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ABSTRACT 
An efficient copper-doped ZnO (Cu-doped ZnO) nanoparticle was synthesized in nano 
form via co-precipitation using zinc sulfate heptahydrate as a precursor. The synthesized 
Cu-doped ZnO nanoparticle was characterized using X-ray diffraction (XRD), FT-IR, UV-
DRS, SEM with EDX, and HRTEM techniques. The bandgap energy of the Cu-doped ZnO 
nanoparticle was reduced, enhancing visible-light absorption. The addition of copper 
ions modified the electronic and optical properties of the photocatalyst, thereby 
improving its photocatalytic performance. The photocatalytic activity of Cu-doped ZnO 
nanoparticles was evaluated for the degradation of Direct Red 81 dye (DR-81) as a 
pollutant in an aqueous solution. Under optimal conditions (DR-81 dye concentration of 
20 ppm, Cu-doped ZnO dosage of 0.4 g/100 mL, and 60 minutes of sunlight irradiation), 
a maximum DR-81 removal efficiency of approximately 70.83% was achieved. A plausible 
photocatalytic degradation mechanism of DR-81 using Cu-doped ZnO was proposed, 
revealing that •O₂⁻ and •OH radicals were the primary active species responsible for its 
degradation. Cyclic experiments demonstrated the high stability and reusability of Cu-
doped ZnO, confirming its potential as an economical and environmentally friendly 
photocatalyst. 
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1. INTRODUCTION 
Population growth, rapid industrial expansion, and lifestyle changes have all contributed to the growing scarcity of 

resources. As a result of increasing waste generated by industries and individuals, effective waste management has 
become essential [1]. Researchers have focused on ecological processes that promote waste reduction, reuse, and 
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recycling to achieve a closed-loop material cycle by utilizing waste-derived resources. Dye pollution from the textile and 
paper industries is a major environmental concern [2]. Conventional treatment of dye-contaminated wastewater often 
involves flocculation or coagulation. Among dye types used for textile fibers, reactive dyes have the lowest exhaustion 
levels due to their low substantivity to the substrate and high sensitivity to hydrolysis under alkaline dyeing conditions 
[3, 4]. Dyes are organic compounds frequently found in wastewater from the textile industry. When released into natural 
water bodies, they can overload the water’s self-purification mechanisms, inhibit or halt photosynthetic processes, and 
pose harmful effects, including carcinogenic risks, to aquatic ecosystems [5-7].  Direct Red 81 dye is widely used across 
numerous industries [8, 9] and can cause harm to the skin and eyes. However, the release of raw DR-81 dye into 
waterways may pose a significant threat to public health [10]. In water, DR-81 poses several health risks to humans. Due 
to their high solubility, dyes can easily disperse through rivers, altering water quality. Therefore, industrial effluents 
must be treated to remove such hazardous dyes before they contaminate freshwater sources. 

Recent research suggests that advanced oxidation processes (AOPs), particularly photocatalytic techniques, are 
highly effective for treating industrial wastewater. The efficiency of these approaches is attributed to the generation of 
active species, such as hydroxyl radicals (•OH), which degrade contaminants into harmless by-products like water and 
carbon dioxide [11-13]. Photocatalytic reactions occur when ultraviolet (UV) or visible light strikes the surface of a 
semiconductor catalyst (e.g., TiO₂ and ZnO). These processes excite electrons in the valence band, transferring them to 
the conduction band. The resulting electron-hole (e/h) pairs in the catalyst oxidize pollutant molecules by generating 
additional hydroxyl radicals and facilitating oxidation and regeneration reactions [14-16]. Recent studies have focused 
on zinc oxide (ZnO) nanoparticles (NPs) as semiconductor catalysts due to their high chemical stability, low toxicity, 
excellent optical and electrical properties, and strong oxidizing potential. These nanoparticles have been widely used for 
the decomposition and oxidation of persistent organic pollutants [17-19]. However, a major limitation of ZnO NPs is their 
high rate of electron-hole recombination, which reduces photocatalytic efficiency [20]. 

In general, overcoming photocatalyst limitations is essential for improving their performance and expanding 
practical applications. One promising approach that has gained increasing research interest is the doping of ZnO NPs 
with transition metals such as cobalt (co), silver (Ag), iron (Fe), gold (Au), and copper (Cu) [21]. Doping ZnO with an 
appropriate dopant can tune its bandgap energy and suppress charge carrier recombination (electron-hole pairs), 
thereby enhancing its effectiveness in the photocatalytic and sonocatalytic degradation of organic and hazardous 
contaminants [22-24]. 

In this context, Isai et al. [25] reported that Fe-doped ZnO exhibited enhanced optical absorption and significant 
photocatalytic activity for the degradation of methylene blue dye. In a separate study, Chang et al. [26] examined the 
light absorption capacity, electron-hole pair separation, and photocatalytic efficiency of cerium-doped ZnO nanoparticles 
(NPs) and observed improvements. Building on this background, the present study aims to investigate the efficacy of Cu-
doped ZnO NPs in removing Direct Red 81 dye under visible light irradiation. Various nanomaterial synthesis methods 
have been reported, including sol-gel, co-precipitation, hydrothermal, thermal hydrolysis, and DC thermal plasma 
synthesis [27]. However, among these, the co-precipitation method is preferred for its superior photocatalytic activity 
[28]. Additionally, this synthesis approach offers a low-cost, eco-friendly solution for industrial wastewater purification.  

This study synthesized undoped ZnO and Cu-doped ZnO photocatalysts using the co-precipitation method. The 
synthesized photocatalyst had a wurtzite phase structure and a band gap of 3.21 eV, which is lower than that of undoped 
ZnO. Within 60 minutes of irradiation, the Cu-doped ZnO photocatalyst mineralized Direct Red 81 (DR 81), an organic 
dye contaminant. It also exhibited high stability and reusability. Thus, our study established a novel method for 
synthesizing a modified metal-doped ZnO photocatalyst for the remediation of emerging industrial contaminants. 

 
2. EXPERIMENTAL SECTIONS 

2.1.  CHEMICALS AND MATERIALS 
All chemical reagents used in this study were analytical grade. Zinc sulfate heptahydrate (ZnSO₄•7H₂O), copper 

sulfate pentahydrate (CuSO₄•5H₂O), and potassium hydroxide (KOH) were purchased from LOBA Chemie. Double-
distilled water was used for all experiments. Direct Red 81 dye (DR-81, C₂₉H₁₉N₅Na₂O₈S₂) was used as the pollutant for 
the present study and was purchased from Sigma-Aldrich. 
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2.2.  SYNTHESIS OF UNDOPED ZNO AND CU-DOPED ZNO NANOPARTICLES 

All chemical reagents used in this study were analytical grade. ZnSO₄•7H₂O, CuSO₄•5H₂O, and potassium hydroxide 
were acquired from LOBA Chemie. The coprecipitation approach was used to prepare both undoped and Cu-doped zinc 
oxide nanoparticles. A stoichiometric amount of zinc sulfate heptahydrate (ZnSO₄•7H₂O) was dissolved in 100 mL of 
distilled water. To increase the pH, a 1 M KOH solution was added dropwise to the solution and stirred continuously for 
around 6 hours. The resulting suspension was centrifuged, washed with double-distilled water and ethanol, dried at 
120°C for 12 hours, and then calcined in a muffle furnace at 500°C for 2 hours. To synthesize Cu-doped ZnO 
photocatalysts, a stoichiometric amount of zinc sulfate heptahydrate (ZnSO₄•7H₂O) was dissolved in 100 mL of distilled 
water. Copper sulfate pentahydrate (CuSO₄•5H₂O) was added to the solution and stirred continuously. The pH of the 
solution was then adjusted by adding    1 M KOH solution dropwise. Stirring continued for about 6 hours, and the 
precipitate was filtered, washed, dried, and calcined under the same conditions used to synthesize undoped ZnO to 
obtain the Cu-doped ZnO nanoparticles [29]. 

 
2.3. CHARACTERIZATION 

The crystallography of the undoped ZnO and Cu-doped ZnO nanoparticles was studied using an X-ray diffractometer 
(XRD) with CuKα irradiation (λ = 0.154 nm), operated at 40 kV and 100 mA, in the diffraction range (2θ) of 20°–80°. The 
vibrational spectrum was monitored using an FT-IR spectrometer (8400S, Shimadzu, Japan) in the wavenumber range 
of 4000–400 cm⁻¹. The surface morphology and shape of undoped ZnO and Cu-doped ZnO nanoparticles were examined 
using a scanning electron microscope (JEOL, 5800LV) with energy-dispersive X-ray spectroscopy (JSM-7100F) to 
determine the chemical composition of the nanoparticles. The morphology and average size of the nanoparticles were 
determined using HRTEM (JEOL-2100). A double-beam spectrophotometer was used to analyze the optical absorption 
properties using UV-Vis diffuse reflectance spectroscopy (Agilent Cary 5000) in the 200–800 nm wavelength range. 

 
2.4. PHOTOCATALYTIC ACTIVITY 

The photocatalytic activity of synthesized undoped ZnO and Cu-doped ZnO nanoparticles was evaluated by 
measuring the photocatalytic degradation of an aqueous solution of Direct Red-81 dye in the presence of sunlight at 
neutral pH.  Initially, 20 ppm of dye solution was added to a reactor, followed by a small dose of undoped ZnO and Cu-
doped ZnO NPs (0.4 g/100mL). The suspension was stirred in the dark for 30 minutes to achieve absorption-desorption 
equilibrium, then placed in direct sunlight with constant stirring. An aliquot of the test solution was extracted at regular 
intervals, centrifuged, and the concentration of the sample was determined using a UV-visible spectrophotometer. The 
following equation was used to calculate dye degradation efficiency [25]. 

% Degradation = (C0-Ct)/C0 ×100    ---------------   (1) 
 C0 refers to the initial concentration of the test solution with adsorption-desorption equilibrium and Ct denotes the 

concentration of the solution after photocatalytic degradation.  
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3. RESULTS AND DISCUSSION 
3.1. X-RAY DIFFRACTION ANALYSIS 

 

    
Fig. 1: X-ray diffraction patterns of (a) undoped ZnO and (b) Cu-doped ZnO nanoparticles. 
 
Figure 1(a) and 1(b) show the XRD patterns of undoped and Cu-doped ZnO nanoparticles.  Three broad peaks were 

observed at 2θ = 31.9705°, 34.4565°, and 36.1742° for undoped ZnO, and at 2θ = 31.854°, 34.709°, and 36.307° for Cu-
doped ZnO. The three diffraction peaks correspond to the crystallographic planes (100), (002), and (101) of hexagonal 
ZnO. The well-defined sharp peaks indicate the high crystalline nature of the undoped ZnO and Cu-doped ZnO 
nanoparticles.  All peaks in the XRD patterns of undoped ZnO and Cu-doped ZnO samples could be matched with the 
hexagonal wurtzite structure from JCPDS card No. 36-1451 [30, 31]. The broadening of the XRD lines is due to the 
nanocrystalline nature of the material, indicating that the particle size is in the nanometer range. The average crystalline 
size of synthesized nanoparticles was calculated using the Scherrer formula, as shown in Eq. (4) [32].   

                                         D=K λ/β cosθ ……………..(2) 
 
where D is the average crystalline size,  K is the shape factor, lambda is the wavelength in angstroms (Å), β is the 

FWHM in radians, and theta (θ) is the diffraction angle in degrees.  Based on the Scherrer equation, the average crystal 
size of the undoped ZnO and Cu-doped ZnO nanoparticles was calculated to be 32.01 nm and 23.32 nm, respectively. 

 
3.2. FT-IR ANALYSIS 
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Fig. 2: FT-IR spectra of (a) undoped ZnO and (b) Cu-doped ZnO nanoparticles 
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The chemical bonds and functional groups of undoped ZnO and Cu-doped ZnO nanoparticles were studied using FT-
IR spectroscopy, and the corresponding spectra are illustrated in Fig. 2(a) and 2(b). The vibrational bands at 3480 and 
1600 cm⁻¹ correspond to the stretching and bending vibrations of O-H observed in the molecule or hydroxyl groups 
adsorbed on the surfaces of the samples, respectively [33]. The presence of Zn-O stretching vibrations at lower 
wavenumbers (550-460 cm⁻¹) suggests the formation of the ZnO matrix [34]. In contrast to undoped ZnO, Cu doping has 
been associated with observable shifts and the emergence of new peaks in the Cu-doped ZnO spectrum. These changes 
result from the interactions of Cu ions with the ZnO lattice, which can modify the overall bond strength and create 
localized defects.  

 
3.3. UV-VIS DRS STUDIES 

 
Fig. 3: (a) UV-Vis absorption spectra and (b) Tauc plot of undoped ZnO and Cu-doped ZnO nanoparticles. 
The optical absorption spectra of synthesized undoped ZnO and Cu-doped ZnO nanoparticles were examined using 

UV-Vis DRS at room temperature in the range of 200 to 700 nm, as shown in Figure 3(a). The optical band gap of the 
nanoparticles was calculated using Tauc’s equation, Eq. (1) [35]: 

αhν  = A (hν-Eg)n…………….            (3) 
where, α is the absorption coefficient, hν is the photon energy, Eg is the band gap, A is a constant and n refers to the 

index that depends on the type of electronic transition. The band gap can be determined by extrapolating the straight-
line portion of the plot to zero absorbance, i.e. (αhν))2= 0, as shown in Figure 3(b). 

The absorption spectrum of undoped ZnO shows maximum absorption at 373 nm. With the addition of Cu, the 
absorption edge shifts to a higher wavelength (379 nm) compared to undoped ZnO. This shift in the absorption edge may 
be attributed to the incorporation of Cu into the ZnO matrix, leading to a narrowing of the optical band gap upon Cu 
doping, as shown in Figure 3(b) [36, 37]. The optical band gap decreases from 3.32 eV for undoped ZnO to 3.21 eV for 
Cu-doped ZnO. 

The decrease in band gap cannot be attributed to structural changes caused by the addition of Cu to ZnO. As our XRD 
analysis shows, replacing Zn with Cu, which are neighbours in the periodic table, does not result in any substantial change 
in the crystal structure. The observed red shift in the band gap is due to Cu doping in ZnO. The narrowing of the band 
gap is explained by p-d spin-exchange interactions between the band electrons and the localized d electrons of the 
transition-metal ion that replaces Zn²⁺ with Cu²⁺. Cu doping reduces the band gap due to the high p-d mixing of O and Cu 
[38]. The red shift in the band gap demonstrates the homogeneous substitution of Cu ions in the ZnO lattice. Furthermore, 
the narrowing of the band gap is influenced by many-body effects on the conduction and valence bands [39], which may 
be caused by electron interactions and impurity scattering. This phenomenon has been attributed to the merging of an 
impurity band with the conduction band, resulting in a smaller band gap. 
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3.4. SEM ANALYSIS 

     
Fig. 4: SEM images of (a) undoped ZnO and (b) Cu-doped ZnO nanoparticles 
SEM was used to observe the crystal morphology and surface characteristics of the synthesized samples. The SEM 

images of undoped ZnO and Cu-doped ZnO nanoparticles are shown in Fig. 4(a) and 4(b). These images indicate that the 
shape and morphology of ZnO nanoparticles change with Cu ion doping. In the Cu-doped ZnO nanoparticles, the particles 
appear more agglomerated. This is primarily due to Van der Waals forces, as well as doping-induced changes in polarity 
and surface charge, which are the main factors contributing to nanoparticle agglomeration [40]. 
 

3.5. ENERGY DISPERSIVE X-RAY (EDX) SPECTROSCOPY ANALYSIS 
An Energy Dispersive X-ray (EDX) study was conducted to analyze the elemental composition of the synthesized 

nanoparticles and to confirm successful doping and ZnO nanoparticle formation. The EDX signals and percentage 
compositions of undoped ZnO and Cu-doped ZnO nanoparticles are shown in Fig. 5(a) and 5(b). For undoped ZnO 
nanoparticles, sharp signals for zinc and oxygen were observed, confirming the formation of ZnO nanoparticles. For Cu-
doped samples, in addition to zinc and oxygen, copper signals were also detected. This confirms the successful 
incorporation of copper into the ZnO lattice.  

 

    
Fig. 5: EDX pattern of (a) undoped ZnO and (b) Cu-doped ZnO nanoparticles. 
 

3.6. TEM ANALYSIS 
The shape and particle size of undoped ZnO and Cu-doped ZnO nanoparticles were further analyzed using HR-TEM, 

which provides direct information about the distribution of metal oxides on the surface. Figures 6(a) and 6(b) present 
high-resolution TEM images of undoped ZnO and Cu-doped ZnO nanoparticles, respectively. TEM confirms the 
monodisperse and uniform particle size of the nanoparticles. With Cu doping in ZnO nanoparticles, we observe a clear 
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contrast enhancement in Figure 6(b) compared to Figure 6(a). This clearly confirms the presence of Cu in the ZnO matrix, 
which is fully supported by the EDX study. Figure 6(b) illustrates spherical Cu-doped ZnO photocatalyst particles with 
sizes ranging from 10 to 40 nm. Figures 6(c) and 6(d) present the particle size distribution histograms generated using 
the Gaussian fitting method, confirming average particle sizes of 32 nm and 23 nm for undoped ZnO and Cu-doped ZnO 
nanoparticles, respectively. These results are consistent with the XRD data. 

 

    

  
Fig. 6: HR-TEM images of (a) undoped ZnO and (b) Cu-doped ZnO;  
Particle size distribution of (c) undoped ZnO and (d) Cu-doped ZnO. 
 

3.7. PHOTOCATALYTIC REMOVAL OF DR-81 DYE 
The UV–visible absorption spectra of DR-81 dye with undoped ZnO and Cu-doped ZnO photocatalysts at a dosage of 

0.4 g/100 mL and a dye concentration of 20 ppm under solar light irradiation are illustrated in Figures 7a and 7b.The 
intensity of the main peak of DR-81 declines over various time intervals. The peak intensity decreases due to the 
photocatalytic degradation of DR-81 in the presence of undoped ZnO and Cu-doped ZnO photocatalysts after 60 minutes 
of sunlight irradiation. To monitor self-degradation, DR-81 was photolyzed for 60 minutes under sunlight without a 
photocatalyst (Figure 7c). Compared to the photocatalytic experiment, the DR-81 dye solution exhibits minimal self-
degradation [41]. Another set of experiments was conducted in the absence of sunlight to investigate the removal 
efficiency of DR-81 in the dark due to dye adsorption on the photocatalyst surface. In the dark, the removal efficiencies 
of DR-81 with undoped ZnO and Cu-doped ZnO photocatalysts are 16% and 32%, respectively. 
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Fig. 7: (a) and (b) UV–visible results showing the decrease in intensity of the DR-81 dye solution, and (c) 

photocatalytic degradation, adsorption in the dark, and photolysis of DR-81. 
 
Understanding the photocatalytic removal efficiency of synthesized photocatalysts is of great importance. The 

experiments were conducted using undoped ZnO and Cu-doped ZnO photocatalysts while keeping other parameters 
constant, as shown in Figure 7c. From the photocatalytic experiments, the DR-81 dye removal efficiencies of undoped 
ZnO and Cu-doped ZnO photocatalysts were found to be 46% and 70.83%, respectively, after 60 minutes of solar light 
irradiation. There is a significant increase in the DR-81 dye removal efficiency of Cu-doped ZnO compared to undoped 
ZnO. This can be attributed to the doping of copper with ZnO, which suppresses the e⁻/h⁺ recombination rate [41, 42]. 
Moreover, copper doping can substantially inhibit crystal size growth [43, 44], as confirmed by XRD, thereby increasing 
photocatalytic activity. Furthermore, the bandgap energy decreases for Cu-doped ZnO, as confirmed by UV-Vis DRS data. 
Thus, copper incorporation with ZnO results in a synergistic effect, leading to enhanced photocatalytic degradation of 
DR-81 dye [45, 46]. 

 
3.8. PHOTOCATALYTIC DEGRADATION MECHANISM 

The photocatalytic degradation of DR-81 dye with Cu-doped ZnO nanoparticles, as shown in Figure 8, proceeds 
efficiently through a mechanism involving reactive oxygen species (ROS) generation. Upon irradiation with solar light, 
Cu-doped ZnO absorbs photons, exciting electrons from the valence band (VB) to the conduction band (CB) and 
generating electron-hole pairs [47], as expressed by Equation 4. Photogenerated holes (h⁺) react with water molecules, 
producing highly reactive hydroxyl radicals (⋅OH), while electrons (e⁻) present in the conduction band reduce dissolved 
oxygen, resulting in superoxide radicals (⋅O₂⁻) [48], as described in Equations 5 and 6. Additionally, superoxide radicals 
react with protons and electrons to yield hydrogen peroxide (H₂O₂), which further decomposes to form more hydroxyl 
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radicals, as shown in Equation 7. These ROS, primarily ⋅OH and ⋅O₂⁻, facilitate the breakdown of DR-81 dye into 
degradable products such as carbon dioxide (CO₂) and water (H₂O) [49], as illustrated in Equation 8. Cu doping enhances 
charge separation and minimizes recombination, ultimately improving photocatalytic activity due to increased ROS 
generation. The obtained results demonstrate the high efficiency and potential of Cu-doped ZnO nanoparticles for the 
photocatalytic degradation of organic pollutants in wastewater treatment. 

 Cu-ZnO + hν → e⁻ (CB) + h+ (VB)       ……………………..……(4) 
h+ (VB) + H2O → ⋅OH + H+ ………………………........................(5) 
e⁻ (CB) + ⋅O₂⁻ + 2 H+   → H2O2   ....................…………………….(6)                            e⁻ (CB) + H2O2 → ⋅OH + OH⁻    

.………….......................……….(7)  

⋅OH / ⋅O₂⁻ + DR-81  → Degraded products (CO2 + H2O + …)   …(8) 

 
Fig. 8: Schematic diagram of Cu-doped ZnO photocatalytic degradation mechanism 
 

3.9. PHOTOCATALYST REUSABILITY 
The reusability of the Cu-doped ZnO photocatalyst was evaluated over five cycles under optimal conditions (initial 

DR-81 concentration: 20 ppm; photocatalyst amount: 0.4 g/100 mL; irradiation time: 60 min), with the results presented 
in Figure 9. After each cycle, the used photocatalyst was collected and dried for reuse in the subsequent cycle [50]. The 
DR-81 removal efficiency of the Cu-doped ZnO photocatalyst exhibited a moderate decline in successive cycles. Due to 
the poisoning effect of degradation products and the obstruction of solar irradiation, dye removal efficiency significantly 
decreased over the five cycles [51]. Consequently, it can be concluded that Cu-doped ZnO is suitable for the long-term 
and repeated removal of dye from textile effluents. 

 
Fig. 9: Photostability and Reusability of Cu-doped ZnO 
 

4. CONCLUSION 
Undoped zinc oxide nanoparticles, along with copper-doped zinc oxide nanoparticles, were successfully synthesized 

using the co-precipitation method for the photocatalytic decomposition of Direct Red 81 under visible light irradiation. 
The synthesized undoped ZnO and Cu-doped ZnO nanoparticles exhibit crystallite sizes of 32 nm and 23 nm, respectively, 
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with bandgap energies of 3.32 eV and 3.21 eV. The signi�icant reduction in bandgap energy enhances optical absorption 
in the visible-light region. The photocatalytic removal ef�iciency of DR-81 dye using undoped ZnO and Cu-doped ZnO was 
observed to be 46% and 70.83%, respectively, within 60 minutes of natural sunlight irradiation. These experimental 
�indings reveal that the photocatalytic activity of ZnO nanoparticles in DR-81 dye removal increases after doping with Cu 
metal compared to the undoped state under visible light irradiation. In other words, these results indicate the ef�icacy of 
copper doping in reducing hole-electron recombination, increasing hydroxyl radical (•OH) formation in ZnO, and creating 
impurity states in the structure of doped ZnO nanoparticles, all of which contribute to the enhanced photocatalytic 
activity of the synthesized Cu-doped ZnO nanoparticles. Thus, the synthesis of copper-doped ZnO nanophotocatalysts 
under visible light irradiation presents an ef�icient and promising technology for the photocatalytic removal of Direct 
Red 81 dye from aqueous environments.  
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