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A B S T R A C T   

Chemical bath deposition (CBD) was used to grow ZnO nanorods on glass substrates. Grown ZnO 
nanorods are dipped in a copper nitrate trihydrate [Cu(NO3)2.3 H2O] solution at 90 ◦C for 30 min 
before being annealed at 400 ◦C for 1 h to convert Cu2+ ions to CuO nanoparticles, forming a 
ZnO/CuO thin films nanocomposite. Images obtained from a Field Emission Scanning Electron 
Microscope (FESEM) indicated that the ZnO structure consisted of nanorods coated in CuO 
nanoparticles. The optical absorption of both ZnO NRs and ZnO/CuO nanocomposites thin films 
was strongly edged, with an energy gap of 3.26 and 3.21 eV, respectively. The photodegradation 
rate of the manufactured ZnO NRs and ZnO/CuO nanocomposites thin films against Acriflavin 
dye was investigated at room temperature under varying pH conditions and period exposure to 
visible light. The rate of photodegradation of the dye was increased by increasing the time it was 
exposed to light and/or the pH of the solution. The photodegradation rates for AFN dye under 
visible light irradiation ranged from 36% to 100% as the pH value was increased from 4 to 10, 
and from 78% to 66% at a pH value of 12 and reduced to 78% at a pH value of 12 after 330 min of 
irradiation. Furthermore, the trapping experiments of reactive species for Acriflavin dye degra-
dation by ZnO/CuO nanocomposites photocatalysts were also carried out   

1. Introduction 

Pollutants like organic material in the water have increased in recent years due to the massive growth of industry and the pro-
liferation of factories along the banks of rivers, leading to severe environmental problems and the emergence of a number of diseases 
due to the pollutants’ ability to bio-accumulate in the bodies of living organisms. The water must be purified from these pollutants, but 
only through processes that won’t affect the environment [1]. Extraction, polymerization, the electro-Fenton process, and photo-
catalytic degradation are only some of the technologies discovered to rid water of toxic organic. In contrast, the use of a 
photocatalysis-based semiconductor degrading process is a relatively new technique that effectively treats water by eliminating 
organic and inorganic impurities [2,3]. The emergence of the Advanced Oxidation Process (AOP) has resulted in the development of a 
novel way to gather oxidative techniques within the fields of photocatalysis. These methods are specifically designed to achieve 
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complete degradation of persistent organic pollutants by the generation of reactive oxygen species [4]. Due to its high catalytic ac-
tivity, low cost, environmental friendliness, chemical stability, and ease of fabrication in nanostructured forms, zinc oxide (ZnO) is 
being looked at as a potential photocatalytic material. These features make ZnO an excellent candidate for use in numerous fields, 
including photocatalysis [5,6]. As a result of the broad bandgap of 3.37 eV and the fast rate of photo-induced electron (e-)-hole (h+) 
pair recombination, the photo-degradation reaction is strongly disrupted, and the material responds poorly to visible light [7]. 
Modifying ZnO with noble metals like Cu [8], Au [9], and Ag [10] increases its catalytic activity in visible light. Because of their 
numerous applications, metal oxide materials, in particular, have been widely used in environmental research, including catalysis for 
dye degradation [11]. Metal oxide nanocomposites, such as copper/zinc oxides (CuO/ZnO), have grown in popularity in these ap-
plications due to their optical, electrical, and magnetic properties, as well as their eco-friendliness and superior adjustable catalysis 
characterization [12]. Cupric oxide, a p-type metal oxide semiconductor with an optical band gap of 1.2–2.1 eV [13], is harmless and 
widely available in nature. In addition, the intrinsic high carrier concentration results in great physical stability and outstanding 
electrical conductivity. It’s also a cheap material with a straightforward production method [14]. The heterojunction is formed when 
p-type CuO and n-type ZnO are coupled together. High photocatalytic efficiency can be achieved using heterostructures of nano-
structured CuO-ZnO due to their large specific surface area and increased optical absorption [15]. Since World War II, Acriflavine 
(AFN) dye has been used as an antiseptic. Dr. Paul Ehrlich of Germany developed it and utilized it as an antibacterial agent, although it 
wasn’t widely used until the 1960 s. Because of its solubility in water, acriflavine hydrochloride is frequently used to treat fungus 
infections in fish kept in aquariums. Its fluorescence makes it useful in biochemistry as well. Despite its usefulness in medicine, 
acriflavine has been linked to several negative side effects in humans, including skin irritation, eye discomfort, and breathing diffi-
culties. It has been discovered that acriflavine is poisonous to aquatic plants as well. It also makes the water appear fluorescent, which 
must be corrected before it can be considered pure. Here, a simple chemical approach was used to construct a nanostructured 
ZnO-nanorods/CuO nanocomposite. Under visible light of varying durations and pH values, the produced nanostructures are used as a 
photocatalyst to degrade AFN dye. 

2. Experimental part 

2.1. Preparation ZnO Nanorods thin films 

Chemical bath deposition (CBD) is used to grow a thin film of ZnO nanorods on a glass substrate. All chemicals used were analytical 
reagent grade and did not require further purification. After being ultrasonically cleaned in ethanol for 15 min, glass substrates were 
rinsed in deionized distilled water. The deposition of a seed layer composed of ZnO nanoparticles (NPs) is necessary for the growth of 
ZnO nanorods in alignment on glass substrates. That’s why using an ethanol solution containing 5 mM zinc acetate dihydrate Zn 
(OOCCH3)2. The ZnO NPs were then formed by casting the solution onto clean glass substrates and heating them to 280 ◦C for 1 h. To 
grow ZnO NRs, zinc nitrate hexahydrate [Zn(NO3)2.6 H2O] and hexamethylenetetramine [C6H12N4 (99.9% purity)] with 0.1 M was 
dissolved in distilled water (DW) individually before being mixed. Substrates of glass covered with ZnO NPs were immersed into the 
prepared aqueous solution which was heated at 90±3 ◦C for 2 h. The substrates were taken out of the solution after the process of 
growth was finished, washed multiple times with DW, and then dried at room temperature. The grown ZnO NRs underwent an 
annealing process at 250 ◦C for 1 h to improve their crystallinity. 

2.2. Preparation of CuO nanoparticles film 

CuO nanoparticles were prepared by dissolving 0.48 g of 99.9% pure copper nitrate trihydrate [Cu(NO3)2.3 H2O] in 100 ml of DW. 
The ZnO NRs/glass substrates were dipped in the solution at 90 ◦C for 30 min to enable Cu ions to adhere to the ZnO NRs. The slides 
were then extracted from the solution, rinsed with DW, and allowed to dry before being annealed at 400 ◦C for one hour to convert Cu 
ions into CuO nanoparticles. 

2.3. Mechanism of photocatalytic degradation of Acriflavine dye 

Degradation tests were conducted using AFN dye at concentrations of 20 ppm at pH values of 4, 6, 8, 10, and 12. By oxidizing the 
AFN dye molecules that have been adsorbed onto their surfaces, the ZnO/CuO nanostructure can photo-catalytically eliminate the AFN 
dye. To achieve this, reactive species including hydroxyl (•OH) and superoxide (•O2-) radicals are generated. The mechanism for 
photocatalytic degradation of AFN dye by ZnO/CuO thin films nanostructures is depicted below [16]:  

1. Light absorption: When ZnO and CuO absorb photons with energy equal to or greater than their bandgap energy, electron-hole 
pairs are formed.  

ZnO + hν → ZnO* (excited state)….(1)                                                                                                                                               

CuO + hν → CuO* (excited state)….(2)                                                                                                                                               

2. Formation of reactive species: Electron-hole pairs can react with adsorbed water molecules or oxygen to generate highly reactive 
species such as hydroxyl (•OH) and superoxide radicals (•O2-). 
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ZnO* + H2O → ZnO + •OH ….(3)                                                                                                                                                    

ZnO* + O2 → ZnO + •O2- ….(4)                                                                                                                                                       

CuO* + H2O → CuO + •OH….(5)                                                                                                                                                     

CuO* + O2 → CuO + •O2-….(6)                                                                                                                                                        

2. Adsorption of AFN dye: The molecules of AFN dye are adsorbed onto the surface of ZnO/CuO particles via electrostatic attraction or 
van der Waals forces.  

AFN + ZnO/CuO → AFN -ZnO/CuO….(7)                                                                                                                                           

3. Photocatalytic degradation: The highly reactive species can oxidize the adsorbed AFN dye molecules, resulting in the degradation 
of the dye. The oxidation of AFN dye molecules can occur via multiple mechanisms, including direct oxidation by •OH radicals and 
indirect oxidation via the formation of peroxides.  

AFN -ZnO/CuO + •OH → CO2+H2O….(8)                                                                                                                                         

AFN -ZnO/CuO + •O2- → CO2+H2O….(9)                                                                                                                                        

However, the photocatalytic mechanism is determined by the locations of the nanocatalyst’s valence band (VB) and conduction 
band (CB) edges. The following relationships estimate the nanocomposite’s VB and CB locations [17]: 

ECB = χ − Ee − 0.5Eg……… (10)  

EvB = χ − Ee + 0.5Eg………. (11)  

Where χ is the electronegativity, Ee is the energy of free electrons on the hydrogen scale, and Eg is the band gap energy. The value of Ee 

is 4.5 eV. The values of χ for ZnO and CuO are 5.79 eV and 5.81 eV, respectively [17]. The calculated band gap energies (Eg) of ZnO is 
3.26 eV thus, ECB and EVB potentials are − 0.36 eV and +2.92 eV, respectively. However, ECB and EVB potential of CuO are +0.265 eV 
and +2.355 eV, respectively when the energy band gap is 2.09 eV [17]. It is more difficult for electrons to move from the conduction 
band of CuO to the conduction band of ZnO due to the fact that the edge of CuO’s conduction band is lower than ZnO’s. When a 
ZnO/CuO thin films nanocomposite heterojunction is produced, electrons are transferred between the p-type CuO and n-type ZnO 
components, raising the Fermi level of CuO and decreasing the Fermi level of ZnO until equilibrium is reached. ZnO loses electrons, 
forming a depletion layer on the surface, and its Fermi level shifts in a positive direction, whereas CuO’s Fermi level shifts in a negative 
direction. Finally, the Fermi levels of the two semiconductors match [18]. Meanwhile, as the Fermi levels rise and fall, the energy band 
of CuO rises while that of ZnO falls [19,20]. As a result, the conduction band edge of CuO in the nanocomposite is greater than that of 
ZnO. Fig. 1 shows the photo-degradation mechanism for AFN dye by ZnO/CuO thin films nanocomposite. To evaluate role of reactive 
species in photodegradation process, different scavenger like benzoquinone (BQ), isopropyl alcohol (IPA), ethylenediammine tetra 
acetate (EDTA) were used during photoreaction. The degradation efficiency is calculated using equation: 

Fig. 1. The photo-degradation mechanism for Acriflavine dye in the presence of CuO@Zno nanocomposite [12].  
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Degradation efficiency% = (1 − C/Co) × 100….. (12)  

3. Results and discussions 

3.1. Surface morphology 

The FESEM images of the grown ZnO/glass nanorods and the ZnO/CuO thin films nanocomposites are displayed in Fig. 2. On the 
surface of the substrates, ZnO nanorods were grown in an orientation that resulted in a vertical alignment. The diameter of ZnO 
nanorods that have been prepared might range anywhere from 62 nm to 108 nm. On the other hand, as can be seen in Fig. 2B, the 
surface of the ZnO nanorods was entirely covered by the CuO nanoparticles. The statical distribution of the diameter of ZnO NRs 
displayed in Fig. 2C and noted a range of 62–175 nm. 

3.2. Crystalline structure 

The crystalline structure of prepared ZnO/CuO thin films nanocomposites was investigated using the XRD pattern as shown in  
Fig. 3. The XRD peaks that appeared at 2θ of 31.56, 34.28, 47.5, 56.55, 63.68, and 67.65 corresponding to ZnO lattice planes (100), 
(002), (102), (110), (103) and (112) respectively, of hexagonal wurtzite structure (JCPDS Card No. 36–1451). However, as illustrated 
in the SEM image, the high XRD intensity of (002) revealed that the ZnO NRs are alignment vertically onto the substrates. However, the 
XRD peaks which appeared at 2θ of 35.31, 38.59, 48.37, and 61.52 are corresponding to (002), (111), (202), and (113) of the 
monoclinic phase of CuO NPs (JCPDS Cards-00–04500937). The crystalline size (CZ) of the CuO nanoparticles was calculated by the 
Deby-Sherrar formula represented by the relation CZ = Kλ

βcosθ [21]. where θ, β, λ, and K are the angle between the incident beam and 
crystal plane, the FWHM diffraction peak, X-ray wavelength, and the incident Scherer constant, respectively. The CZ was estimated is a 

Fig. 2. The FESEM of the grown of (A) ZnO/glass NRs and (B) ZnO/CuO nanocomposites thin films (C) Diameter statical distribution of ZnO/ 
glass NRs. 
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value of 44.05 nm of the ZnO/CuO nanocomposites thin films. 

3.3. Optical properties 

As shown in Fig. 4a, the optical properties of ZnO nanorods and ZnO/CuO nanocomposite thin films thin films were examined using 
optical absorbance. When compared to ZnO NRs, ZnO/CuO nanocomposites thin films exhibit strong light absorption. Moreover, the 
band gap calculated according to tauc plot is represented by the relation (αhν)2

= A(hν − Eg) [22], where α, h, Eg, A, and ν are the 
coefficient of absorption, Planck’s constant, band gap energy, constant, and frequency of vibration, respectively. Fig. 4b depicts the 
band gap values of ZnO nanorods as 3.26 eV, which is consistent with previous studies [23,24], and ZnO/CuO nanocomposites thin 
films as 3.21 eV. Meng et al. [25] prepared p-CuO/n-ZnO heterojunction nanofibers and they found that the Eg of ZnO reduced from 
3.14 eV to 3.08 eV or less depending on the Cu contents in the samples. 

3.4. Photocatalytic activity 

Fig. 5 shows the photodegradation rate (PDR) of AFN dye that is catalyzed by ZnO NRs and ZnO/CuO nanocomposites thin films 
under visible light irradiation. After 330 min of irradiation by visible light, the ZnO NRs showed a modest photodegradation rate (PDR) 
of AFN dye, reaching roughly 19%, whereas the ZnO/CuO nanocomposites thin films showed 100% of PDR. CuO nanoparticles absorbs 
visible light and plays a dominant role in the photocatalytic activity, resulting in a significant electron-hole separation. Furthermore, 
the ZnO/CuO nanocompsites thin films reduces charge carrier recombination generated by photosynthesis [26]. In addition, ZnO 
surface defects are crucial in photocatalytic activity, since they may inhibit electron-hole recombination and lengthen the lifetime of 
the charge carrier [27]. Barman et al. [28] reported ZnO/CuO nanocomposites thin films reached a photodegradation rate is 66% in 

Fig. 3. The XRD pattern of the grown ZnO/CuO nanocomposite thin films on the glass substrates.  

Fig. 4. (A) UV–vis spectra for ZnO and ZnO/CuO nanocomposites thin film (B) the plot of (αhυ)2 vs. photon energy.  
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5 h from R6G aqueous under UV irradiation while Nami et al. [26] discovered that under visible illumination, the PDR of MB dyes 
catalyzed by ZnO/CuO nanocomposites thin films reached 49% after 300 min. Table 1 compares the current study to previously 
published works for ZnO/CuO nanostructures thin films used to degrade various dyes. Fig. 6A depicts the C/Co plot vs. irradiation 
duration of ZnO NRs and ZnO/CuO nanocomposites thin films for AFN dyes, revealing that the C/Co ratio is semi-constant when ZnO 
NRs are utilized and decreases with time when ZnO/CuO nanocomposites thin films are used to degrade AFN dye. The 
pseudo-first-order kinetics model of photodegradation is determined by the equation ln(C/Co) = -kt [29], where k represents the 
apparent rate constant and t represents the time of irradiation (Fig. 6B). The linear relationship yielded rate constant values of 0.0011 
and 0.0068 min− 1 for ZnO and ZnO/CuO nanocomposites thin films, respectively. The obtained rate constant is in agreement with the 
work that has been previously published [26,30]. 

3.5. Effect of pH value 

The pH of dye solution is a significant parameter since it is related to the ionization state of the catalyst’s surface, as illustrated in 
the equations [31]:  

M-OH+ H+→ M-OH2
+……….(12)                                                                                                                                                     

M-OH+OH-→ M-O- +H2O…….(13)                                                                                                                                                 

Because of the reaction of heterogeneous photocatalytic takes occurs on the surface of semiconductors, the degradation of AFN dye 
was discovered to be significantly dependent on the pH solution. The pH of the solution is an important component that influences the 
degradation efficiency of organic pollutants [32]. Fig. 7 shows the effect of pH value on the degradation ratio of AFN dye catalyzed at 
different times. The photocatalytic activity of ZnO/CuO nanocomposites thin films increased as the pH increases from 4 to 10 but it 
reduced when the pH was 12. The highest value of the photodegradation was 100% obtained when the pH was 10 while the lowest 
value was at a pH of 4. However, the photocatalytic degradation of AFN dye can be increased with increasing pH due to several 
reasons. One of the main reasons is that the pH of the solution can affect the surface charge of both the photocatalyst and the dye 
molecules, which can influence their interaction and the photocatalytic process [33]. This tendency could be attributed to a stronger 
electrostatic interaction between cationic dye molecules and ZnO/CuO nanocomposites thin films which is an active species in alkaline 
conditions. However, in acidic conditions, the surface of the photocatalyst gains a positive charge, and so the electrostatic repulsion 
between ZnO/CuO nanocomposites thin films and cationic dye molecules does not favor adsorption on the photocatalyst surface 
leading to a slow photodegradation rate. In addition, the rate of production of hydroxyl radicals is faster in alkaline conditions, which 

Fig. 5. Photodegradation rate of AFN dye by ZnO and ZnO/CuO nanocomposites thin film.  

Table 1 
Comparison of the current study with previously reported articles for ZnO/CuO nanocomposites thin films on the glass substrates.  

Dye Source irradiation Photodegradation rat% Time 
(min) 

Ref. 

RB mercury lamp  98  400 [36] 
MO  400 W  98 280 
RB Xe lamp (300 W)  63.8  120 [37] 
MB tungsten  76  150 [38] 
MB UV  92  420 [39] 
AFN Visible light  100  330 Present work  
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favors photodegradation. U.R Bagwan et al. found that the rate constant of degradation AFN dye by Gd-doped TiO2 nanostructures 
increased from 0.0074 to 0.0144 s− 1 when the pH value increased from 4 to 10 [16]. Increasing the pH to 12 resulted in a high 
concentration of •OH radicals. Under these conditions, radical-radical reactions occur, resulting in the deactivation of hydroxyl 
radicals and the formation of radicals HO.

2 and H2O.
2. The reactivity of these radicals with organic pollutants is extremely low at high 

concentrations of − OH− of high due to − OH− with •OH interactions [34]. In other words, the repulsive columbic adsorption of ion 
hydroxide to the surface catalyst was avoided [35]. 

As shown in Fig. 8, it was found that the prepared ZnO/CuO nanocomposites thin films provided high stability were the degra-
dation rate reached 94% after being reused six times for an irradiation time of 330 min and pH of 10. This confirmed the possibility of 
reusing the prepared samples multiple times without losing any material. 

3.6. Role of active species 

Scavengers such as EDTA, benzoquinone, and isopropanol alcohol were utilized during the photoreaction to investigate the 
involvement of active species such holes (h+), superoxide radicals (.O2-), and hydroxyl radicals (.OH) in the degradation reaction 
[40–42]. Photocatalytic activity decreased from 100% to 33%, 57%, and 69% when different scavengers (EDTA, BQ, and IPA) were 
added, as depicted in Figs. 9 and 10. The study concluded that holes are the predominant species responsible for the photocatalytic 
activity of the synthesized materials. Superoxide radicals are more effective than hydroxyl radicals in the photocatalytic destruction of 
dye compounds. 

Fig. 6. (A) Kinetics of photocatalytic degradation and (B) variation of − ln (C/Co) with irradiation time of ZnO and ZnO/CuO nanocopmposites thin 
films on the glass substrates. 

Fig. 7. Photodegradation rate of AFN dye under effect variance pH of ZnO/CuO nanocomposite thin films on the glass substrates.  
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Fig. 8. The Reusability test of AFN dye degradation by ZnO and ZnO/CuO nanocomposites thin film.  

Fig. 9. Effect of different scavenger on C/CO photodegradation of AFN dye by by ZnO and ZnO/CuO nanocomposites thin film.  

Fig. 10. Effect of different scavenger on photodegradation efficiency of AFN dye by ZnO and ZnO/CuO nanocomposites thin film.  

F. Allawi et al.                                                                                                                                                                                                          



Optik 303 (2024) 171722

9

4. Conclusions 

In this work, ZnO NRs and ZnO/CuO nanocomposites were prepared onto glass substrates by CBD methods. The photocatalysis 
process against AFN dye was investigated under visible light irradiation at different times. The results show that the degradation rate of 
dye increased when used ZnO/CuO nanocomposites as catalysts compared to ZnO NRs. Although electrons find it difficult to move 
from the p-CuO conduction band to the n-ZnO conduction band because the edge of the CuO band is less than the edge of the ZnO band, 
the success of the junction between the two compounds causes a rise in the CuO compound’s energy gap and its fall to the ZnO 
compound, which facilitates electron transitions between them. CuO absorbs visible light, and has a dominating role in photocatalytic 
activity, resulting in the greatest electron-hole separation. Furthermore, the degradation rate rose with a pH value from 4 to 10, and the 
basic medium yielded the best photocatalytic activity when compared to acidic media. After 330 min of irradiation and a pH of 10, the 
highest degradation rate was 100%. However, when the pH is 12, the breakdown rate slows due to the high concentration of •OH 
radicals. Radical-radical reactions occur under these conditions, leading to the deactivation of hydroxyl radicals, which prevents the 
repulsive columbic adsorption of ion hydroxide to the surface catalyst. Through using different types of scavenges, the study concluded 
that holes are the predominant species responsible for the photocatalytic activity of the synthesized materials. Superoxide radicals are 
more effective than hydroxyl radicals in the photocatalytic destruction of dye compounds. 
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