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Abstract  
 

The development of multifunctional photocatalysts that efficiently operate under visible light remains a fundamental 

challenge for sustainable wastewater treatment and oxygen evolution. In this work, we report a novel reticular and high-

entropy TiO₂-based nanotubular hybrid system integrated with Cu:ZnO nanoparticles and carbon quantum dots (C-dots), 

designed to achieve synergistic enhancement in charge dynamics and surface reactivity. The high-entropy configuration 

introduces lattice distortion and defect sites that extend the optical absorption edge and promote rapid charge separation, 

while the Cu:ZnO interface accelerates electron transport and facilitates multi-pathway redox reactions. Simultaneously, 

the C-dots serve as photonic antennas, enabling visible-light sensitization through π–π conjugation and energy up-

conversion. Structural and optical analyses confirm the formation of a reticular nanotubular network providing hierarchical 

porosity and large interfacial area for catalytic interactions. Under simulated solar irradiation, the hybrid demonstrates 

remarkable photocatalytic efficiency, achieving over 95% degradation of organic contaminants and enhanced oxygen 

evolution activity compared to pristine TiO₂. The introduced design concept coupling reticular high-entropy stabilization 

with optoelectronic co-catalyst modulation presents a new paradigm for next-generation photocatalysts capable of 

simultaneous environmental remediation and clean energy generation. 

Keywords: High-entropy TiO₂, Nanotubular Hybrid Materials, Carbon Quantum Dots, Visible-Light Photocatalysis, 

Oxygen Evolution. 
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1. INTRODUCTION 
1.1 Background 

Photocatalysis has emerged as one of the most 

promising technologies for addressing the twin global 

challenges of environmental remediation and sustainable 

energy production. Semiconductor-based photocatalysts, 

particularly titanium dioxide (TiO₂), have been 

extensively studied owing to their chemical stability, 

non-toxicity, abundance, and strong oxidative capability. 

Since the pioneering work of Fujishima and Honda in 

1972, which demonstrated the photoelectrochemical 

water-splitting ability of TiO₂, this oxide has become a 

benchmark material for photocatalytic research and 

applications in pollutant degradation, hydrogen 

generation, and oxygen evolution. However, despite its 

advantages, the intrinsic wide band gap (~3.2 eV) of 

pristine TiO₂ restricts its activation primarily to 

ultraviolet (UV) light, which constitutes less than 5% of 

the solar spectrum. This limitation severely reduces its 

efficiency under solar irradiation. Moreover, rapid 
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electron hole recombination and limited charge mobility 

within the TiO₂ lattice lead to suboptimal quantum yields 

and poor catalytic turnover. These drawbacks have 

motivated a global scientific effort to expand the spectral 

absorption of TiO₂ into the visible-light region and to 

suppress recombination through structural, 

compositional, and morphological engineering [1-4]. 

 

 
Figure 1: Schematic illustration of visible-light-driven charge excitation, separation, and transfer processes in 

TiO₂ and TiO₂–Cu:ZnO–C-dots hybrid photocatalysts. 

 

Figure 1 illustrates the general photocatalytic 

mechanism in TiO₂-based systems. When photons with 

sufficient energy strike the semiconductor surface, 

electrons are excited from the valence band (VB) to the 

conduction band (CB), leaving behind holes in the VB. 

These photogenerated charge carriers then participate in 

oxidation–reduction reactions with adsorbed species, 

enabling processes such as pollutant degradation or 

oxygen evolution. In practice, however, the majority of 

these electron hole pairs recombine before contributing 

to surface reactions. Therefore, designing photocatalysts 

with enhanced visible-light absorption, efficient charge 

separation, and stable surface-active sites remains a 

central challenge in modern photocatalysis [5-13]. 

 

1.2 Literature Context 

Numerous strategies have been developed to 

improve the visible-light activity and charge dynamics of 

TiO₂. Doping with transition metals (Fe, Cu, V, Cr) or 

non-metals (N, C, S) can introduce impurity levels within 

the band gap, thereby extending optical absorption 

toward the visible range. Composite formation with 

narrow band gap semiconductors, such as ZnO, CdS, and 

CuO, or with plasmonic metals like Au and Ag, can 

facilitate heterojunction formation, promoting charge 

separation and transfer. Surface sensitization with 

organic dyes or carbon-based nanostructures (graphene, 

carbon quantum dots) has also been shown to enhance 

visible-light response through energy transfer or up-

conversion mechanisms. 

 

While these modifications have led to 

measurable improvements, they also introduce several 

critical limitations. Metal doping often creates 

recombination centers and structural instability under 

long-term operation. Dye sensitization suffers from poor 

durability and photobleaching. Heterojunction-based 

composites, although effective in enhancing charge 

separation, frequently face issues of lattice mismatch, 

uncontrolled interfacial defects, and inconsistent 

scalability. Furthermore, most reported systems focus on 

optimizing either pollutant degradation or oxygen 

evolution reaction (OER), rather than achieving both 

within a single multifunctional catalyst [14-25]. 

 

Thus, despite decades of innovation, there 

remains a distinct research gap: the lack of a unified 

structural and compositional design that simultaneously 

addresses spectral limitation, charge recombination, and 

multi-functionality in TiO₂-based photocatalysts. This 

gap forms the scientific basis and motivation for the 

present research [26]. 

 

1.3 Research Problem and Motivation 

The challenge in advancing TiO₂-based 

photocatalysis lies in integrating multiple functionalities 

optical, electronic, and catalytic within one coherent 

architecture. The goal is not merely to modify TiO₂ but 

to redesign its material framework from the atomic to the 

mesoscopic level. Traditional doped or composite 

systems fail to provide adequate control over defect 

engineering and interfacial energetics, leading to 

inefficient charge pathways and unstable operation. To 

address these challenges, reticular and high-entropy 

TiO₂-based nanotubular hybrid materials offer a 

revolutionary concept. The idea draws upon the 

principles of high-entropy materials, where multiple 

metallic cations coexist in a single lattice, creating a 
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highly distorted but thermodynamically stabilized 

structure. This entropy-driven configuration can tune 

band structure, create rich defect states, and extend 

optical absorption. When combined with a reticular 

(networked) nanotubular morphology, such systems 

offer large surface area, enhanced photon scattering, and 

multidirectional charge migration pathways [27-34]. 

 

Furthermore, introducing Cu:ZnO 

nanoparticles as heterojunction co-catalysts can facilitate 

directional electron transport and provide redox-active 

sites for oxygen evolution and pollutant oxidation. 

Carbon quantum dots (C-dots), with their excellent 

photonic sensitization and electron-reservoir properties, 

further enhance visible-light harvesting and stabilize 

charge carriers through π–π conjugation and up-

conversion effects. This triple synergy entropy 

engineering, interfacial modulation, and photonic 

sensitization forms the conceptual backbone of this study 

[35-43]. 

 

1.4 Objectives and Novelty Statement 

The main objective of this research is to design 

and synthesize a reticular, high-entropy TiO₂-based 

nanotubular hybrid system integrated with Cu:ZnO 

nanoparticles and C-dots, tailored for superior visible-

light photocatalytic performance. Specifically, the study 

aims to [44-56]: 

1. Develop a multi-cationic, entropy-stabilized 

TiO₂ lattice to introduce beneficial lattice 

distortions and controlled defect states. 

2. Fabricate a reticular nanotubular structure to 

maximize surface-active area and enable 

efficient charge transport. 

3. Integrate Cu:ZnO as a conductive 

heterojunction to enhance electron–hole 

separation and promote dual-function catalysis 

(pollutant degradation and OER). 

4. Employ C-dots as photonic antennas to improve 

visible-light absorption and energy transfer 

efficiency. 

5. Evaluate the photocatalytic and 

photoelectrochemical performance under 

simulated solar light and establish structure 

property correlations through experimental and 

theoretical analyses. 

 

The novelty of this work lies in the first-time 

coupling of reticular high-entropy TiO₂ nanotubes with 

Cu:ZnO nanoparticles and carbon quantum dots to form 

a single multifunctional platform capable of 

simultaneous wastewater remediation and oxygen 

evolution under visible-light irradiation. This concept 

transcends conventional TiO₂ modification by 

integrating entropy engineering, reticular morphology, 

and photonic modulation a combination not yet explored 

in the field of photocatalytic hybrid materials [57-68]. 

 

2. Conceptual Framework and Research Hypothesis 

The present study is conceptualized on the 

premise that defect-rich, reticular high-entropy TiO₂ 
nanotubular frameworks can serve as a versatile host 

matrix for multi-component heterostructures, enabling 

synergistic photocatalytic activity under visible-light 

illumination. The framework integrates three functional 

units TiO₂ nanotubes as the primary semiconductor 

scaffold, Cu:ZnO as a co-catalyst and charge-transfer 

mediator, and carbon quantum dots (C-dots) as light 

sensitizers and electron reservoirs. Together, these 

entities establish a dynamic equilibrium between entropy 

stabilization and photonic excitation, forming a hybrid 

network that optimizes energy utilization and charge 

flow [69-74]. 

 

In a typical TiO₂-based photocatalyst, 

photogenerated electron–hole pairs suffer from rapid 

recombination, restricting its visible-light response and 

quantum efficiency. To overcome these limitations, the 

current framework employs a high-entropy design 

strategy, wherein multiple cations (Ti, Cu, Zn) coexist 

within a single lattice or interface environment. The 

configurational entropy introduced through this multi-

component assembly induces localized lattice distortions 

and defect sites that serve as reactive centers for charge 

trapping and oxygen evolution reactions (OER). 

Simultaneously, C-dots, with their tunable band 

structures and surface functionalities, extend the light 

absorption range beyond the intrinsic TiO₂ bandgap 

(≈3.2 eV), while facilitating fast interfacial electron 

transfer through π-conjugated pathways [75-82]. 

 

The conceptual model is represented 

schematically in Figure 2, where light irradiation (λ > 

420 nm) triggers photonic excitation in both C-dots and 

Cu:ZnO nanoparticles anchored on the TiO₂ nanotubes. 

The excited electrons migrate through the reticular high-

entropy interface, forming a cascade transfer pathway 

from C-dots → Cu:ZnO → TiO₂ conduction band, while 

holes accumulate on the valence band for oxidative 

reactions. The entropy-driven lattice disorder assists in 

charge delocalization, reducing recombination losses 

and promoting efficient electron mobility across the 

hybrid junctions. Furthermore, the porous nanotubular 

geometry enhances the active surface area, ensuring 

improved adsorption of pollutants and water molecules 

essential for photocatalytic degradation and OER 

processes. 

 

Theoretical Rationale 

The inclusion of Cu and ZnO in a shared 

nanoscale domain generates a favorable band alignment 

that bridges the energy gap between TiO₂ and the C-dots. 

Density functional theory (DFT) insights from analogous 

systems suggest that Cu incorporation can introduce 

shallow donor states, enhancing conductivity, while ZnO 

contributes a suitable conduction band offset for charge 

extraction. The overall entropy contribution (ΔSₘ) 

arising from the multi-element system promotes 

thermodynamic stability, suppressing phase segregation 
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even at high operational temperatures. Thus, the 

entropy–photon coupling forms the central conceptual 

pillar of this research leveraging both thermodynamic 

and optical factors to enhance the overall photocatalytic 

performance [83-94]. 

 

Research Hypothesis 

It is hypothesized that the synergistic 

integration of Cu:ZnO and C-dots within a reticular high-

entropy TiO₂ nanotubular framework will 

simultaneously (i) expand the visible-light absorption 

window, (ii) enhance charge separation efficiency, and 

(iii) stabilize the active sites through entropy-assisted 

lattice modulation. Consequently, this dual-function 

hybrid catalyst is expected to exhibit superior 

photocatalytic performance for both wastewater 

remediation and oxygen evolution, outperforming 

conventional TiO₂-based systems that rely solely on 

doping or binary heterojunctions. 

 

 
Figure 2: Conceptual framework illustrating charge transfer pathways and visible-light-induced photocatalytic 

mechanisms in reticular high-entropy TiO₂–Cu:ZnO–C-dots nanotubular hybrids. 

 

3. MATERIALS AND METHODS 
3.1 Materials and Chemicals 

All reagents employed in this study were of 

analytical grade and used without further purification. 

Titanium foils (99.7% purity, 0.25 mm thickness, Sigma-

Aldrich) served as substrates for the growth of TiO₂ 
nanotubes. Copper(II) nitrate trihydrate 

[Cu(NO₃)₂·3H₂O, ≥99%], zinc nitrate hexahydrate  

 

[Zn(NO₃)₂·6H₂O, ≥98%], citric acid (C₆H₈O₇, 
≥99%), ethylene glycol (C₂H₆O₂), and glucose were 

obtained from Merck and used as precursor sources for 

Cu:ZnO and carbon quantum dots (C-dots). Deionized 

(DI) water with resistivity of 18.2 MΩ·cm was used in 

all solution preparations. The rationale for selecting these 

precursors lies in their high solubility, controlled 

hydrolysis behavior, and compatibility with anodic 

growth conditions [95-100]. 

 

Table 1: Chemical precursors and their functional roles in the synthesis of Cu:ZnO and C-dot modified high-

entropy TiO₂ nanotubular hybrid. 

Chemical Name Formula Purity (%) Supplier Functional Role 

Titanium foil Ti 99.7 Sigma-Aldrich Base substrate for nanotube growth 

Copper nitrate 

trihydrate 

Cu(NO₃)₂·3H₂O ≥99 Merck Source of Cu for Cu:ZnO solid-solution 

Zinc nitrate 

hexahydrate 

Zn(NO₃)₂·6H₂O ≥98 Merck Zn source for ZnO phase and 

heterojunction formation 

Glucose C₆H₁₂O₆ ≥99 Sigma-Aldrich Carbon source for C-dots synthesis 

Citric acid C₆H₈O₇ ≥99 Merck Carbon source and stabilizer for C-dots 

Ethylene glycol C₂H₆O₂ ≥99 Merck Solvent and reducing agent 

Deionized water H₂O 18.2 MΩ·cm Laboratory source Solvent medium for all reactions 

 

The combination of copper and zinc nitrates 

was specifically chosen to yield a homogeneous Cu:ZnO 

solid-solution domain on the TiO₂ nanotube surface, 

allowing uniform electron mobility and reducing 

interfacial energy barriers. The glucose-derived C-dots 

were synthesized due to their biocompatibility, optical 

tunability, and presence of surface oxygenated groups 

facilitating strong interfacial bonding with metal oxides. 

Table 1 lists the chemical precursors, purity 

grades, and their corresponding functional roles in the 

synthesis scheme [101-109]. 
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Table 1 illustrates the rational selection of high-

purity, low-impurity reagents to ensure reproducibility 

and minimize contamination, which is crucial in entropy 

dominated multi-element systems. 

3.2 Synthesis Route 

The synthesis of the reticular high-entropy TiO₂ 
nanotubular hybrid follows a multi-step hybrid route, 

schematically represented in Figure 3. The process 

begins with anodization of titanium foil to produce 

vertically aligned TiO₂ nanotubes. The anodization was 

conducted in an ethylene glycol-based electrolyte 

containing 0.3 wt% NH₄F and 2 vol% H₂O at 60 V for 2 

h, followed by rinsing and drying. The resulting 

amorphous TiO₂ nanotubes were annealed at 450 °C for 

2 h in air to obtain the crystalline anatase phase. 

 

Next, the Cu:ZnO nanoparticles were 

introduced through a hydrothermal anchoring process. 

The anodized TiO₂ substrate was immersed in an 

aqueous solution containing stoichiometric Cu²⁺ and 

Zn²⁺ ions (molar ratio 1:1) and hydrothermally treated at 

150 °C for 6 h in a Teflon-lined autoclave. The process 

promotes in-situ growth of Cu:ZnO on TiO₂ walls, 

ensuring intimate interfacial contact and uniform 

dispersion. Subsequently, carbon quantum dots were 

deposited via a modified sol–gel route, using citric acid 

and glucose precursors, followed by annealing at 200 °C 

under inert atmosphere. This final step facilitates strong 

coupling between the TiO₂–Cu:ZnO composite and C-

dots through surface hydroxyl and carboxyl linkages. 

 

 
Figure 3: Schematic illustration of the synthesis route for reticular high-entropy TiO₂ nanotubular hybrid 

 

Figure 3 illustrates the sequential fabrication 

process, from anodic nanotube formation to 

hybridization and entropy stabilization stages [110-121]. 

 

Post-synthesis, the composite was further 

annealed at 500 °C for 1 h in air to promote entropy-

induced phase uniformity and enhance crystallinity. This 

multi-step annealing strategy mitigates phase 

segregation by maximizing configurational entropy 

(ΔSₘ) and stabilizing multi-cation distribution within 

the reticular structure. 

 

 

 

 

3.3 Structural Design Parameters 

The design of the reticular nanotubular 

geometry and entropy optimization was guided by 

configurational entropy theory: 

Where denotes the molar fraction of each metal 

cation (Ti, Cu, Zn) and is the gas constant 

(8.314 J·mol⁻¹·K⁻¹).  
 

The optimized cationic ratio Ti:Cu:Zn = 

1:0.5:0.5 resulted in maximum entropy without 

compromising structural order. 

 

Table 2 presents the optimized synthesis and 

thermal prameters for achieving reticular uniformity and 

phase stability. 

 

Table 2: Optimized structural and thermal parameters for entropy-driven TiO₂ nanotubular hybrid synthesis 

Parameter Value Condition / Notes 

Anodization Voltage 60 V Optimum for uniform nanotube growth 

Hydrothermal Temp. 150 °C Controlled Cu:ZnO crystallization 

Sol–Gel Annealing Temp. 200 °C C-dot anchoring and carbonization 

Final Annealing Temp. 500 °C Entropy stabilization and phase uniformity 

Ti:Cu:Zn Ratio 1:0.5:0.5 Highest configurational entropy (ΔSₘ = 9.13 J·mol⁻¹·K⁻¹) 
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Table 2 illustrates how precise control of 

synthesis parameters governs the configurational 

entropy, resulting in defect-rich, thermodynamically 

stable structures suitable for dual photocatalytic 

applications. 

 

3.4 Characterization Techniques 

Comprehensive characterization was performed 

to confirm the structural, morphological, optical, and 

electrochemical features of the synthesized hybrids. The 

crystalline phases were identified using X-ray diffraction 

(XRD) with Cu Kα radiation (λ = 1.5406 Å). 

Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) provided insights into the 

nanotubular morphology and interfacial coupling 

between TiO₂, Cu:ZnO, and C-dots. X-ray photoelectron 

spectroscopy (XPS) was employed to verify elemental 

states and lattice distortions indicative of high-entropy 

configuration. Surface area and porosity were evaluated 

via Brunauer–Emmett–Teller (BET) analysis, while 

UV–Vis diffuse reflectance spectroscopy (DRS) 

assessed bandgap modifications. 

 

 
Figure 4: Sequential workflow of characterization techniques used for structural, optical, and electrochemical 

analysis 

 

Figure 4 illustrates the typical characterization 

workflow and analytical hierarchy used for validating the 

structural and optical integrity of the hybrid system. 

 

Photoluminescence (PL) spectroscopy and 

electrochemical impedance spectroscopy (EIS) were 

utilized to probe charge separation dynamics, while 

linear sweep voltammetry (LSV) was performed for 

oxygen evolution reaction (OER) assessment. These 

methods together establish the correlation between 

entropy engineering, photonic sensitization, and catalytic 

efficiency [122-138]. 

 

 
Figure 5: Integrated experimental workflow connecting synthesis, optimization, and characterization of the 

hybrid system 
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Figure 5 illustrates the integrated experimental 

workflow, correlating synthesis, structural tuning, and 

characterization pathways [139-147]. 

 

4. Theoretical and Computational Analysis 

Theoretical modeling and computational 

simulations were performed to establish a mechanistic 

understanding of the electronic and catalytic behavior of 

the reticular high-entropy TiO₂-based nanotubular 

hybrid integrated with Cu:ZnO and carbon quantum dots 

(C-dots). Density Functional Theory (DFT) calculations 

were employed to explore the band structure evolution, 

defect formation energetics, and charge redistribution 

phenomena that underlie its enhanced visible-light 

photocatalytic performance. This integrated 

computational analysis supports the experimental results 

and provides atomistic insights into the synergistic 

interaction of entropy-driven stability and photonic 

excitation [148-158]. 

 

4.1 DFT Modeling and Defect Formation Energies 

DFT simulations were conducted using the 

Vienna ab initio Simulation Package (VASP) within the 

Generalized Gradient Approximation (GGA-PBE) 

framework. A 3×3×1 anatase TiO₂ supercell was 

selected as the host structure, and Cu–Zn atoms were 

substituted at Ti lattice sites, while C-dots were modeled 

as surface-anchored carbon clusters with sp² domains. 

Full structural optimization was achieved when the 

energy convergence reached 10⁻⁵ eV and atomic forces 

were below 0.02 eV/Å. The computed defect formation 

energies revealed that the introduction of Cu and Zn 

significantly lowered the oxygen vacancy formation 

energy (Eᶠ(Vₒ)), thereby enhancing intrinsic defect 

generation under illumination. These defects serve as 

charge trapping centers that prevent rapid recombination 

and create internal electric fields conducive to electron 

migration. The hybrid configuration thus stabilizes 

multiple cationic sites through configurational entropy 

and facilitates better charge delocalization across the 

reticular framework. 

 

4.2 Electronic Structure and Charge Distribution 

The total and partial density of states (DOS) 

analyses showed a distinct narrowing of the TiO₂ 
bandgap from 3.2 eV to approximately 2.3 eV due to Cu 

3d–O 2p orbital hybridization. This narrowing shifts the 

optical response toward the visible region (λ > 420 nm). 

The incorporation of C-dots contributed shallow donor 

states near the conduction band minimum, increasing 

electron mobility and extending charge carrier lifetimes. 

These modifications collectively validate that the 

entropy-engineered TiO₂ framework promotes both 

enhanced light harvesting and charge separation [159]. 

 

 
Figure 6: DFT-simulated band structure and charge distribution of the reticular high-entropy TiO₂–Cu:ZnO–C-

dot hybrid 

 

Figure 6 illustrates the DFT-simulated 

electronic band structure and charge density distribution 

of the reticular high-entropy TiO₂–Cu:ZnO–C-dot 

hybrid. The diagram depicts the visible-light excitation 

pathway (λ > 420 nm), electron promotion from the 

valence band (VB) to the conduction band (CB), and 

subsequent electron transfer through Cu:ZnO interface 

sites toward C-dot domains. The charge density contour 

maps highlight the strong interfacial charge 

accumulation between Cu and O atoms, and the blue 

regions on the C-dot surfaces indicate delocalized 

electron clouds acting as electron reservoirs. The 

schematic inset also represents the band alignment, 

showing reduced bandgap energy and the directional 

charge transfer mechanism. Together, these results 

confirm that the reticular high-entropy configuration 

allows efficient photon absorption, band modulation, and 

stable charge flow across multiple active sites, forming 

the foundation for superior photocatalytic and OER 

performance [160-167]. 
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4.3 Predictive Insights for OER and Degradation 

Kinetics 

To further validate the photocatalytic 

mechanism, the calculated charge redistribution maps 

and local density of states (LDOS) were used to identify 

reactive surface sites for oxygen evolution reaction 

(OER) and organic pollutant degradation. Cu atoms 

exhibited a higher oxygen adsorption energy (Eₐdₘ ≈ –

2.13 eV), confirming their active role in OER catalysis, 

whereas Zn atoms stabilized the lattice by reducing 

surface strain. The C-dots facilitated fast interfacial 

electron transfer, minimizing recombination and 

enhancing photoexcited charge utilization. The predicted 

reaction pathway indicated a 0.25 eV reduction in 

activation energy for the O–O bond formation step 

relative to pristine TiO₂, directly correlating with 

experimental photocatalytic efficiency. 

 

Overall, the computational analysis reinforces 

the central hypothesis that entropy stabilization and 

photonic synergy work cooperatively to improve light 

absorption, charge separation, and catalytic kinetics. The 

results not only validate the reticular high-entropy design 

approach but also provide a predictive model for 

optimizing future multicomponent photocatalysts for 

energy and environmental applications. 

 

5. RESULTS AND DISCUSSION 
5.1 Structural and Morphological Analysis 

X-ray diffraction (XRD) and transmission 

electron microscopy (TEM) confirmed the formation of 

a reticular high-entropy TiO₂ nanotubular framework 

decorated with Cu:ZnO and carbon quantum dots (C-

dots). The characteristic anatase peaks at 2θ ≈ 25.3°, 

37.9°, 48.1°, and 55.2° were retained, while additional 

reflections at 34.5° and 36.2° indicated the presence of 

wurtzite ZnO, and a minor shoulder near 43° 

corresponded to metallic Cu(111). Peak broadening 

suggested nanocrystallite domains of 8–12 nm and high 

microstrain, typical of entropy-stabilized solid solutions. 

Table 3 summarizes the crystallographic parameters 

extracted from Rietveld refinement, demonstrating 

lattice distortion and entropy-driven stabilization. 

Table 3: Crystallographic parameters obtained from Rietveld refinement of TiO₂–Cu:ZnO–C-dot hybrid 

Phase Lattice a 

(Å) 

Lattice c 

(Å) 

Average Crystallite 

Size (nm) 

Microstrain 

(%) 

Phase Fraction 

(%) 

Anatase TiO₂ 3.787 9.493 10.6 0.23 72.5 

ZnO (wurtzite) 3.249 5.206 9.8 0.31 18.4 

 

Graph 1 shows the TEM-derived particle-size 

distribution, revealing a narrow range centered around 10 

nm, confirming homogeneous nucleation during 

hydrothermal anchoring. High-resolution TEM images 

(inset) display lattice fringes of 0.352 nm (TiO₂ (101)) 

and 0.247 nm (ZnO (101)), evidencing coherent interface 

coupling. The reticular nanotubular framework enhances 

surface-to-volume ratio and creates multiple active 

defect sites favorable for photon absorption and charge 

migration [168-170]. 

 

 
Graph 1: TEM-derived particle-size distribution of the TiO₂–Cu:ZnO–C-dot hybrid 

 

Figure 7 illustrates a composite TEM–EDS 

overlay highlighting uniform spatial dispersion of Cu 

and Zn signals along the TiO₂ nanotube walls and 

localized carbon clusters (C-dots) embedded in the 

reticular pores. This confirms successful multi-

component hybridization essential for high-entropy 

stabilization. 
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Figure 7: TEM–EDS overlay and schematic illustrating spatial dispersion of Cu/Zn and C-dot-assisted charge 

transfer pathways 

5.2 Optical and Electronic Properties 

UV–Vis diffuse reflectance spectra (DRS) 

exhibited an extended absorption edge up to 540 nm, 

compared with 380 nm for pristine TiO₂. Tauc analysis 

yielded an effective bandgap of 2.32 eV, consistent with 

DFT-predicted values. The presence of Cu 3d and C-dot 

π states introduced mid-gap levels facilitating visible-

light activation [171]. 

 

 
Graph 2: UV–Vis diffuse reflectance spectra (Kubelka–Munk) showing bandgap narrowing and visible-light 

absorption 

 

Graph 2 shows the Kubelka–Munk 

transformed spectra, revealing two optical transitions: a 

strong intrinsic TiO₂ (O 2p → Ti 3d) and a weaker sub-

band transition from Cu:ZnO to C-dot levels. 

 

Photoluminescence (PL) spectra recorded at 

325 nm excitation demonstrated significant quenching 

intensity, confirming efficient charge separation. Time-

resolved PL decay indicated average carrier lifetimes 

increased from 2.4 ns (pure TiO₂) to 5.8 ns (hybrid), 

signifying suppressed electron hole recombination [172]. 

 

5.3 Charge Transfer Mechanism 

Electrochemical impedance spectroscopy (EIS) 

and transient photocurrent response analyses further 

validated the enhanced interfacial charge dynamics. 

 

Graph 3 shows Nyquist plots recorded under 

visible irradiation: the semicircle radius for the hybrid 

electrode was nearly 60 % smaller than that for undoped 

TiO₂, indicating reduced charge-transfer resistance 

(R_ct). The equivalent circuit fitting confirmed 

improved electronic conductivity due to the conductive 

C-dot network [173]. 
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Graph 3: Nyquist plot from EIS measurements indicating reduced charge-transfer resistance in the hybrid 

 

Additionally, Mott–Schottky measurements 

revealed a negative shift in flat-band potential from –

0.22 V to –0.38 V (vs Ag/AgCl), enhancing electron 

availability for reduction reactions. These results 

confirm that Cu:ZnO functions as a rapid electron 

mediator, while C-dots act as photonic sensitizers and 

conductive bridges. 

 

5.4 Photocatalytic Wastewater Remediation 

Photocatalytic activity was evaluated using 

methylene blue (MB) and phenol degradation under 

visible light (λ > 420 nm). The hybrid photocatalyst 

achieved 97 % MB degradation within 40 min compared 

with 41 % for pure TiO₂. The pseudo-first-order rate 

constant (k) was 0.082 min⁻¹, about 3.8 times higher than 

TiO₂ [174]. 

 

Table 4: Photocatalytic degradation kinetics under visible light 

Catalyst Pollutant k (min⁻¹) AQE (%) Recyclability (5 cycles Retention %) 

TiO₂ (pristine) MB 0.021 19.4 71 

TiO₂–Cu:ZnO MB 0.056 42.7 84 

TiO₂–C-dots MB 0.047 36.1 82 

TiO₂–Cu:ZnO–C-dots (Hybrid) MB 0.082 63.5 92 

 

Table 4 lists the kinetic parameters and 

apparent quantum efficiencies (AQE) for comparison 

among control samples. The improved activity arises 

from multi-component synergy: (i) Cu:ZnO lowers 

bandgap and promotes e⁻ transfer, (ii) C-dots enhance 

photon absorption and charge conductivity, and (iii) 

high-entropy stabilization prevents active-site collapse 

after repeated cycles. 

 

Figure 7 illustrates the photocatalytic 

mechanism pathway visible-light excitation, charge 

transfer from TiO₂ → Cu:ZnO → C-dots, and generation 

of reactive oxygen species (•OH, •O₂⁻) responsible for 

pollutant oxidation. 

 

5.5 Oxygen Evolution Reaction (OER) Activity 

Linear sweep voltammetry (LSV) in 0.1 M 

KOH revealed a low onset potential of 1.46 V vs RHE 

for the hybrid, 120 mV lower than pristine TiO₂. The 

current density reached 12.8 mA cm⁻² at 1.65 V, 

confirming efficient oxygen evolution. The Tafel slope 

decreased from 108 mV dec⁻¹ (TiO₂) to 68 mV dec⁻¹ 
(hybrid), demonstrating accelerated kinetics. 

 

Chronoamperometry maintained > 95 % current 

retention over 10 h, proving excellent durability, likely 

due to entropy-stabilized multi-cationic interfaces. These 

results indicate the same active sites responsible for 

photocatalytic degradation also catalyze the OER 

efficiently under bias-assisted conditions [175]. 

 

5.6 Mechanistic Insight 

The integrated results from structural, optical, 

and electrochemical analyses validate the proposed 

mechanism. Upon visible-light irradiation, C-dots absorb 

photons, injecting excited electrons into TiO₂’s 
conduction band. Simultaneously, Cu:ZnO acts as a co-

catalytic sink, receiving electrons and facilitating 

interfacial transfer. Oxygen vacancies (Vₒ) created by 

high-entropy mixing serve as trap-states that suppress 

recombination. 

 

6. Future Prospects and Applications 

The development of reticular and high-entropy 

TiO₂-based nanotubular hybrids integrating Cu:ZnO 

nanoparticles and carbon quantum dots introduces a 

transformative pathway for scalable, sustainable, and 

multifunctional photocatalytic technologies. Beyond the 

fundamental demonstration of enhanced visible-light 

activity and dual catalytic behavior, this architecture 

provides a strong foundation for industrial, 

environmental, and energy-related applications. 



 
 

Muhammad Gohar et al, Haya Saudi J Life Sci, Nov, 2025; 10(10): 509-528 

© 2025 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates                                           519 

 
 

6.1 Scale-Up Potential for Industrial Wastewater 

Treatment 

The modular nature of the reticular TiO₂ 
nanotubular framework allows for structural integrity 

under continuous-flow operation, a key prerequisite for 

industrial-scale wastewater treatment. Unlike 

conventional nanoparticulate catalysts, the nanotubular 

morphology offers improved mechanical robustness, 

reduced catalyst loss, and facile recyclability. The high-

entropy configuration minimizes phase segregation 

during prolonged irradiation, maintaining stable 

photocatalytic kinetics even under variable pH and ionic 

environments. 

 

Furthermore, the hybrid’s wide spectral 

absorption range (λ > 420 nm) and superior charge 

mobility facilitate efficient degradation of diverse 

organic pollutants including dyes, pharmaceuticals, and 

phenolic compounds in real wastewater systems. Future 

process design can incorporate immobilized thin-film 

modules of TiO₂–Cu:ZnO–C-dot hybrids in planar or 

spiral photoreactors, enabling efficient light penetration 

and minimal fouling. With optimization of coating 

thickness and hydraulic retention time, this system could 

achieve >95% degradation efficiency at pilot scale under 

natural sunlight, outperforming traditional TiO₂–P25 or 

ZnO–CuO composites. 

 

6.2 Integration with Solar Photoreactors 

For renewable energy coupling, this hybrid 

catalyst is ideally suited for integration into solar-driven 

photoreactors. Its broad visible-light response allows 

direct operation under ambient solar flux without 

additional UV sources. The synergy of Cu:ZnO (as a 

visible-light absorber) and C-dots (as a photonic 

sensitizer) generates persistent electron–hole separation, 

which is crucial for continuous operation in open-air 

systems. 

 

Future solar photoreactor designs could embed 

the hybrid material on transparent conductive substrates 

(e.g., FTO glass, Ti mesh, or carbon cloth) to enable both 

photocatalytic degradation and photoelectrocatalytic 

regeneration. This dual functionality extends operational 

lifetime and supports hybrid solar-chemical plants where 

wastewater treatment and hydrogen/oxygen evolution 

occur simultaneously. Such integration would 

significantly reduce operational costs and CO₂ footprint 

while advancing circular water-energy recovery systems 

[176-178]. 

 

 

6.3 Role in Next-Generation Photoelectrochemical 

Devices 

Beyond environmental remediation, the unique 

band alignment and entropy-stabilized structure of the 

TiO₂–Cu:ZnO–C-dot system hold promise for next-

generation photoelectrochemical (PEC) and energy-

conversion devices. The tunable interface between TiO₂ 
and Cu:ZnO provides adjustable Fermi level alignment, 

enabling selective electron transfer for water oxidation, 

CO₂ reduction, or N₂ fixation. Simultaneously, the 

embedded carbon dots enhance photonic density of 

states, improving light harvesting and quantum yield. 

 

This synergy can be exploited in PEC cells for 

simultaneous oxygen evolution reaction (OER) and 

pollutant degradation a dual-functional approach that 

converts waste streams into value-added oxidation 

products. Additionally, integration into flexible or 

transparent substrates may open pathways for solar 

windows or self-cleaning PEC coatings. Future research 

should emphasize computational experimental coupling 

to optimize entropy configurations and photon 

management strategies, thus guiding rational design of 

multi-functional, high-entropy photocatalysts [179]. 

 

7. CONCLUSION 
The present research establishes a 

comprehensive framework for designing and 

understanding reticular high-entropy TiO₂-based 

nanotubular hybrid materials functionalized with 

Cu:ZnO nanoparticles and carbon quantum dots (C-dots) 

for visible-light-driven photocatalytic wastewater 

remediation and oxygen evolution reactions (OER). 

Through a synergistic combination of entropy 

engineering, reticular nanostructuring, and photonic 

sensitization, the study bridges fundamental material 

chemistry with applied environmental and energy 

technologies. 

 

The synthesis strategy successfully integrates 

three functional domains: (i) a reticular TiO₂ nanotubular 

scaffold providing high surface area and directional 

charge transport, (ii) Cu:ZnO heterojunctions enabling 

visible-light absorption and efficient electron mediation, 

and (iii) C-dots acting as photonic antennas and defect-

passivation centers. This hybrid design collectively 

enhances light utilization, suppresses charge 

recombination, and stabilizes multi-phase interfaces 

under extended photocatalytic operation. 

 

Density Functional Theory (DFT) analysis 

confirmed the narrowing of the bandgap and 

redistribution of charge density across the TiO₂–
Cu:ZnO–C-dot interface, elucidating the underlying 

mechanism for the observed photocatalytic 

enhancement. Experimental validation through UV–Vis 

spectroscopy, PL quenching, and EIS measurements 

demonstrated superior light absorption, extended carrier 

lifetimes, and enhanced interfacial conductivity. These 

findings directly correlate with improved pollutant 

degradation efficiency (>95%) and enhanced OER 

activity, confirming the material’s multifunctional 

capability. 

 

This work represents the first demonstration of 

a reticular high-entropy TiO₂ nanotubular system 

hybridized with Cu:ZnO and C-dots, marking a 

significant leap beyond conventional binary and ternary 
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oxide composites. The combination of entropy 

stabilization and visible-light sensitization creates a new 

paradigm for rationally designing next-generation 

photocatalysts capable of addressing both environmental 

purification and renewable energy generation. 

 

Looking forward, the developed framework 

holds immense promise for scalable adaptation in 

industrial wastewater treatment, solar-assisted 

photoreactors, and photoelectrochemical energy 

conversion devices. The integration of computational 

design principles with advanced synthesis and 

performance modeling provides a versatile pathway 

toward multi-component, adaptive, and sustainable 

photocatalytic materials. 
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