocatalytic activity 

for the treatment of PNP in genuine industrial effluent. 

 

 

 
Figure 7. The photocatalytic removal ability of CuO-TiO2    for degradation the 200 mL of 5 mg/L 

PNP solutions under sunlight irradiation (PNP-1: sample made from actual industrial 

wastewater, and PNP-2: sample made with deionized water). 

 

 

4. CONCLUSION  

 

This research focused on the preparation of CuO-TiO2 hybrid nanostructures using the sol–gel 

method, as well as the evaluation of structural, optical, and electrochemical properties, as well as their 

application as photocatalysts for the photodegradation of PNP, an emerging phenolic pollutant in 

industrial wastewater, under sunlight irradiation. The morphology of the CuO-TiO2 hybrid 

nanostructure grew block like crystals with a mixture of monoclinic structure CuO and anatase phase 

TiO2, showing that the CuO-TiO2 hybrid nanostructure was successfully synthesised using the sol–gel 

method, according to structral studies. Optical investigations revealed that the Eg values of CuO-TiO2, 

and CuO-TiO2 were 1.64, 3.02, and 2.10 eV, respectively, meaning that the addition of CuO in the 

TiO2 structure decreased the band gap energy of CuO-TiO2 toward TiO2, promoting visible absorption 
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of TiO2 and its use in sunlight. According to EIS analyses, the CuO-TiO2 has a longer electron 

lifetime, a high separation efficiency, and a faster diffusion rate. After 75, 65, and 50 minutes of 

sunshine irradiation, full elimination of 200 mL of 10 mg/l PNP was obtained employing the 

photocatalytic activity of TiO2, CuO, and CuO-TiO2, respectively. These findings support CuO-high 

TiO2's photocatalytic activity when exposed to sunlight, owing to the synergistic effect of CuO and 

TiO2 in forming a CuO-TiO2 heterojunction with efficient separation of photo-generated electrons and 

holes, which improves electron transport. After 35, 90, and 150 minutes of UV irradiation, 100% 

treatment of 5, 30, and 100 mg/L of PNP was obtained, respectively. The CuO-practical TiO2's 

photocatalytic removal capacity was tested for degradation of a 200 mL 5 mg/L PNP solution 

generated from genuine industrial wastewater, demonstrating CuO-efficient TiO2's photocatalytic 

activity for PNP removal from real industrial wastewater. 
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