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ABSTRACT
ZnO, Cu 2 

O, and p-type Cu 2 
O/n-type ZnO hetero-photocatalysts were prepared at low cost with high yield by using a one-step hydrother-

mal method. X-ray diffraction confirmed the successful synthesis of hexagonal wurtzite ZnO and cubic phase Cu 2 
O crystal structures, 

while Fourier transform infrared spectroscopy affirmed the coexistence of both oxides in the Cu 2 
O–ZnO heterogeneous photocatalyst. 

Transmission electron microscopy revealed different sizes of ZnO nanoparticles stuck to spherical Cu 2 
O particles, establishing well-defined 

heterojunction interfaces. Optical studies showed bandgap energies of 3.12 eV for ZnO and 2.0 eV for Cu 2 
O, whereas the Cu 2 

O–ZnO het-
erostructure exhibited a reduced bandgap of 2.46 eV with enhanced visible-light absorption. Density functional theory calculations supported 

a direct-to-indirect bandgap transition with a reduction in the optical bandgap and confirmed efficient charge separation at the heterointer-
face. Under optimal conditions (pH ∼7 and catalyst dosage of 30 mg/l), both ZnO and Cu 2 

O catalysts show ∼45% photocatalytic degradation 

efficiency in 110 min of sunlight exposure in degrading methylene blue (MB) dye, whereas the Cu 2 
O–ZnO hetero-photocatalyst achieved 

∼98.08% degradation. The improved photocatalytic degradation efficiency (98.08%) of our best sample (Cu 2 
O–ZnO hetero-photocatalyst) 

was attributed to synergistic interfacial charge transfer, as validated by experimental and theoretical analyses. The effects of MB concentra-
tion (30, 40, 50, and 60 ppm) and Cu 2 

O–ZnO hetero-photocatalyst dosage (20, 30, and 40 mg/l) were also studied. The Cu 2 
O–ZnO catalyst 

retained at 89.73% efficiency after six cycles, demonstrating excellent stability and reusability. These combined studies might help realize the 

potential application of Cu 2 
O–ZnO catalysts as efficient sunlight-driven photocatalysts for the purification of wastewater.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0341530

I. INTRODUCTION

As a result of the industrial revolution and anthropogenic 

activities, water pollution is increasing day by day. 

1,2 Organic, inor-
ganic, and biological effluents are the most responsible pollutants 

for water pollution. 

3 For example, every year, more than 800 000 

tons of organic dyes are consumed around the globe, among which

around 20% are discharged as wastewater during the industrial dye-
ing process. 

4 These organic dyes are carcinogenic and mutagenic 

but possess highly complex molecular structural groups, making 

them non-biodegradable and life-threatening for human and aquatic 

creatures, if discharged in water without proper treatment. Methy-
lene blue (MB), one of the most commonly consumed dyes in the 

dyeing and printing industries, has multiple uses. 

5 Nevertheless, its
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importance, the presence of stable aromatic rings in the molecu-
lar structure of MB, and its high solubility in water have made 

this persistence in untreated water and can cause serious conse-
quences to humans, other mammals, fish, and can cause destruction 

for the ecosystem. Numerous techniques such as filtration, 

6 coag-
ulation, 

7 ion-flocculation, 

8 adsorption–biosorption, 

9 distillation, 

10

and phytoremediation 

11 have been reported so far for the degra-
dation of MB. However, these methods have their own drawbacks 

and limitations in terms of efficiency, cost, and secondary envi-
ronmental issues. 

12 At this point, the development of advanced 

oxidation processes (AOPs), particularly the photocatalysis, has 

come to the rescue and has currently gained greater attention from 

researchers for the degradation of toxic organic compounds such 

as MB and waste water treatment due to its cost-effectiveness and 

environment friendly approaches. 

13 In this process, some metal 

oxide semiconductors and transition metal chalcogenide nanoma-
terials, such as TiO 2, ZnO, CeO 2, BiVO 4, CuO, Cu 2 

O, WO 3, ZnS, 

CdS, metal–organic frameworks, and carbon-based materials, are 

given the highest priority to be used as photocatalysts. 

14–22 Among 

the reported materials, ZnO has gained much attention due to 

its strong oxidizing capability, high photosensitivity, non-toxicity, 

availability, low cost, and capability to quickly decompose organic 

molecules. 

23,24 Nevertheless, having these unique physicochemi-
cal properties, the wide bandgap (3.2 eV) of ZnO nanoparticles 

(NPs) has diminished its potential application for the photocat-
alytic degradation of pollutants under sunlight irradiation since 

our solar spectra contain only ∼5% of UV light, which can gener-
ate photo electron and hole pairs in ZnO NPs. 

25–27 Furthermore,
another factor, the lifetime of the photogenerated e 

− –h 

+ pairs,
which determines the performance of the photocatalyst, is very 

small in case of ZnO due to the faster recombination of them. 

28 

In order to make ZnO NPs a sunlight-driven photocatalyst and to 

extend the lifetime of the photogenerated charge carriers by sup-
pressing the recombination, numerous methods have been tested, 

such as doping with non-metals, transition metals, and co-doping. 

29 

Another efficient and convenient approach that has gained attrac-
tion is to integrate ZnO NPs with narrow bandgap semiconduc-
tors to form hybrid heterojunctions. 

30 Several ZnO-based hybrid 

heterogeneous photocatalysts, such as ZnO/MoO 3, 

31 ZnO/TiO 2, 

32

ZnO/V 2 
O 5, 

33 ZnO/CuO, 

34 ZnO/NiO, 

35 ZnO/CdS, 

36 ZnO/ZnSe, 

37

have been studied and demonstrated improved photocatalytic 

performance.
Meanwhile, cuprous oxide (Cu 2 

O), a p-type narrow bandgap 

(2.0–2.2 eV) semiconducting material, demonstrates strong visible 

light absorption and exhibits high theoretical photoelectric conver-
sion efficiency, which have made it a good choice for visible light 

driven photocatalysis. 

38 Despite these beneficial properties, Cu 2 
O 

suffers from high charge carrier recombination within microseconds 

and photo-corrosion, which lead to low photocatalytic performance 

while using this pristine Cu 2 
O as a photocatalyst. 

38 Recently, a 

series of beneficial studies have been carried out to improve the 

photocatalytic performance of Cu 2 
O. For instance, Nie et al. demon-

strated that doping of halogen (Cl) and metallic (Cr) elements 

reconstructs the energy bands of the hydrothermally synthesized 

Cl–Cu 2 
O and Cr–Cu 2 

O crystallites and exhibits excellent photocat-
alytic performance in levofloxacin removal from waste water. 

39,40 

Yu et al. prepared an Ag-doped Cu 2 
O thin film via electrochemi-

cal deposition and observed enhanced photocatalytic degradation of

MB under sunlight irradiation. 

41 Liu et al. created oxygen vacan-
cies in hydrothermally grown Cu 2 

O by Sn ion doping, which 

boosted its photocatalytic performance in norfloxacin degrada-
tion. 

42 In addition to these non-metallic and metallic doping into 

Cu 2 
O, several Cu 2 

O-based hybrid heterojunction photocatalysts, 

such as α-Fe 2 
O 3 

/Cu 2 
O, 

43 Cl–Cu 2 
O/PANI/BC, 

44 Cu 2 
O/PbWO 4 

, 

45

CeO 2 
/Cu 2 

O, 

46 SrTiO 3 
/BiOBr/Cu 2 

O, 

47 Cu 2 
O/TiO 2, 

48 have been fab-
ricated recently. These newly developed Cu 2 

O-based heterojunction 

photocatalysts demonstrated excellent performance in photocat-
alytic degradation of complex drugs such as levofloxacin, oxytetra-
cycline, doxycycline, sulfadiazine, and organic Rhodamine B (RhB) 

dye from environmental waste water.
It is evident from the above-reported literature that several sys-

tematic efforts have been made either on ZnO-based heterojunction 

or on Cu 2 
O-based heterojunction photocatalysts. Owing to the indi-

vidual excellent properties of n-type ZnO and p-type Cu 2 
O NPs, 

integrating these particular two metal oxides (ZnO and Cu 2 
O) to 

form a Cu 2 
O–ZnO hybrid heterogeneous photocatalyst at differ-

ent energy levels is thought to be beneficial and advantageous for 

the photocatalytic degradation of complex molecules. For instance, 

coupling ZnO with Cu 2 
O can form a p–n heterojunction effectively. 

Cu 2 
O, a p-type semiconductor with a narrow bandgap (2.0–2.2 eV), 

can absorb visible light efficiently and extend the photo-response 

of the composite into the visible region. 

49 When Cu 2 
O and ZnO 

form a p–n heterojunction, the internal electric field at their interface 

can promote efficient charge separation by driving photo-generated 

electrons toward the n-type ZnO and holes toward the p-type Cu 2 
O. 

This spatial separation can suppress recombination and enhance the 

lifetime of charge carriers, resulting in improved photocatalytic per-
formance under sunlight. 

50 Thus, the Cu 2 
O–ZnO heterostructure 

synergistically can combine the visible light activity of Cu 2 
O with the 

stability and high electron mobility of ZnO, making it a promising 

system for efficient solar-driven photocatalysis.
However, only a few studies have been reported on Cu 2 

O–ZnO 

heterogeneous photocatalysts. For example, Yu et al. prepared p-
Cu 2 

O/n-ZnO heterojunction thin films and showed photocatalytic 

degradation of norfloxacin. 

38 Zou et al. reported the fabrication of 

Cu 2 
O–ZnO hetero-nanorod arrays on an ITO glass substrate by a 

two-step chemical method and showed its visible light driven pho-
tocatalytic activity for the degradation of methyl orange (MO). 

51 

Both of these studies were on Cu 2 
O–ZnO thin film based hetero-

junction photocatalysts, which require a special kind of experimental 

setup for synthesis. In another work, Wang et al. synthesized a 

Cu 2 
O–ZnO heterojunction by precipitation and a heat treatment 

process and found that this heterojunction can degrade 98% methyl 

orange (MO) under visible light irradiation. 

52 Gaim et al. prepared 

an N-doped Cu 2 
O–ZnO heterojunction and employed it to degrade 

methyl red (MR) in the presence of solar light. 

25 These studies 

demonstrated excellent photocatalytic performance; however, syn-
thesis of the Cu 2 

O–ZnO heterojunction took place at an elevated 

temperature with low yield. Cheng et al. fabricated a Cu 2 
O–ZnO 

heterojunction with the aid of Au deposition and studied facet-
dependent photocatalytic degradation of MO under visible light 

irradiation. 

53 Wang et al. fabricated ZnO–Cu 2 
O heterojunction by 

a facile self-templating method and demonstrated remarkable pho-
tocatalytic degradation of Rhodamine B (RhB) dye under visible 

light illumination. 

30 As can be seen from the reported literature, 

these studies require special experimental setup/higher reaction
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temperature as the synthesis procedures are expensive compared 

to the photocatalyst yield. Furthermore, all of these studies focused 

on the experimental findings on the improvement of physico-
chemical and optical properties of the Cu 2 

O–ZnO heterojunc-
tion and thereafter their application for enhanced photocatalytic 

performance.
Considering the potential application of the Cu 2 

O–ZnO het-
erojunction for waste water treatment, a combined experimental 

and theoretical investigation is indispensable to realize the for-
mation of the heterojunction and thereby the charge separation 

process at the Cu 2 
O–ZnO interfaces. However, to the best of 

our knowledge, only few combined efforts have been reported in 

the literature so far in the case of the Cu 2 
O–ZnO heterojunc-

tion. For instance, Kumar et al. studied the photo-response of the 

Cu 2 
O–ZnO heterojunction and provided a theoretical modeling, 

but required a thin Ga 2 
O 3 

buffer layer. 

50 Zemzemi et al. studied 

ideal Cu 2 
O(111)/ZnO surfaces and computed band offsets/adhesion 

energies for model interfaces and compared their findings with 

experimental work. 

54 Ievskaya et al. performed theoretical band-
offset studies on Cu 2 

O/ZnO heterojunctions fabricated in atmo-
spheric by atomic layer deposition. 

55 However, those theoretical 

studies typically treated ideal/epitaxial/single-crystal rather than the 

realistic, polycrystalline/hydrothermal nanoparticle interfaces. In 

addition, as per the available literature, Cu 2 
O–ZnO heterojunc-

tion photocatalysts have been employed mostly for the degradation 

of methyl orange/Rhodamine B (RhB) dyes/norfloxacin antibiotic. 

Considering the presence of the most commonly used organic dye, 

methylene blue (MB), in waste water and the potential effectiveness 

of Cu 2 
O–ZnO heterojunction photocatalyst, detailed experimental 

and simulation-based studies of this realistic heterojunction photo-
catalyst may help realize its feasible application for the degradation 

of life threatening MB dye in waste water.
Therefore, a simple, low-temperature hydrothermal synthe-

sis method for creating a Cu 2 
O–ZnO heterojunction photocatalyst 

with enhanced yield and robust interfacial coupling is reported in 

this work. The current work provides a more physically mean-
ingful description of charge transfer behavior in polycrystalline 

heterojunction systems by bridging realistic experimental nano-
structures with theoretical density functional theory (DFT)-based 

interfacial models built from experimentally validated features, in 

contrast to previously published idealized or epitaxial interface mod-
els. Furthermore, the photocatalytic activity of this heterogeneous 

nanomaterial is systematically assessed toward the breakdown of a 

widely used and ecologically persistent methylene blue (MB) dye 

under naturally occurring sunlight irradiation. The choice of inves-
tigating this MB dye instead of some other commonly studied 

dyes provides a more pragmatic assessment of wastewater treat-
ment efficacy. In addition, this work quantitatively studies the effects 

of some key parameters, including dye concentration and catalyst 

dosage, revealing their importance in governing reaction kinetics 

and active species creation efficiency. Furthermore, this work reveals 

the formation of dominant reactive species that cause MB degra-
dation and links to the theoretically predicted band edge positions 

and interfacial charge redistribution. This provides a compelling 

experimental–theoretical mechanistic framework that validates the 

suggested photocatalytic pathway. Finally, the high reusability and 

excellent structural stability of the catalyst highlight its practical suit-
ability for long-term wastewater treatment applications. We believe

that these findings not only advance the understanding of the practi-
cal Cu 2 

O–ZnO heterojunction but also offer a reliable technique for 

integrating theoretical modeling with actual nanomaterials to design 

durable and efficient sunlight-driven photocatalysts.

II. MATERIALS AND METHODS
A. Chemicals and reagents

Zinc acetate di-hydrate [Zn(CH 3 
COO) 2 

⋅2H 2 
O 98%], 

sodium hydroxide [NaOH 98%], copper(II) nitrate hydrate 

[Cu(NO 3 
) 2 
⋅2.5H 2 

O 99.99%], and ethanol [C 2 
H 5 

OH 100%] were 

purchased from Sigma-Aldrich, USA, and were used directly from 

the package without further purification. Deionized water was used 

for washing purposes.

B. Preparation of samples
1. Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized using the hydrothermal 

method. At first, 0.1M of zinc acetate dihydrate and 0.4M of sodium 

hydroxide were dissolved in deionized water separately in two 

beakers. Then, the NaOH solution was poured into the zinc acetate 

solution very slowly at 75 

○ C under continuous magnetic stirring. 

The mixture was stirred for 2 h and after that shifted to a Teflon-
lined autoclave. Then, the autoclave was kept in the oven at 170 

○ C 

for 8 h. After the autoclave cooled down to room temperature, the 

precipitate of the mixture was filtered and washed with ethanol and 

deionized water a few times and then dried in the oven for 12 h at 

60 

○ C. Finally, the synthesized ZnO nanoparticles were collected by 

using a mortar and pestle.

2. Synthesis of Cu 2 

O nanoparticles
At first, 10.466 g Cu(NO 3 

) 2 
⋅2.5H 2 

O was dissolved in 30 ml of 

absolute ethanol. Then, the dissolved solution was poured into a 

Teflon-lined autoclave and left in the oven for 8 h at 170 

○ C. After 

8 h of reaction, the autoclave was left for about an hour to cool 

down to room temperature. When it came back to room tempera-
ture, the obtained mixture was filtered with Whatman filter paper 

(125 mm, Grade-1) and washed with ethanol and deionized water a 

few times. The obtained clay was dried in the oven at 60 

○ C for 12 h. 

Finally, Cu 2 
O nanoparticles were collected by using a mortar and 

pestle.

3. Preparation of Cu 2 

O–ZnO hetero-photocatalyst
At first, 1.5M Cu(NO 3 

) 2 
⋅2.5H 2 

O and zinc acetate dehydrate 

solution were prepared by dissolving Cu(NO 3 
) 2 
⋅2.5H 2 

O and zinc 

acetate dehydrate into absolute ethanol separately in two beakers. 

Then, the two separate solutions were mixed under continuous 

stirring. The mixed solution was poured into a Teflon-lined auto-
clave and left in the oven for 8 h at 170 

○ C. After the autoclave 

cooled down to room temperature, the obtained mixture was fil-
tered with filter paper and washed with ethanol and deionized water 

a few times. The obtained clay was dried in the oven at 60 

○ C for 

12 h. Finally, the Cu 2 
O–ZnO hetero-photocatalyst was collected by 

using a mortar and pestle. A schematic of Cu 2 
O–ZnO heterogeneous 

photocatalyst synthesis is depicted in Fig. 1.

AIP Advances 16, 075209 (2026); doi: 10.1063/5.0341530 16, 075209-3

© Author(s) 2026

 
1
3
 
J
u
l
y
 
2
0
2
6
 
1
5
:
5
8
:
4
2

https://pubs.aip.org/aip/adv


AIP Advances ARTICLE pubs.aip.org/aip/adv

FIG. 1. Synthesis flow diagram of the Cu 2 

O–ZnO heteroge-
neous photocatalyst.

C. Sample characterization
Synthesized ZnO, Cu 2 

O NPs, and Cu 2 
O–ZnO were character-

ized by using numerous characterization techniques. For instance, 

an x-ray diffractometer (Rigaku Ultima-IV) was used to investigate 

the crystal structure and phase of the synthesized NPs. The mea-
surements were carried out using Cu-K α 

radiation (λ = 1.540 56 Å) 

operating at 40 kV and 40 mA in the Bragg–Brentano geome-
try. Transmission electron microscope (Talos F200X G2) equipped 

with a coupled camera and detector was used to study the surface 

morphology of the NPs at an accelerating voltage of 200 kV, provid-
ing high-resolution imaging with a point resolution of ∼0.12 nm. 

Fourier transform infrared spectroscopy (FTIR) (IR Prestige-21) 

was used to study the functional groups and chemical bonds 

present in the NPs. UV–visible spectroscopy (Shimadzu UV-1900i) 

was used to study the optical properties (i.e., absorbance, opti-
cal bandgap) and to measure photocatalytic performances of the 

synthesized NPs.

D. Photocatalytic activity evaluation experiment
The photocatalytic activity of the synthesized Cu 2 

O NPs, ZnO 

NPs, and Cu 2 
O–ZnO nanocomposites was investigated on the 

degradation of MB dye, the most commonly used industrial dye, 

under the sunlight irradiation at room temperature. For this study, 

a 500 ml stock solution of MB dye was prepared by dissolving 

it in deionized water and, each time, 50 ml of the stock solution 

was taken for further batch experiments. An appropriate amount 

of the synthesized photocatalyst was added to the MB dye solu-
tion and stirred magnetically to acquire a homogeneous disper-
sion solution. This mixing took place for 20 min in a black box 

under dark conditions and was left there for the next 40 min to 

reach the equilibrium condition. After that, the homogeneous solu-
tion was brought under sunlight (23 

○ 43 

′ 38.6 

′′ N 90 

○ 24 

′ 05.9 

′′ E) on 

sunny days, and the average light intensity was 784 lux. From the

exposed dispersion solution, 5 ml of solution was withdrawn using a 

polytetrafluoroethylene (PTFE) microporous filter and syringe sys-
tem at different time intervals and poured into a spectrophotometer 

cuvette. The absorbance spectra (400–800 nm) of the filtered solu-
tion were acquired by using a UV–vis spectrometer (Shimadzu 

UV-1900i, Japan). From all of the recorded spectra corresponding 

to different sunlight irradiation times, the maximal absorbance val-
ues at the particular characteristic wavelength (665 nm) of MB were 

taken as the measured residual concentration (C t 
) and used to ana-

lyze the photocatalytic degradation efficiency for respective sunlight 

irradiation times. All experiments were performed under identical 

standard conditions to allow comparison of catalyst performance. 

The studied solution using only the Cu 2 
O–ZnO photocatalyst was 

further analyzed by a TOC-V CPH total organic carbon (TOC) ana-
lyzer (Shimadzu, Japan) to probe the mineralization of MB by this 

Cu 2 
O–ZnO photocatalyst.
The reusability of the Cu 2 

O–ZnO photocatalyst was explored 

for up to six consecutive cycles. In this regard, the used Cu 2 
O–ZnO 

nanocomposite was recovered from the dispersion solution after 

each cycle of complete measurement by 5–6 min of centrifugation 

at 5000 rpm. Then, the retrieved nanocomposite was cleansed with 

ethanol and deionized water, followed by oven drying at 60 

○ C for 

12 h, and used-retrieved in the consecutive cycles in the same way. 

To increase the significance of the experimental results, each of these 

photocatalytic experiments was carried out three times on different 

days and their mean values were taken along with the standard error 

bars.

E. Computational methodology
1. Heterointerface geometry

Cu 2 
O has a cubic crystal structure with a lattice parameter 

of 4.27 Å and a space group of Pn3m, as illustrated in Fig. 2(a). 

Among the three low-index surfaces of Cu 2 
O, namely, (100),
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FIG. 2. (a) Unit cell of Cu 2 

O, (b) unit 

cell of ZnO, (c) (111) plane of Cu 2 

O with 

vacuum, (d) (001) plane of ZnO with 

vacuum, and (e) designed cell of the 

Cu 2 

O–ZnO composite.

(110), and (111), the (111) surface is the most stable. 

56 To cre-
ate the heterostructure, a vacuum slab with stoichiometric oxygen 

(O)-terminated (111) surface was formed, as shown in Fig. 2(c). 

Zinc oxide (ZnO) is a semiconductor with a wide bandgap. 

It can be found in three different crystalline structures: hexagonal 

wurtzite, cubic zinc blende, or cubic rock salt. Of these three, the 

wurtzite structure is the most stable and is the form used in this 

study. Wurtzite ZnO was created by two interpenetrating hexagonal 

close-packed (hcp) sublattices of Zn and O. To design the composite, 

a vacuum slab of 2 × 2 × 1 supercell with (001) surface termination 

was created, as illustrated in Fig. 2(d). To design the composite, we 

placed two vacuum slabs 3 Å apart in the c direction. The vacuum 

thickness was set to 25 Å to prevent interaction between the peri-
odic slabs. The lattice parameter values for the heterostructure were 

6.20 Å for both a and b and 33.18 Å for c, resulting in a hexagonal 

lattice with angles of 90 

○ , 90 

○ , and 120 

○ , as shown in Fig. 2(e).
The lattice mismatch was calculated by using the following 

equation:

α = (1 −
2ACu2O−ZnO(Cu, O)

ACu2O +AZnO
) × 100%, (1)

where A Cu 2O 

and A ZnO are the surface areas of pure slabs and 

A Cu 2 
O−ZnO(Cu, O) is the overlapping area of the composites. The

calculated lattice mismatch is 2.15% for the designed composite.

2. Calculation details 

The Vienna Ab Initio Simulation Package (VASP) code 

56 was 

utilized for conducting first principles density functional theory 

(DFT) simulations. The projector-augmented wave (PAW) poten-
tials developed in VASP were used for all atoms. This method 

was developed by Kresse and Joubert 

57 based on Blöchl’s pro-
posal. 

58 The valance electron configurations were taken as 3d 

10 4s 

1 

for Cu, 3d 

10 4s 

2 for Zn, and 2s 

2 2p 

4 for O. Generalized gradient 

approximation (GGA) 

59 with the Perdew–Burke–Ernzerhof (PBE) 

exchange–correlation functional was employed for all of those cal-
culations. This issue arises from traditional DFT’s inability to model 

strongly correlated systems that exhibit significant ground-state 

localizations of electrons. To address this, a Hubbard U term was 

introduced to partially account for the over-hybridization and local-
ization of electron orbitals. U eff 

= 7 eV was taken for the localized
electron in the Cu 3d orbital because it gave the lattice parameter

value close to the experimental one, and for the case of Zn, U eff
= 10 eV was taken for the 3d orbitals. 

60 An automatically gener-
ated gamma-centered Monkhorst–Pack scheme K-point grid was
utilized, and the sampling was done by taking a 0.03 2π/Å spacing 

between adjacent points in reciprocal space. For the bulk Cu 2 
O, the 

k-points grid was 8 × 8 × 8; for bulk ZnO, it was 12 × 12 × 6; and 

for the composite, it was 6 × 6 × 1. Although VASP can perform 

calculations roughly at 250 eV with reliability and accuracy, we set 

the cutoff energy for the plane wave basis set at 520 eV for all calcu-
lations to obtain more reliable results. For geometry optimization, 

ionic relaxation was done until the energy variation between two 

iterations went below 10 

−7 eV and the force on each atom was less 

than 0.02 eV/Å in all three directions.

III. RESULTS AND DISCUSSION
A. Structural analysis by x-ray diffraction

To investigate the structure and phase of the synthesized NPs, 

an x-ray diffraction (XRD) pattern was measured for 2θ ranges 

from 20 

○ to 70 

○ . Figure 3 represents the XRD pattern of pristine 

ZnO, Cu 2 
O NPs, and Cu 2 

O–ZnO heterogeneous photocatalyst. In 

the XRD pattern of pristine ZnO, diffraction peaks appeared at 

2θ = 31.74 

○ , 34.39 

○ , 36.24 

○ , 47.53 

○ , 56.57 

○ , 62.84 

○ , 66.39 

○ , 67.92 

○ ,

FIG. 3. X-ray diffraction patterns of ZnO, Cu 2 

O, and Cu 2 

O–ZnO nanomaterials 

(matched well with JCPDS card nos. 36-1451 and 05-0667 for ZnO and Cu 2 

O, 

respectively).
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respectively, for the miller indices (100), (002), (101), (102), (110), 

(103), (112), where (101) is the characteristic peak with interplanar 

distance of 0.247 nm. All the diffraction peaks are exactly matched 

with the hexagonal wurtzite ZnO crystal structure and JCPDS card 

no. 36-1451.
In the XRD pattern of the pristine Cu 2 

O sample, the diffrac-
tion peaks appeared at 2θ = 29.54 

○ , 36.40 

○ , 42.25 

○ , and 61.35 

○ , 

corresponding to the (110), (111), (200), and (220) crystal planes of 

the cubic phase Cu 2 
O, where (200) is the characteristic peak with 

an interplanar distance of 0.209 nm. These diffraction peaks are 

closely matched with the cubic phase Cu 2 
O and JCPDS card no. 05-

0667. Along with these characteristic reflection planes of cubic phase 

Cu 2 
O, two additional peaks have been noticed at 2θ = 43.29 

○ and 

50.42 

○ , which can be indexed to the (111) and (200) planes of a face-
centered cubic metallic Cu, respectively. These findings suggest the 

presence of a trace amount of metallic Cu but do not alter the overall 

Cu 2 
O crystal structure.
To verify the phase composition in the Cu 2 

O–ZnO heteroge-
neous photocatalyst, a new XRD measurement was carried out after 

regrinding the same Cu 2 
O–ZnO heterogeneous sample and is pre-

sented in Fig. 3. In the repeated XRD pattern of the Cu 2 
O–ZnO het-

erogeneous sample, the diffraction peaks are observed at 2θ = 29.54 

○ ,
31.74○, 34.39○, 36.24○, 36.40○, 42.25○, 47.53○, 56.57○, 61.35○, 62.84○ , 

66.39 

○ , 67.92 

○ , and 69.17 

○ . Among these, the diffraction peaks at 

2θ = 31.74 

○ , 34.39 

○ , 36.24 

○ , 47.53 

○ , 56.57 

○ , 62.84 

○ , 66.39 

○ , 67.92 

○ , 

and 69.17 

○ correspond to the (100), (002), (101), (102), (110), (103), 

(200), (112), and (201) crystal planes of hexagonal ZnO and matched 

well with the JCPDS card no. 36-1451 of ZnO and the crystal planes 

of the pristine ZnO sample. Meanwhile, the diffraction peaks at 

2θ = 29.54 

○ , 36.40 

○ , 42.25 

○ , and 61.35 

○ correspond to the (110), 

(111), (200), and (220) crystal planes of cubic phase Cu 2 
O and 

exactly matched with the JCPDS card no. 05–0667. It is worth 

mentioning that no additional diffraction peaks (at 2θ = 43.29 

○ 

and 50.42 

○ ) have been observed like before for this Cu 2 
O–ZnO 

heterogeneous sample. Compared with the previous spectrum, the 

repeated XRD pattern of Cu 2 
O–ZnO heterogeneous sample pos-

sesses more characteristic peaks of cubic phase Cu 2 
O. This discrep-

ancy is attributed to the improved homogeneity of the Cu 2 
O–ZnO 

heterogeneous sample due to the regrinding of the same sample. 

From these findings on the Cu 2 
O–ZnO heterogeneous sample, it 

can be stated that all the individual diffraction peaks of both ZnO 

and Cu 2 
O are present within this heterogeneous sample without 

any impurity. Therefore, it can be concluded that this Cu 2 
O–ZnO 

heterogeneous sample is neither hexagonal nor cubic, but rather a 

two-phase well crystalline nanomaterial made up of hexagonal phase 

ZnO and cubic phase Cu 2 
O. 

30

From the XRD, the average grain sizes of the synthesized nano-
materials are determined. In the case of pristine ZnO and Cu 2 

O, the 

average grain sizes are found to be 46.12 and 34.94 nm, respectively. 

Since the Cu 2 
O–ZnO heterogeneous sample is a two-phase nanoma-

terial, all the reflection planes of ZnO and Cu 2 
O noticed in the XRD 

of Cu 2 
O–ZnO are used to determine the average crystalline size of 

ZnO and Cu 2 
O, respectively, in the Cu 2 

O–ZnO heterogeneous sam-
ple. The obtained average crystalline sizes from these XRD data of 

the Cu 2 
O–ZnO sample are 46.12 and 25.5 nm for ZnO and Cu 2 

O, 

respectively. It is found that the average crystalline size of ZnO in the 

heterogeneous sample is the same as that of pristine ZnO nanomate-
rial. However, the average crystalline size of Cu 2 

O (25.5 nm) in the

Cu 2 
O–ZnO heterogeneous sample is smaller than the average crys-

talline size of the pristine Cu 2 
O (34.94 nm) sample. The reduction 

in the average grain size of Cu 2 
O in the Cu 2 

O–ZnO heterogeneous 

nanomaterial proves the larger surface area of the catalyst.
From the XRD data, calculated average lattice parameters for 

pristine ZnO are a = b = 2.815 Å, c = 5.207 Å, and for pristine Cu 2 
O, 

these lattice parameters are a = b = c = 4.272 Å, which have a sim-
ilarity with the corresponding JCPDS cards for hexagonal ZnO and 

cubic phase Cu 2 
O. Meanwhile, in the two-phase Cu 2 

O–ZnO hetero-
geneous nanomaterial, the average lattice parameters for hexagonal 

phase ZnO are a = b = 2.817 Å, c = 5.211 Å, whereas for cubic 

phase Cu 2 
O, these are a = b = c = 4.269 Å. The average full width 

at half maximum (FWHM) for pristine ZnO and Cu 2 
O is deter-

mined and found to be 0.195 and 0.254, respectively. In the case of 

the Cu 2 
O–ZnO heterogeneous sample, the average FWHM took the 

values 0.197 and 0.35 for ZnO and Cu 2 
O, respectively. The increase 

in the average FWHM of Cu 2 
O in the two-phase Cu 2 

O–ZnO het-
erogeneous nanomaterial again proves the smaller average grain size 

and suggests larger microstrain in Cu 2 
O–ZnO.

The average microstrain size for pristine ZnO and Cu 2 
O is

1.413 × 10 

−3 and 1.547 × 10−3 , respectively, whereas these aver-
age values are 1.413 × 10 

−3 and 2.131 × 10 

−3 for ZnO and Cu 2 
O, 

respectively, in the heterogeneous nanocomposite sample. This 

increase in the average microstrain size of Cu 2 
O in the Cu 2 

O–ZnO 

heterogeneous sample indicates the Cu 2 
O deposition with ZnO, 

and as a result, notable shrinkage of crystallite size happens in 

the heterojunction. 

61 Furthermore, the average dislocation den-
sity in the case of pristine ZnO and Cu 2 

O is obtained as 0.000 47 

and 0.000 819 nm 

−2 , respectively. This average dislocation den-
sity remains the same for ZnO in the Cu 2 

O–ZnO heterogeneous 

nanocomposite, however, it significantly increased (0.0015 nm 

−2 ) 

for Cu 2 
O. This indicates an enhanced strength of the heterojunction 

for the study state deformation.

B. Functional group analysis by FTIR
Fourier transform infrared spectroscopy of the synthesized

NPs was carried out at the wavelength of 400–4000 cm 

−1 to
investigate the present functional groups and chemical bonds in 

those NPs. Figure 4 shows the FTIR spectra of ZnO, Cu 2 
O, and 

Cu 2 
O–ZnO NPs. In all three spectra, a wide absorption band at

FIG. 4. Fourier transform infrared (FTIR) spectroscopy of ZnO, Cu 2 

O, and 

Cu 2 

O–ZnO NPs.
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around 3300–3700 cm 

−1 corresponds to O–H stretching vibration 

of water, and two small peaks at 2924 and 2856 cm 

−1 correspond 

to C–H stretching vibration mode. 

62 A small peak of the C=O band 

arrives at the wavenumber 1622 cm 

−1 for ZnO and Cu 2 
O, but this 

band arrives with a greater intensity and little shift in wavenum-
ber (1670 cm 

−1 ) for Cu 2 
O–ZnO heterogeneous nanomaterial. 

63 A 

very small absorption peak at around 1480 cm 

−1 represents the 

carboxylate group (COO 

− ) in ZnO and Cu 2 
O but shifts very little 

(1512 cm 

−1 ) in the case of the Cu 2 
O–ZnO sample. 

63 In ZnO spec-
tra, the peak at 1095 cm 

−1 corresponds to the stretching vibration of 

C–O attributed to zinc acetate, which is also present in Cu 2 
O–ZnO 

at 1410 cm 

−1 . 

19 There is also a stretching vibration of C–C at 

1049 cm 

−1 in Cu 2 
O–ZnO. 

19 The very small peak at around 875 cm 

−1 

corresponds to the bending mode of carbonate (C–O) in ZnO and 

Cu 2 
O, but this peak in Cu 2 

O–ZnO appeared with a higher inten-
sity together with a slight shift in wavenumber (821 cm 

−1 ), as found 

by other researchers. 

63 In ZnO spectra, the peak at 569 cm 

−1 corre-
sponds to the characteristic Zn–O stretching mode, 

64 and in Cu 2 
O 

spectra, the peaks at 631 and 476 cm 

−1 correspond to the stretch-
ing vibration mode of Cu 2 

O (Cu–O). 

65 These characteristic peaks 

are also present in the Cu 2 
O–ZnO spectra. The above-mentioned 

results affirm that the Cu 2 
O–ZnO heterogeneous photocatalyst is 

successfully synthesized, which possesses the characteristic mode of 

vibrations of both ZnO and Cu 2 
O.

C. Surface morphology study by TEM
The surface morphology of the Cu 2 

O–ZnO heterogeneous 

nanomaterial was studied by a high-resolution transmission electron 

microscope (HR-TEM) and is presented in Fig. 5. From the TEM 

image [Fig. 5(a)], it is observed that different sizes of ZnO nanopar-
ticles are stuck to the surface of spherical shaped Cu 2 

O, having a 

size of roughly 310 nm, and a heterojunction is formed. From the 

HR-TEM images [Figs. 5(b) and 5(c)] of the Cu 2 
O and ZnO NPs, 

the interplanar spacing is determined and found to be 0.2463 and 

0.2609 nm for Cu 2 
O and ZnO NPs, respectively. These determined 

values match the interplanar spacing of (111) crystal planes of cubic 

phase Cu 2 
O and (002) planes of hexagonal wurtzite ZnO crystals, as

reported by others. 

30,62,66 These morphological studies revealed that
Cu 2 

O and ZnO NPs co-exist in the same material system and form 

a heterojunction.

D. Analysis of optical properties
In Fig. 6, panel (a) presents the comparability of absorbance 

spectra of different nano-structure samples. In the visible range, the 

absorbance of the ZnO (black line) sample is significantly smaller

FIG. 6. (a) UV–visible absorption spectroscopy of ZnO, Cu 2 

O, and Cu 2 

O–ZnO 

nanophotocatalysts. Tauc plots for (b) ZnO, (c) Cu 2 

O, and (d) Cu 2 

O–ZnO 

nanophotocatalysts.

compared to the Cu 2 
O (blue line) and Cu 2 

O–ZnO (red line) nano-
structures. The absorbances of Cu 2 

O and Cu 2 
O–ZnO almost satu-

rate in the visible energy range. To investigate this issue, the bandgap 

of all the samples was calculated using the Tauc equation, (αhϑ)
= C(hϑ − E g) 

n/2 , where E g , h, α, C, and ϑ are the bandgap, Planck’s
constant, absorption coefficient, a constant, and optical frequency, 

respectively. The details of the bandgap energy calculations are pre-
sented in panels (b)–(d), Fig. 6. The ZnO sample shows a bandgap of 

3.12 eV, and the Cu 2 
O sample shows a bandgap of 2.0 eV, whereas 

the Cu 2 
O–ZnO nanostructure shows a bandgap of 2.46 eV. Due to 

the formation of a heterojunction in the Cu 2 
O–ZnO nanostructure, 

this bandgap is higher than that of the Cu 2 
O nanoparticles but 

lower than that of the ZnO NPs. Furthermore, the photo-response is 

expanded throughout the UV–visible wavelength range in the case 

of Cu 2 
O–ZnO nanostructure material due to the coupling between

FIG. 5. (a) Transmission electron micro-
graphs of Cu 2 

O–ZnO nanocomposites; 

HR-TEM images of (b) Cu 2 

O and (c) 

ZnO nanoparticles.
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Cu 2 
O and ZnO. A similar result was found by Wang et al. 

30 There-
fore, it is expected that the Cu 2 

O–ZnO heterojunction will act 

as a better photocatalyst among these three nanostructures under 

sunlight-driven photocatalysis process.

E. Photoactivity performance
1. Effect of different catalysts on the photocatalytic 

degradation of MB
Figures S1–S3 show time-dependent study of the sunlight-

driven photocatalytic activity of ZnO (Fig. S1), Cu 2 
O (Fig. S2), and 

Cu 2 
O–ZnO (Fig. S3) heterogeneous photocatalysts for the degra-

dation of MB pollutant in Dhaka, Bangladesh (10:30 am–1:30 pm, 

23 

○ 43 

′ 38.6 

′′ N 90 

○ 24 

′ 04.5 

′′ E). All the experiments were performed 

under identical standard conditions (natural sunlight, pH ∼7, T 

∼33 

○ C, and catalyst dosage of 30 mg/l) to allow comparison of 

the catalysts’ performance. When the photocatalysts were mixed 

with the MB solution, the characteristic absorption peak of MB 

at 665 nm decreased with sunlight irradiation time. Figure 7(a) 

shows the time-dependent sunlight-driven photocatalytic degrada-
tion efficiency of the ZnO, Cu 2 

O, and Cu 2 
O–ZnO nanocomposites 

through an analysis of the degradation of MB pollutant at this well-
known characteristic absorbance peak for MB at 665 nm by using 

the following formula:

(%) of degradation efficiency =
C0 − Ct

C0
%,

where C 0 
and C t 

are the values of absorbance at time 0 and at any 

light irradiation time t, respectively.
Figure 7(a) demonstrates that both ZnO (black line) and Cu 2 

O 

(blue line) degrade MB at a very similar rate. Under the conditions 

of pH ∼7, T ∼33 

○ C, and a catalyst dosage of 30 mg/l, after 110 min of 

sunlight exposure, both ZnO and Cu 2 
O catalysts can degrade nearly 

45% of the MB pollutant from the solution. The red curve in Fig. 7(a) 

shows the degradation efficiency of the Cu 2 
O–ZnO heterogeneous 

nano-photocatalyst. It shows that after 110 min of photo irradiation, 

nearly 98.08% of the MB pollutant was degraded from the solution 

when Cu 2 
O–ZnO acts as a photocatalyst, which is 2.18 times higher 

compared to ZnO and Cu 2 
O under sunlight irradiation. 

Furthermore, to elucidate the degradation kinetics, we analyzed 

the acquired data by plotting ln ( C
C 0
) against the light exposure time

for the three catalysts and present them in Fig. 7(b). It is found 

that the analyzed data points show an approximate linear relation

FIG. 8. Change in total organic carbon (TOC) during photodegradation of MB dye 

using the Cu 2 

O–ZnO photocatalyst under sunlight irradiation.

between ln ( C
C 0
) and irradiation time for these catalysts. Therefore, 

the kinetic rate constant was determined by fitting the plotted data 

using the apparent first-order kinetic model: ln ( C t
C o
) = −kt, where

k implies the pseudo-first-order kinetic rate constant of the photo-
catalytic reaction. From the determined kinetic rate constants, we 

found that the degradation rate is 5.72 and 6.76 times faster in the 

case of the Cu 2 
O–ZnO heterojunction photocatalyst compared to 

the ZnO and Cu 2 
O photocatalysts, respectively.

2. TOC analysis for the Cu 2 

O–ZnO heterogeneous 

photocatalyst
To investigate the mineralization of the MB dye, the amount of 

total organic carbon (TOC) in the solution during the photodegra-
dation of MB dye using the Cu 2 

O–ZnO photocatalyst under sunlight 

irradiation was studied and presented in Fig. 8. Figure 8 shows that 

the TOC of the MB solution decreased regularly with light irra-
diation time, and after 110 min of irradiation, the TOC reduced 

80.62% where MB dye degraded by 98.08% during the photodegra-
dation process. This difference in the percentage between the pho-
todegradation and TOC indicates that although the chromophoric 

structures that gave MB its distinctive blue color were successfully 

broken down, the dye molecules’ full mineralization into inorganic 

species such as CO 2 
and H 2 

O was not entirely achieved throughout 

the irradiation time.

FIG. 7. Plots of (a) percentage of degradation and (b) 

ln (C 0 

/C) as functions of sunlight irradiation time for the 

degradation of MB dye with the presence of ZnO, Cu 2 

O, 

and Cu 2 

O–ZnO photocatalysts.
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The preferential breakage of the MB molecule’s chromophoric 

groups during the early phases of photocatalytic oxidation is respon-
sible for the increased decolorization efficiency. The π-conjugated 

system and heteroatom linkages (C=N, C–S, and aromatic struc-
tures) of MB are attacked by photogenerated reactive oxygen species 

(ROS) under solar radiation, especially hydroxyl radicals (⋅OH) 

and superoxide anions (O 2 
⋅–), which cause rapid decolorization. 

However, smaller organic intermediates, including aromatic amines, 

sulfoxides, and low-molecular-weight carboxylic acids, are the main 

products of the breakdown of the chromophoric moieties. Despite 

not being chromophoric, these intermediates have better resis-
tance to additional oxidative mineralization and retain significant 

amounts of organic carbon.
Therefore, longer irradiation times or adjustments to opera-

tional factors such as catalyst dosage, pH, and light intensity would 

probably be necessary for the oxidation of intermediates into CO 2 

and H 2 
O and to achieve full mineralization. Similar patterns have 

been documented in earlier research on MB degradation with semi-
conductor photocatalysts, where the buildup of partially oxidized 

intermediates caused virtually total color loss to occur far earlier 

than full mineralization. 

14,67,68

3. Role of active radical during photocatalytic 

MB degradation
In the photocatalytic degradation process, the complex organic 

molecules are decomposed into intermediates and/or simple 

molecules or compounds by the reactive species. To point out the 

active role played by each species, the photocatalytic experiment was 

performed in the presence of positive hole, superoxide, hydroxyl 

scavengers, ammonium oxalate (AO), 1,4-benzoquinone (BQ), and 

tertbutyl alcohol (TBA), respectively. The degradation efficiencies 

in the presence of scavengers are plotted as a bar diagram along 

with the results found without any scavengers and can be found in 

Fig. 9. The comparison diagram illustrates that when BQ acts as the 

superoxide scavenger, only a small percentage (∼10%) of efficiency 

is reduced. When AO acts as the positive hole scavenger, the effi-
ciency is lowered to 67.68%, which suggests that the positive hole 

has a moderate effect on the photocatalysis of methylene blue by 

nanocomposite. Meanwhile, the hydroxyl scavenger TBA reduced 

the degradation efficiency of nanocomposite from 98.08% to 32%, 

illustrating a strong inhibiting role played in the photocatalysis. 

These explorations reveal that positive holes play a moderate role,

FIG. 9. Effect of different scavengers to quench the photocatalysis process.

whereas hydroxyl radicals play the major active role in the decompo-
sition of complex methylene blue molecules by photocatalyst under 

sunlight irradiation.

F. Density functional theory (DFT) analysis
1. Electronic structure and density of states

To analyze the electronic characteristics of the Cu 2 
O–ZnO 

heterogeneous sample, band structure and density of states (DOS) 

calculations were performed, and these results are presented in 

Figs. 10 and 11, respectively. The band structure of Cu 2 
O and ZnO 

was also determined and shown in Figs. 10(a) and 10(b), respec-
tively. The theoretical analysis shows that ZnO has a bandgap value 

of 2.37 eV while Cu 2 
O has a bandgap value of 0.77 eV. However, 

the experimental bandgap values for ZnO and Cu 2 
O are 3.12 and 

2.0 eV, respectively. For the heterojunction, the theoretical bandgap 

is 0.837 eV, while the experimental value is 2.46 eV. The calcu-
lated bandgap values obtained by using the DFT method are greatly 

underestimated. The systematic underestimation of band gaps by 

PBE-type functionals is a well-known limitation since the DFT 

method possesses self-interaction error that leads to extreme spuri-
ous delocalization of partially occupied states and/or having Bloch 

semiconductor character and the lack of non-local exchange. 

69,70 

Despite this, PBE + U correctly captures the relative band edge posi-
tions and the electronic structure trends necessary to understand 

charge transfer and heterojunction formation. Moreover, our calcu-
lated bandgap values are consistent with previously reported PBE 

+ U results for Cu 2 
O (0.5–0.8 eV) and ZnO (∼3.22 eV) systems, 

confirming the reliability of our theoretical approach for qualitative 

interpretation. 

71,72 Furthermore, the trend of the bandgap values is 

similar to the experimental results. Alongside, the bandgap of the 

Cu 2 
O–ZnO heterojunction is slightly higher than that of pure Cu 2 

O, 

which is consistent with the experimental findings. Therefore, the 

small discrepancy between the calculated and experimental band 

gaps does not affect the overall conclusions of this work regarding 

the band alignment and heterojunction formation.
The properties of the band structure can be explored by ana-

lyzing Fig. 10. It is observed that after composite formation, the 

conduction band minimum (CBM) remains at the gamma point, 

while the valence band maximum (VBM) shifts from gamma to a 

position between G and M. According to the elemental contribu-
tion analysis displayed in Fig. 10(f), it has been observed that only 

copper (Cu) and oxygen (O) are responsible for contributions in 

both the valence band maximum (VBM) and the conduction band 

minimum (CBM), and the wave functions at the CBM and VBM 

expressed in Figs. 10(c) and 10(d) also confirm that only the Cu 2 
O 

layer contributes at band edges.
In Fig. 11(a), it can be seen that the Cu 2 

O layer contributes 

to the formation of the valence band states near the Fermi level, 

which results in the composite bandgap value being closer to that 

of the Cu 2 
O bandgap. Furthermore, the orbital contribution anal-

ysis, shown in Fig. 11(b), reveals that the O-2p, Cu-3d, and Cu-4s 

orbitals of Cu 2 
O contribute toward the VBM, while the O-2s, O-2p, 

Cu-3d, and Cu-4s orbitals contribute toward the CBM.

2. Charge difference and interfacial analysis
In this study, we also calculated the interfacial bonding proper-

ties. Initially, the interlayer distance between two slabs was assumed
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FIG. 10. Band structure of bulk (a) Cu 2 

O and (b) ZnO, wave function (c) at CBM and (d) at VBM, (e) band structure of composite, and (f) elemental contribution in band 

structure.

to be 3 Å. However, after relaxation, the distance increased to 3.43 Å, 

indicating that no chemical bonding was formed between the layers. 

The slabs were held together only by van der Waals interactions. To 

calculate the binding energy, we then use the following equation:

Binding Energy, E b 

= E Cu 2 
O−ZnO 

− E Cu 2 
O 
− E ZnO 

.

Here, in E Cu 2 
O−ZnO 

, E Cu 2O 
and E ZnO 

represent the energy of the 

composite Cu 2 
O slab and ZnO slab, respectively. The higher the 

binding energy, the more force will be required to separate the slabs. 

In this case, the heterogeneous sample shows a binding energy of 

−0.131 eV, which confirms the van der Waals nature of interfacial 

bonding.

FIG. 11. (a) Total density of states (TDOS) and contribution of each slab to the DOS, and (b) elemental and orbital contribution to the DOS.
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The charge density difference was calculated, shown in 

Fig. 12(a), using the following equation to gain insight into the 

electronic structure and photocatalytic activity:

Δρ dif f erence 

= ρ total 

−∑ ρ i,

where Δρ total 

represents the charge density of the heterogeneous 

sample and ∑ 
ρ i 

is the summation of charge densities of fragmented 

Cu 2 
O and ZnO slabs. Figure 12(c) displays the average charge differ-

ence in the z axis, and the comparison of the linear charge difference 

shown in Fig. 12(c) with the planar projection of the heterostructure 

shown in Fig. 12(b) indicates electron transfer during the hybridiza-
tion of p-type Cu 2 

O and n-type ZnO, confirming the formation 

of an internal charge separation at the heterogeneous interface of 

the photocatalyst. The Cu 2 
O surface of the interface accumulates 

charge, while the ZnO surface of the interface is depleted of charge. 

This internal polarization of the heterostructure creates S-scheme 

pathways for charge transfer under sunlight irradiation. This infor-
mation is indispensable to comprehend and rationally design any 

heterogeneous photocatalyst since it plays a crucial role in separating 

the photogenerated electrons and holes, thereby reducing recombi-
nation and acting as an active site for redox reactions. This process 

ultimately leads to an increase in photocatalytic efficiency. 

73

G. Band tuning of Cu 2 

O–ZnO heterostructure 

and the possible photodegradation mechanism
Figure 13(a) depicts a schematic diagram for the band struc-

ture tuning of Cu 2 
O–ZnO nanostructures. The photocatalytic

FIG. 12. (a) Charge difference, (b) designed cell of composite, and (c) planar 

average charge difference in the direction of the Z axis.

performance of a semiconducting material mainly depends on 

its ability to generate and effectively separate photogenerated 

electron–hole pairs under light irradiation. The bandgap energy of 

the material is one of the most important parameters determining

FIG. 13. (a) Tuning of the band struc-
ture of Cu 2 

O–ZnO heterostructure. (b) 

Possible mechanism for photodegrada-
tion of MB dye under sunlight irradia-
tion in the presence of the Cu 2 

O–ZnO 

photocatalyst.
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this behavior since it controls the wavelength range of light that 

may be absorbed as well as the efficiency of carrier excitation. By 

tailoring the bandgap energy of a semiconducting material, the effi-
ciency of photon absorption and, subsequently, the separation of the 

photogenerated electron–hole pair can be controlled.
In our experimental setup, ZnO NPs, Cu 2 

O NPs, and 

Cu 2 
O–ZnO nanocomposites had estimated bandgap energies of 

3.12, 2.0, and 2.46 eV, respectively. ZnO, with its wide bandgap of 

∼3.12 eV, can only absorb UV light, which makes up around 5% 

of the solar spectrum. As a result, it has comparatively less pho-
tocatalytic activity when exposed to sunlight. Cu 2 

O, on the other 

hand, has a much smaller bandgap of around 2.0 eV, which enables 

it to successfully absorb visible light up to wavelengths of roughly 

620 nm, making use of a far greater fraction of the solar spectrum. 

This enhanced absorption capability of Cu 2 
O facilitates a higher 

rate of photogenerated electron–hole pair formation under sunlight 

irradiation.
A mixture of n-type ZnO NPs and p-type Cu 2 

O NPs forms 

a p–n heterojunction and clearly accumulates a gradient of charge 

carrier concentration on the junction. In the semiconductor diode 

analogy, the charge carriers must go from one side to the other 

in order to achieve equilibrium. A built-in electric field is created 

at the interface when n-type ZnO and p-type Cu 2 
O combine to 

produce a p–n heterojunction because of the difference in Fermi 

levels. As the two materials come into contact, holes drift in the 

opposite direction while electrons move from the higher Fermi-level 

n-type ZnO toward the lower Fermi-level p-type Cu 2 
O. This charge 

migration persists until equilibrium is reached, resulting in the for-
mation of a depletion area and a potential barrier at the interface. An 

internal driving force is produced by this built-in potential across 

the junction, which promotes directional charge carrier movement 

and prevents recombination. The formation of such a p–n hetero-
junction between Cu 2 

O and ZnO is consistent with the recently 

developed S-scheme heterojunction mechanism. 

74–79

During the sunlight-driven photocatalytic process, both semi-
conductors absorb photons corresponding to their respective 

bandgaps. Because Cu 2 
O has a shorter bandgap, it photoex-

cites more readily under sunlight, generating a large number of 

electron–hole pairs even at lower photon energies. The photogen-
erated electrons in Cu 2 

O are easily promoted from its valence band 

to its conduction band. As discussed previously, the energy level of 

the conduction band minima (CBM) in Cu 2 
O is higher than that 

in ZnO; as a result, the photogenerated electrons from the CB of

Cu 2 
O should be transferred to the CB of ZnO. This electron transfer 

is energetically favorable and significantly contributes to the spatial 

separation of charge carriers. Meanwhile, the negative energy photo-
generated holes in Cu 2 

O and ZnO remain in the valence band and, 

therefore, increase the electron–hole lifetime by confining holes and 

electrons to different regions of the heterojunction.
The presence of Cu 2 

O with its smaller bandgap thus enhances 

the light-harvesting ability of the nanocomposite, enabling excita-
tion under sunlight and increasing the overall density of charge 

carriers. The efficient electron migration from Cu 2 
O to ZnO, com-

bined with the strong interfacial electric field, effectively reduces 

the recombination rate of electrons and holes. This extended life-
time of charge carriers allows for greater participation of both 

species in redox reactions at the photocatalyst surface. As a result, 

powerful radicals of reverse polarities can be produced using the 

well-separated electron–hole pairs. For instance, O 2 
can trap elec-

trons to form superoxide radicals ( ⋅O 2
− 

) and the holes can be
trapped by water molecules to produce hydroxyl radicals (⋅OH). 

These highly reactive species can attack organic compounds such as 

MB and decompose their structure into simpler, harmless products. 

Overall, the reduced bandgap of Cu 2 
O broadens the absorp-

tion range into the visible region, increases the photogenerated 

carrier population, and, when coupled with ZnO, facilitates effi-
cient charge separation through the heterojunction interface. The 

synergistic combination of these effects accounts for the enhanced 

photocatalytic performance of the Cu 2 
O–ZnO nanocomposite. This 

photodegradation mechanism can be summarized by the following 

equation and is illustrated in Fig. 13(b):

Cu 2 
O − ZnO + Sunlight → Cu 2 

O − ZnO (e 

− 

+ h 

+ 

),

e 

− 

+ O 2 
→ ⋅O 2 

− 

+ H 2 
O → ⋅ OH,

h 

+ 

+ H 2 
O → ⋅ OH,

⋅ OH + MB → CO 2 
+ H 2 

O.

H. Effect of different conditions
1. Effect of MB concentration

An important factor that affects the photocatalytic degradation 

performance is the concentration of the dye. The effects of MB dye

FIG. 14. (a) Effect of MB concentrations on photocatalytic 

degradation of MB using a fixed dose of Cu 2 

O–ZnO photo-
catalyst under sunlight irradiation. (b) Effect of Cu 2 

O–ZnO 

photocatalyst dosages on photocatalytic degradation of a 

fixed concentration (30 ppm) of MB dye under sunlight 

irradiation.
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concentration on photocatalytic degradation percentage were stud-
ied for four different MB dye concentrations (30, 40, 50, and 60 ppm) 

with a fixed dose (30 mg/l) of Cu 2 
O–ZnO, and the results are rep-

resented in Fig. 14(a). From the figure, it is clearly observed that the 

photocatalytic degradation percentage decreases with the increase in 

MB dye concentration, and the highest degradation percentage was 

achieved for the concentration of 30 ppm of MB dye (98.08%). A 

possible explanation for the observed results is that increasing the 

dye concentration promotes the creation of larger dye aggregates, 

which lessens the effective contact between the dye molecules and 

the catalyst surface. 

80 In addition, with the increasing concentra-
tion of dye at a fixed catalyst dose and fixed light irradiation, fewer 

photons can reach the catalyst surface as they are absorbed by the 

highly concentrated dye molecules, leading to a reduced degrada-
tion percentage. 

80,81 So, to get the best photocatalytic degradation
percentage, the optimum condition for MB dye concentration was 

chosen as 30 ppm and was used for all experiments.

2. Effect of Cu 2 

O–ZnO dosages
The effect of the catalyst dosage on the photocatalytic degra-

dation was studied with different dosages (20, 30, and 40 mg/l) 

of Cu 2 
O–ZnO at a fixed concentration (30 ppm) of MB dye. 

Figure 14(b) shows the MB dye degradation percentages at differ-
ent Cu 2 

O–ZnO heterojunction dosages. As can be observed from 

the graph, with the increase in dosage from 20 to 30 mg, the photo-
catalytic degradation percentage also increases with the irradiation 

time, but a further increase in dosage from 30 to 40 mg decreases 

the degradation percentage. After 110 min of light irradiation, the 

degradation percentage was observed as 86.4%, 98.08%, and 88.2% 

for 20, 30, and 40 mg dosages of Cu 2 
O–ZnO, respectively. This 

may happen as with the increase in catalyst dosage, photocatalytic 

degradation also increases by producing more active sites, but after a 

cutoff dosage, further increase in dosage results in decreasing degra-
dation percentage. In this case, the possible reason of decreasing the 

degradation percentage for the 40 mg dosage is due to a high dosage 

of catalyst; irradiated light cannot penetrate through the catalyst to 

the dye; hence, less absorption of light by the dispersion solution 

happens, which leads to turbidity of the solution. 

82,83 So, to get the 

best degradation outcome, the optimum condition of catalyst dosage 

was chosen as 30 mg and was used for all experiments.

FIG. 15. Bar diagram to test the reusability of the best photocatalyst, Cu 2 

O–ZnO, 

for six consecutive cycles.

I. The recovery and reusability of the Cu 2 

O–ZnO 

photocatalyst
The reusability of the best performed catalyst, Cu 2 

O–ZnO het-
erojunction, was studied for consecutive six cycle run and the results 

are presented in Fig. 15. Figure 15 clearly shows that the degrada-
tion percentage remains almost same after the fourth cycle of reuse, 

where the degradation percentage decreases only by 4.9% after the 

fifth cycle and by 8.4% after the sixth cycle. This small amount of 

percentage dropped possibly due to the loss of catalyst during the 

recovery process after each cycle. The above-mentioned result sug-
gests that Cu 2 

O–ZnO has a very good reusable potential and can be 

used for MB dye degradation for a lot of cycles.

J. A comparative analysis of MB degradation 

by others
Some recent studies about the photocatalytic degradation of 

MB dye by using different photocatalysts and light sources, along 

with our studies, are presented in Table I. By taking into consid-
eration all the factors such as irradiation time, light source, and 

degradation efficiency, our photocatalyst performs the best photo-
catalytic degradation on MB dye from aqueous solution within the 

shortest possible time compared to any other photocatalysts stud-
ied so far for the degradation of MB dye. Therefore, it is foreseen

TABLE I. Comparative data of degradation of MB using different photocatalysts with this work.

Photocatalysts Time (min) Degradation (%) Light source References

Fe–ZnO 140 92 UV light 84
MgFe 2 

O 4 35 75 Visible light 85
CaO.MgO.2SiO 2 120 53 Sunlight 86
CeO 2 

-NPs/GO 90 90 UV-A light 87
NiO/Ag/TiO 2 60 93.1 Visible light 88
ZnO@Co-BDC 80 87.5 Visible light 89
Zn 3 

(VO 4) 2 120 87 Visible light 90
Ag@Fe 2 

O 3 60 97.1 UV–visible light 91 

Cu 2 
O–ZnO 110 98.08 Sunlight Own work
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that the Cu 2 
O–ZnO heterogeneous photocatalyst will find practical 

utilization in MB dye degradation from waste water.

IV. CONCLUSIONS
In summary, ZnO NPs, Cu 2 

O NPs, and Cu 2 
O–ZnO hetero-

photocatalysts were synthesized by cost-effective routes, and their 

structural, morphological, and optical properties were studied by 

numerous experimental techniques. DFT simulation shines light on 

the electronic properties and interfacial charge polarization of the 

studied samples, which validate the acquired experimental results. 

The Cu 2 
O–ZnO hetero-photocatalyst demonstrates improved pho-

tocatalytic efficiency (98.08%), compared to both ZnO (46.1%) and 

Cu 2 
O (41.2%) nano-photocatalysts under sunlight irradiation, and 

follows the pseudo-first-order degradation kinetic with the rate con-
stant of 0.0338 min 

−1 . This enhanced photocatalytic performance 

and higher degradation rate can be attributed to the reduction in 

bandgap together with internal charge polarization, which facilitates 

the absorption of visible light and efficient photogenerated charge 

separation in the Cu 2 
O–ZnO heterojunction and thus acts as active 

sites for redox reaction. Our studies give valuable insights into the 

band alignment of two specific semiconductors, the formation of 

heterojunctions, and thereby the charge separation process at the 

Cu 2 
O–ZnO interfaces. Furthermore, our studies illustrate that this 

heterojunction-based photocatalyst can lead to a synergistic effect 

and can boost the photocatalytic performance under the naturally 

available solar light irradiation in the removal of MB dye. We believe 

that the knowledge gathered from both the experimental and sim-
ulation studies on this specific heterojunction-based photocatalyst 

will help others design and synthesize more versatile heterojunc-
tion photocatalysts using different material combinations for a wide 

range of environmental applications by harnessing the solar light 

spectrum.

SUPPLEMENTARY MATERIAL

The supplementary material contains time-dependent study of 

the sunlight-driven photocatalytic activity of synthesized photocat-
alysts for the degradation of methylene blue (MB) dye and related 

supporting data that complement the findings presented in the main 

text.
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