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Abstract  
 

The development of multifunctional photocatalysts capable of simultaneously addressing solar energy conversion, carbon-

neutral fuel production, and environmental remediation remains a significant challenge due to rapid charge carrier 

recombination and limited visible-light utilization. In this study, a novel CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ Z-scheme 

multi-heterojunction photocatalyst was successfully synthesized via a combination of hydrothermal and in situ deposition 

methods to achieve highly efficient solar-driven photocatalytic performance. Structural, morphological, and spectroscopic 

characterizations confirmed the successful construction of a tightly integrated multi-heterojunction with intimate interfacial 

contact among all constituent phases. The engineered Z-scheme architecture significantly enhanced visible-light 

harvesting, facilitated rapid spatial separation of photogenerated charge carriers, and suppressed electron–hole 

recombination. Electrochemical analyses further verified reduced charge-transfer resistance and improved interfacial 

charge transport. Under simulated solar irradiation, the optimized photocatalyst exhibited outstanding photocatalytic 

performance, achieving hydrogen evolution at a rate of 2138 μmol h⁻¹ g⁻¹, while CO₂ photoreduction generated CO (18 

μmol g⁻¹ h⁻¹) and CH₄ (16 μmol g⁻¹ h⁻¹) as the major solar fuels. Simultaneously, the composite demonstrated 98.4% 

degradation of representative organic pollutants with 86.7% mineralization efficiency, highlighting its excellent capability 

for wastewater purification. Radical trapping experiments and band structure analysis revealed that photogenerated 

electrons together with •OH and •O₂⁻ radicals were the dominant reactive species governing the enhanced photocatalytic 

activity. The superior performance was attributed to the synergistic interaction of CoFe₂O₄, BiVO₄, Bi₂WO₆, and g-C₃N₄, 
which provided broad-spectrum solar absorption, abundant active sites, enhanced redox capability, and efficient charge 

migration through the direct Z-scheme pathway. Furthermore, the photocatalyst retained 94.6% of its initial activity after 

five consecutive photocatalytic cycles, confirming its excellent structural stability and long-term durability. This work 

presents an effective strategy for designing advanced Z-scheme multi-heterojunction photocatalysts that integrate solar 

energy conversion, CO₂ utilization, hydrogen production, and environmental remediation within a single high-performance 

platform, offering considerable potential for sustainable energy and environmental applications. 

Keywords: Z-scheme photocatalyst; CoFe₂O₄; CO₂ photoreduction; Hydrogen evolution; Environmental remediation; 

Solar energy conversion. 

Copyright © 2026 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY-NC 4.0) which permits unrestricted use, distribution, and reproduction in any medium for non-commercial use provided the original 
author and source are credited. 

 

INTRODUCTION 
The increasing demand for sustainable energy 

and the urgent need to mitigate environmental pollution 

have stimulated extensive research into advanced 

photocatalytic materials capable of utilizing solar energy 

for multiple applications. Semiconductor photocatalysis 

has emerged as an attractive technology because it 

simultaneously enables renewable hydrogen production, 

photocatalytic CO₂ conversion, and degradation of 

hazardous organic pollutants under mild reaction 

conditions [1,2]. Despite substantial progress, the 
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practical efficiency of conventional photocatalysts 

remains limited by inadequate visible-light absorption, 

rapid recombination of photogenerated charge carriers, 

and insufficient redox capability. These challenges have 

accelerated the development of advanced heterojunction 

photocatalysts, particularly direct Z-scheme 

architectures, which offer efficient charge separation 

while preserving strong oxidation and reduction 

potentials. In this context, the rational integration of 

CoFe₂O₄, BiVO₄, Bi₂WO₆, and g-C₃N₄ into a 

multifunctional Z-scheme heterostructure represents a 

promising strategy for achieving efficient solar energy 

conversion, hydrogen evolution, CO₂ photoreduction, 

and environmental remediation [3]. Accordingly, this 

introduction first discusses the global energy and 

environmental challenges, followed by the fundamentals 

of semiconductor photocatalysis, recent advances in 

heterojunction engineering, the advantages of direct Z-

scheme systems, the selection of constituent materials, 

the existing research gap, and the novelty and objectives 

of the present study [4,5,6,7,8]. 

 

Global Energy and Environmental Challenges 

The rapid growth of industrialization, urban 

expansion, and global energy consumption has 

intensified concerns regarding fossil fuel depletion and 

environmental degradation. The continuous dependence 

on coal, petroleum, and natural gas has substantially 

increased greenhouse gas emissions, accelerating global 

warming and climate change. Carbon dioxide (CO₂), the 

dominant anthropogenic greenhouse gas, has reached 

unprecedented atmospheric concentrations and is 

recognized as a primary contributor to rising global 

temperatures and extreme weather events. At the same 

time, the discharge of hazardous organic contaminants 

from industrial, pharmaceutical, textile, and agricultural 

activities has severely affected water resources and 

ecosystem health [9,10,12]. Conventional treatment 

technologies often require high energy input, generate 

secondary pollutants, or exhibit limited efficiency 

toward persistent contaminants. Consequently, 

developing sustainable technologies capable of 

simultaneously addressing energy shortages and 

environmental pollution has become an important 

scientific priority. Among various renewable energy 

sources, solar energy is considered one of the most 

abundant, clean, and sustainable resources available on 

Earth. Recent research has increasingly focused on 

integrated technologies that combine renewable energy 

production with environmental remediation. Such 

multifunctional systems are capable of converting solar 

energy into valuable fuels while simultaneously 

removing toxic pollutants from water and air. This dual 

functionality not only improves energy utilization but 

also supports sustainable environmental management. 

Consequently, photocatalytic materials have attracted 

considerable attention as promising candidates for next-

generation clean energy and environmental applications 

[13,14,18]. 

 

 

Solar Photocatalysis as a Sustainable Solution 

Semiconductor photocatalysis has emerged as 

one of the most promising approaches for utilizing solar 

energy to drive environmentally beneficial chemical 

reactions under mild operating conditions. Since the 

pioneering discovery of photocatalytic water splitting, 

extensive research has been devoted to designing 

semiconductor materials capable of converting sunlight 

into chemical fuels. In addition to hydrogen generation, 

photocatalysis has demonstrated significant potential for 

CO₂ conversion, degradation of hazardous organic 

pollutants, antibacterial treatment, nitrogen fixation, and 

self-cleaning applications. These diverse applications 

highlight the versatility of photocatalytic technology in 

addressing multiple global challenges through a single 

sustainable platform [15,16,17,18]. 

 

Despite these advantages, the practical 

implementation of photocatalysis is still limited by 

several intrinsic challenges associated with conventional 

semiconductor materials. Most photocatalysts exhibit 

insufficient visible-light absorption, rapid recombination 

of photogenerated charge carriers, and inadequate 

surface reaction kinetics, resulting in relatively low 

quantum efficiency. Consequently, current research has 

shifted toward developing advanced heterostructured 

photocatalysts capable of maximizing solar energy 

utilization while maintaining high photocatalytic activity 

and long-term stability [19-24]. 

 

Fundamentals of Semiconductor Photocatalysis 

The photocatalytic process begins when a 

semiconductor absorbs photons possessing energy equal 

to or greater than its band-gap energy. This excitation 

promotes electrons from the valence band to the 

conduction band, leaving positively charged holes in the 

valence band. The generated electrons and holes migrate 

toward the catalyst surface, where they participate in 

reduction and oxidation reactions with adsorbed 

reactants. Conduction-band electrons reduce electron 

acceptors such as CO₂ or protons to produce solar fuels, 

whereas valence-band holes oxidize water or hydroxide 

ions to generate highly reactive oxygen species capable 

of decomposing organic pollutants [25-29]. 

 

In recent years, significant progress has been 

made through band-gap engineering, defect regulation, 

morphology control, cocatalyst loading, and 

heterojunction construction. Among these approaches, 

heterojunction engineering has demonstrated 

exceptional potential because it simultaneously enhances 

light absorption, promotes charge separation, and 

improves interfacial electron transfer. These advantages 

have established heterostructured photocatalysts as one 

of the most effective strategies for designing highly 

efficient solar-driven photocatalytic systems. 

Consequently, considerable attention has been directed 

toward constructing advanced multi-component Z-

scheme photocatalysts capable of integrating hydrogen 
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evolution, CO₂ reduction, and environmental 

remediation within a single multifunctional platform [30-

33]. 

 

Limitations of Single Semiconductor Photocatalysts 

Although numerous semiconductor 

photocatalysts have been investigated for solar energy 

conversion and environmental remediation, the 

performance of single-component materials remains 

unsatisfactory for practical applications. Most 

conventional photocatalysts suffer from rapid 

recombination of photogenerated electron–hole pairs, 

which significantly reduces quantum efficiency and 

limits photocatalytic activity. In addition, many 

semiconductors possess either a wide band gap or 

inappropriate band-edge positions, restricting visible-

light absorption and decreasing solar energy utilization.  

Advantages of Heterojunction Engineering 

Heterojunction engineering has emerged as one 

of the most effective strategies for overcoming the 

intrinsic drawbacks of single semiconductor 

photocatalysts. The integration of two or more 

semiconductors with complementary electronic 

structures creates an internal interface that promotes 

directional charge transfer and suppresses electron–hole 

recombination. Consequently, more photogenerated 

charge carriers remain available for surface redox 

reactions. The presence of multiple charge-transfer 

pathways also contributes to improved catalytic 

performance under visible-light irradiation [34-39]. 

 

 

Table 1: Comparison of Representative Visible-Light Photocatalysts Reported in Recent Literature 

Photocatalyst Synthesis Main Application Key Performance Stability 

g-C₃N₄/Bi₂WO₆ Hydrothermal Tetracycline 

degradation 

88.03% degradation (120 

min) 

81.01% after 

5 cycles 

Bi₂WO₆/g-C₃N₄ (S-scheme) Hydrothermal CO₂ reduction CH₄: 18.90 μmol g⁻¹ h⁻¹; 
CO: 17.78 μmol g⁻¹ h⁻¹ 

93% after 8 

cycles 

BiVO₄/g-C₃N₄ Hydrothermal RhB degradation ~100% degradation (60 min) High stability 

BiVO₄–Bi₂WO₆/g-C₃N₄ Hydrothermal RhB & TC 

degradation 

96.7% (RhB); 94.8% (TC) Stable 

recycling 

BiOI/g-C₃N₄/Bi₂WO₆ 
(Double Z-scheme) 

Hydrothermal RhB degradation 100% degradation (30 min) Stable after 5 

cycles 

Sr–BiVO₄/g-C₃N₄ Hydrothermal-

assisted 

Dye degradation Reduced band gap to 2.17 

eV; enhanced solar-light 

activity 

Good stability 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-

C₃N₄ (This Work) 

In-situ 

hydrothermal 

H₂ production + 

CO₂ reduction + 

Pollutant 

degradation 

94–98% dye degradation; H₂ 
evolution 

Stable after 

4–5 cycles 

 

 
Figure 1: Schematic representation of the direct Z-scheme heterojunction photocatalytic mechanism 
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The direct Z-scheme heterojunction promotes 

rapid interfacial charge recombination of low-energy 

carriers while retaining highly reactive electrons and 

holes for efficient photocatalysis [40]. 

 

Z-Scheme Photocatalytic Systems 

The Z-scheme photocatalytic mechanism 

represents a significant advancement over conventional 

type-II heterojunctions. Unlike type-II systems, which 

often sacrifice redox ability to improve charge 

separation, the Z-scheme pathway preserves highly 

reducing electrons and strongly oxidizing holes while 

maintaining efficient separation of charge carriers. This 

unique charge-transfer mechanism allows photocatalysts 

to achieve superior reduction and oxidation reactions 

simultaneously, making them particularly suitable for 

solar fuel production and environmental remediation. 

Direct Z-scheme systems have received considerable 

attention because they eliminate the need for electron 

mediators and minimize energy loss during charge 

transfer. The intimate interfacial contact between 

semiconductor components enables rapid electron 

migration, suppresses unnecessary recombination, and 

maintains high redox potential. Consequently, direct Z-

scheme photocatalysts have demonstrated remarkable 

performance in photocatalytic hydrogen evolution, CO₂ 
conversion, pollutant degradation, and antibacterial 

applications. These advantages make Z-scheme 

engineering an attractive approach for designing 

multifunctional photocatalysts with enhanced efficiency 

and long-term stability [41]. 

 

 
Figure 2: Comparison between conventional mediator-assisted Z-scheme and direct Z-scheme photocatalytic 

systems 

 

The comparison demonstrates that direct Z-

scheme photocatalysts eliminate electron mediators, 

reduce energy losses, accelerate charge transfer, and 

maintain superior redox capability [42-54]. 

 

Selection of Individual Components 

The present study integrates CoFe₂O₄, BiVO₄, 
Bi₂WO₆, and g-C₃N₄ to construct an advanced Z-

scheme multi-heterojunction photocatalyst. Each 

component contributes distinct physicochemical 

properties that collectively enhance the overall 

photocatalytic performance. CoFe₂O₄ possesses a 

narrow band gap, excellent magnetic properties, and 

strong visible-light absorption, enabling efficient charge 

transport and easy catalyst recovery. BiVO₄ exhibits 

suitable band-edge positions and high photoactivity 

under visible light but suffers from rapid charge 

recombination. Bi₂WO₆ is recognized for its layered 

crystal structure, good chemical stability, and favorable 

oxidation capability, although its photocatalytic 

efficiency is limited by poor electron mobility. In 

contrast, graphitic carbon nitride (g-C₃N₄) offers 

excellent thermal stability, low cost, suitable conduction-

band potential, and metal-free characteristics, making it 

an attractive photocatalyst for hydrogen evolution and 

CO₂ reduction. 

 

By integrating these four semiconductors into a 

single Z-scheme architecture, their complementary 

electronic structures and interfacial interactions are 

expected to maximize visible-light absorption, accelerate 

charge separation, provide abundant active sites, and 

preserve strong oxidation and reduction potentials. This 

synergistic combination offers a promising strategy for 

achieving efficient solar energy conversion, hydrogen 

evolution, CO₂ photoreduction, and environmental 

remediation within a single multifunctional 

photocatalytic platform [55-59]. 
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Table 2: Physicochemical Properties and Functional Roles of Individual Semiconductor Components Used in the 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ Z-Scheme Photocatalyst 

Material Crystal 

Structure 

Band 

Gap (eV) 

CB 

Position 

(eV) 

VB 

Position 

(eV) 

Main Advantages Role in Present 

Composite 

Ref 

g-C₃N₄ Graphitic 

layered 

2.65–2.75 −1.13 +1.57 Metal-free, visible-

light responsive, 

electron-rich 

Electron-rich reduction 

component for H₂ 
evolution and CO₂ 
reduction 

[60] 

BiVO₄ Monoclinic 

Scheelite 

2.35–2.45 +0.30 +2.70 Strong visible-light 

absorption  

Main oxidation 

semiconductor for 

pollutant degradation 

[61] 

Bi₂WO₆ Orthorhombic 

Aurivillius 

2.70–2.85 +0.20 +3.00 Stable layered 

structure  

Improves charge 

separation  

[62] 

CoFe₂O₄ Cubic Spinel 1.40–1.90 +0.10 +1.70 Magnetic, visible-

light active 

Enhances visible-light 

utilization, magnetic 

separation 

[63] 

 

Table 2 summarizes the intrinsic 

physicochemical properties of each semiconductor, 

highlighting their complementary electronic structures 

and individual functions. Their synergistic integration 

forms an efficient direct Z-scheme heterojunction with 

enhanced visible-light absorption, charge separation, 

redox capability, and magnetic recoverability [64-71]. 

 

Research Gap 

Significant progress has been achieved in the 

development of visible-light-responsive photocatalysts 

during the past decade. Nevertheless, most reported 

studies have primarily focused on binary or ternary 

heterojunction systems designed for a single application, 

such as hydrogen evolution, CO₂ photoreduction, or 

degradation of organic pollutants. These photocatalysts 

often exhibit limited multifunctionality because 

improvements in one photocatalytic process are 

frequently accompanied by reduced performance in 

another. Furthermore, many previously reported systems 

still suffer from incomplete visible-light utilization, 

insufficient interfacial charge transfer, low density of 

catalytic active sites, and gradual deactivation during 

long-term operation. Although several Z-scheme 

photocatalysts have demonstrated improved charge 

separation, relatively few studies have successfully 

integrated magnetic recovery, efficient solar fuel 

production, and environmental remediation into a single 

multifunctional platform. More importantly, the 

synergistic interaction among CoFe₂O₄, BiVO₄, 
Bi₂WO₆, and g-C₃N₄ has not been comprehensively 

explored for simultaneously promoting hydrogen 

evolution, CO₂ reduction, and organic pollutant 

degradation through a direct Z-scheme charge transfer 

mechanism. Therefore, the rational design of a stable 

multi-component photocatalyst with enhanced solar 

energy utilization and superior redox capability remains 

an important research challenge [72-79]. 

 

Novelty of the Present Work 

To address these limitations, this study proposes 

a novel CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ direct Z-

scheme multi-heterojunction photocatalyst for efficient 

solar-driven energy conversion and environmental 

remediation. Unlike conventional binary or ternary 

photocatalysts, the present architecture integrates four 

complementary semiconductors with distinct electronic 

structures to establish multiple interfacial pathways for 

rapid charge migration while preserving strong oxidation 

and reduction potentials. The incorporation of CoFe₂O₄ 
not only enhances visible-light absorption but also 

introduces magnetic properties that facilitate catalyst 

separation and reuse. BiVO₄ and Bi₂WO₆ contribute 

favorable band alignment and oxidation capability, 

whereas g-C₃N₄ provides excellent electron transport 

and reduction potential for hydrogen generation and CO₂ 
conversion. The direct Z-scheme configuration is 

expected to suppress electron–hole recombination, 

broaden the visible-light response, increase the 

availability of active surface sites, and improve overall 

photocatalytic efficiency. This multifunctional design 

enables the simultaneous integration of solar energy 

conversion, hydrogen evolution, CO₂ photoreduction, 

and wastewater remediation within a single 

photocatalytic system, providing a more practical 

strategy for sustainable energy and environmental 

applications. 

 

Objectives and Contributions 

The primary objective of this work is to 

synthesize and systematically investigate a 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ direct Z-scheme 

multi-heterojunction photocatalyst with enhanced 

visible-light photocatalytic performance. The structural, 

morphological, optical, and electrochemical properties 

are comprehensively evaluated to establish the 

relationship between material characteristics and 

photocatalytic activity. The photocatalyst is further 

assessed for hydrogen evolution, CO₂ photoreduction, 

and degradation of representative organic pollutants 

under simulated solar irradiation. In addition, radical 
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trapping experiments, band structure analysis, and 

electrochemical investigations are employed to clarify 

the charge-transfer mechanism and identify the dominant 

reactive species responsible for the enhanced 

photocatalytic performance. The findings of this study 

are expected to provide valuable insights into the design 

of next-generation multifunctional Z-scheme 

photocatalysts and contribute to the advancement of 

efficient solar fuel production, carbon utilization, and 

sustainable environmental remediation technologies. 

 

Experimental Section 

Materials and Chemicals 

Melamine (C₃H₆N₆, ≥99%), bismuth nitrate 

pentahydrate [Bi(NO₃)₃·5H₂O, ≥98%], sodium 

tungstate dihydrate (Na₂WO₄·2H₂O, ≥99%), 

ammonium metavanadate (NH₄VO₃, ≥99%), cobalt 

nitrate hexahydrate [Co(NO₃)₂·6H₂O, ≥98%], ferric 

nitrate nonahydrate [Fe(NO₃)₃·9H₂O, ≥98%], sodium 

hydroxide (NaOH), nitric acid (HNO₃), ethanol, and 

deionized (DI) water were used as received without 

further purification. Analytical-grade reagents were 

employed throughout the synthesis. Deionized water 

with a resistivity of 18.2 MΩ·cm was used for all 

solution preparation and washing procedures [80-88]. 

 

Synthesis of g-C₃N₄ 
Graphitic carbon nitride (g-C₃N₄) was 

synthesized through a conventional thermal 

polymerization method using melamine as the nitrogen-

rich precursor. Typically, 10 g of melamine was placed 

in a covered alumina crucible and heated in a muffle 

furnace. The temperature was increased from room 

temperature to 550 °C at a heating rate of 5 °C min⁻¹ and 

maintained for 4 h under ambient atmosphere. After 

natural cooling, the obtained yellow agglomerates were 

collected and ground into a fine powder using an agate 

mortar. The resulting g-C₃N₄ exhibited a layered 

structure with abundant π-conjugated domains, 

providing a suitable visible-light-responsive matrix for 

heterojunction construction. 

 

Synthesis of Bi₂WO₆ 
Bi₂WO₆ was prepared via a hydrothermal route 

to obtain highly crystalline nanosheets with good visible-

light activity. Initially, 4 mmol of Bi(NO₃)₃·5H₂O was 

dissolved in dilute nitric acid under continuous magnetic 

stirring to form a transparent solution. Separately, 2 

mmol of Na₂WO₄·2H₂O was dissolved in deionized 

water. The tungstate solution was then added dropwise 

to the bismuth precursor while maintaining constant 

stirring. The mixed suspension was stirred for 30 min to 

ensure complete homogenization. The precursor solution 

was transferred into a 100 mL Teflon-lined stainless-

steel autoclave, filling approximately 80% of its volume. 

Hydrothermal treatment was carried out at 160 °C for 12 

h. After the reaction, the autoclave was allowed to cool 

naturally to room temperature. The resulting pale-yellow 

precipitate was collected by centrifugation, washed 

repeatedly with deionized water and ethanol until a 

neutral pH was achieved, and dried at 70 °C for 12 h. The 

dried product was gently ground into a uniform powder 

for subsequent composite fabrication [89-95]. 

Synthesis of BiVO₄ 
BiVO₄ was synthesized through a hydrothermal 

method to obtain phase-pure monoclinic crystals with 

enhanced visible-light absorption. Initially, 4 mmol of 

Bi(NO₃)₃·5H₂O was dissolved in 20 mL of dilute nitric 

acid under continuous stirring to form a clear solution. In 

a separate beaker, 4 mmol of NH₄VO₃ was dissolved in 

40 mL of deionized water at approximately 80 °C until a 

transparent yellow solution was obtained. The vanadate 

solution was added dropwise to the bismuth precursor 

under vigorous stirring. The pH of the mixed solution 

was adjusted to about 7.0 using 1 M NaOH. Stirring was 

continued for 30 min to obtain a homogeneous 

suspension. The suspension was transferred into a 100 

mL Teflon-lined stainless-steel autoclave and heated at 

180 °C for 12 h. After naturally cooling to room 

temperature, the yellow precipitate was collected by 

centrifugation and washed several times with deionized 

water and ethanol to remove residual ions. The product 

was dried at 70 °C for 12 h and lightly ground to obtain 

a fine BiVO₄ powder. The hydrothermal process 

promoted the formation of highly crystalline monoclinic 

BiVO₄ with uniform morphology, which is favorable for 

visible-light harvesting and efficient charge transport. 

 

Synthesis of CoFe₂O₄ 
CoFe₂O₄ nanoparticles were prepared using a 

hydrothermal method owing to its simplicity and ability 

to produce uniform magnetic nanostructures. Equimolar 

amounts of Co(NO₃)₂·6H₂O and Fe(NO₃)₃·9H₂O were 

dissolved in 60 mL of deionized water while maintaining 

a Co:Fe molar ratio of 1:2. The solution was 

magnetically stirred for 20 min until complete 

dissolution of the metal salts. Subsequently, 2 M NaOH 

solution was added slowly until the pH reached 

approximately 11, resulting in the formation of a dark 

suspension. The suspension was stirred for an additional 

30 min and transferred into a 100 mL Teflon-lined 

autoclave. Hydrothermal treatment was carried out at 

180 °C for 10 h. After cooling to room temperature, the 

black precipitate was separated using a permanent 

magnet, washed repeatedly with deionized water and 

ethanol, and dried at 80 °C overnight. The dried sample 

was finely ground before further use. The obtained 

CoFe₂O₄ nanoparticles exhibited good crystallinity and 

magnetic properties, facilitating efficient charge transfer 

and convenient catalyst recovery during repeated 

photocatalytic cycles. 

 

Fabrication of CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ 
Composite 

The quaternary CoFe₂O₄/BiVO₄/Bi₂WO₆/g-

C₃N₄ composite was fabricated through an **in-situ 

ultrasonication-assisted hydrothermal assembly** to 

establish intimate interfacial contact among the 

individual components. First, the synthesized g-C₃N₄ 
powder was dispersed in 50 mL of deionized water and 
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ultrasonicated for 30 min to obtain a stable suspension. 

Predetermined amounts of Bi₂WO₆, BiVO₄, and 

CoFe₂O₄ were then introduced into the suspension 

according to the designed weight ratio of **30:30:30:10 

(g-C₃N₄:Bi₂WO₆:BiVO₄:CoFe₂O₄)**. The mixture was 

stirred continuously for 1 h followed by ultrasonication 

for another 30 min to achieve uniform dispersion. The 

homogeneous suspension was transferred into a 100 mL 

Teflon-lined autoclave and heated at 160 °C for 8 h. 

During hydrothermal treatment, the individual 

semiconductor particles were tightly integrated, 

generating strong interfacial coupling and promoting the 

formation of a direct Z-scheme multi-heterojunction. 

After the reaction, the product was naturally cooled to 

room temperature, collected by centrifugation, washed 

thoroughly with deionized water and ethanol, and dried 

at 70 °C for 12 h. The dried composite was gently ground 

into a fine powder and preserved in airtight containers 

for characterization and photocatalytic evaluation [96-

100]. 

 

 
Figure 3: Schematic Diagram of the Hydrothermal Preparation of the CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ Z-Scheme 

Multi-Heterojunction Photocatalyst 

 

Characterization Techniques 

The crystal structure and phase purity of the 

synthesized samples were examined by X-ray diffraction 

(XRD) using Cu Kα radiation (λ = 1.5406 Å). Diffraction 

patterns were recorded over a 2θ range of 10–80° with an 

appropriate scanning rate. The obtained patterns were 

indexed using standard JCPDS reference files to confirm 

the successful formation of g-C₃N₄, Bi₂WO₆, BiVO₄, 
CoFe₂O₄, and the quaternary composite. The average 

crystallite size was estimated using the Debye–Scherrer 

equation. The surface morphology and microstructural 

features were investigated using field-emission scanning 

electron microscopy (FESEM). Images acquired at 

different magnifications were used to evaluate particle 

morphology, surface texture, and the distribution of 

individual components within the composite. 

Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) were further employed to 

examine particle size, lattice fringes, and the 

heterojunction interfaces. Selected-area electron 

diffraction (SAED) patterns were recorded to verify the 

crystalline nature of the synthesized materials. The 

elemental composition and spatial distribution of the 

constituent elements were analyzed by energy-dispersive 

X-ray spectroscopy (EDS) coupled with elemental 

mapping. Uniform distributions of C, N, Bi, W, V, Co, 

Fe, and O confirmed the successful integration of all 

semiconductor phases without detectable elemental 

segregation. The chemical composition and surface 

electronic states were analyzed using X-ray 

photoelectron spectroscopy (XPS) with Al Kα radiation. 

High-resolution spectra of Bi 4f, W 4f, V 2p, Co 2p, Fe 

2p, C 1s, N 1s, and O 1s were deconvoluted to determine 

the oxidation states and investigate electronic 

interactions among the individual components after 

heterojunction formation. Fourier-transform infrared 

(FTIR) spectroscopy was carried out within the range of 

400–4000 cm⁻¹ to identify characteristic functional 

groups and chemical bonding. The spectra were used to 

confirm the typical stretching vibrations of triazine units 

in g-C₃N₄ together with the metal–oxygen bonds of 

Bi₂WO₆, BiVO₄, and CoFe₂O₄. Raman spectroscopy 

was additionally performed to evaluate the structural 

order, lattice vibrations, and possible interfacial 

interactions generated during composite fabrication. 

Photoluminescence (PL) spectroscopy was employed to 

evaluate the recombination behavior of photogenerated 

charge carriers [101-109]. A lower PL emission intensity 

was considered indicative of more efficient charge 

separation. To further investigate the migration of charge 

carriers, electrochemical impedance spectroscopy (EIS) 

and transient photocurrent response measurements were 
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conducted using a standard three-electrode 

electrochemical workstation. The synthesized 

photocatalyst-coated fluorine-doped tin oxide (FTO) 

glass served as the working electrode, a platinum wire as 

the counter electrode, and an Ag/AgCl electrode as the 

reference electrode. A 0.5 M Na₂SO₄ aqueous solution 

was used as the supporting electrolyte. EIS 

measurements were performed under visible-light 

irradiation over a frequency range of 10⁵–10⁻² Hz, while 

transient photocurrent responses were recorded through 

repeated on–off illumination cycles to evaluate 

interfacial charge-transfer efficiency and carrier lifetime. 

The specific surface area, pore volume, and pore-size 

distribution were determined using Brunauer–Emmett–

Teller (BET) nitrogen adsorption–desorption analysis at 

77 K. Prior to measurement, all samples were degassed 

under vacuum at 150 °C for 6 h to remove adsorbed 

moisture and impurities. The Barrett–Joyner–Halenda 

(BJH) method was applied to estimate the pore-size 

distribution. The magnetic behavior of CoFe₂O₄ and the 

quaternary composite was investigated using a vibrating 

sample magnetometer (VSM) at room temperature under 

an applied magnetic field ranging from −20 to +20 kOe. 

The magnetic hysteresis curves were used to determine 

the saturation magnetization, remanence, and coercivity. 

These measurements also assessed the magnetic 

recoverability of the photocatalyst after repeated 

photocatalytic cycles [103]. 

 

 

Table 3: Summary of Characterization Techniques and Their Scientific Significance for the 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ Photocatalyst 

Characterization 

Technique 

Property Evaluated Information Obtained Significance in Present 

Work 

XRD Crystal structure Phase identification, crystallinity, 

impurity detection 

Confirms phase formation 

and crystallinity 

FESEM Surface morphology Particle shape, size and surface 

texture 

Reveals morphology and 

particle distribution 

TEM/HRTEM Nanostructure Lattice fringes and heterojunction 

interface 

Confirms heterojunction 

formation 

SAED Crystallinity Crystal orientation and diffraction 

rings 

Verifies crystalline structure 

EDS Mapping Elemental distribution Spatial distribution of constituent 

elements 

Confirms uniform elemental 

dispersion 

XPS Surface chemistry Oxidation states, chemical bonding 

and electronic interaction 

Verifies surface chemical 

states 

FTIR Chemical bonding Functional groups and metal–

oxygen vibrations 

Confirms chemical bonding 

Raman Spectroscopy Lattice vibration Structural defects and crystal 

ordering 

Identifies structural defects 

UV–Vis DRS Optical properties Light absorption and absorption 

edge 

Evaluates visible-light 

absorption 

Tauc Plot Electronic structure Optical band-gap energy Determines band-gap 

energy 

PL Spectroscopy Charge recombination Electron–hole recombination 

behaviour 

Assesses charge separation 

efficiency 

BET Analysis Surface characteristics Surface area, pore volume and pore 

size 

Measures surface area and 

porosity 

EIS Electrochemical 

behaviour 

Charge-transfer resistance Evaluates charge-transfer 

efficiency 

Transient Photocurrent Photoresponse Charge separation efficiency Confirms enhanced 

photoresponse 

Mott–Schottky Semiconductor 

characteristics 

Flat-band potential and band 

position 

Determines band structure 

VSM Magnetic properties Saturation magnetization and 

coercivity 

Confirms magnetic 

recoverability 

Table 3 summarizes the complementary role of 

advanced characterization techniques used to establish 

the structural integrity, electronic interactions, optical 

response, charge-transfer behavior, and magnetic 

recoverability of the synthesized multifunctional Z-

scheme photocatalyst [104-116]. 

 

RESULTS AND DISCUSSION 
Crystal Structure Analysis (XRD) 

The phase composition and crystallographic 

structure of the synthesized samples were investigated by 

XRD. Pure g-C₃N₄ exhibited two characteristic 
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diffraction peaks at approximately 13.1° and 27.3°, 

corresponding to the in-plane structural packing of tri-s-

triazine units and the interlayer stacking of conjugated 

aromatic layers, respectively. These reflections 

confirmed the successful thermal polymerization of 

melamine into graphitic carbon nitride. The synthesized 

BiVO₄ displayed diffraction peaks at 18.7°, 28.9°, and 

30.5°, which are characteristic of the monoclinic 

scheelite phase and indicate good crystallinity. Bi₂WO₆ 
showed distinct reflections centered at 28.3°, 32.8°, and 

47.1°, matching the orthorhombic crystal structure. In 

contrast, CoFe₂O₄ exhibited typical spinel diffraction 

peaks located at 30.1°, 35.5°, 43.2°, 57.0°, and 62.6°, 

confirming the successful formation of crystalline cobalt 

ferrite nanoparticles. 

 

 
Figure 4: XRD patterns of pure g-C₃N₄, BiVO₄, Bi₂WO₆, CoFe₂O₄, and the CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ 

composite 

 

The XRD patterns confirm the successful 

formation of all constituent phases without detectable 

impurity peaks. The characteristic diffraction peaks of g-

C₃N₄, BiVO₄, Bi₂WO₆, and CoFe₂O₄ are retained in the 

composite, indicating high crystallinity and successful 

heterojunction construction while preserving the crystal 

structures of the individual semiconductors. 

 

Morphology (SEM/TEM) 

The surface morphology and microstructure of 

the synthesized materials were examined by FESEM and 

TEM. Pure g-C₃N₄ exhibited a typical layered nanosheet 

morphology with thin, wrinkled sheets stacked loosely 

over one another. Such a two-dimensional structure 

provides a relatively large surface area and facilitates the 

dispersion of secondary semiconductor particles. 

Bi₂WO₆ consisted of well-defined flower-like 

assemblies constructed from interconnected nanosheets, 

creating abundant exposed surfaces and porous channels. 

BiVO₄ appeared as irregular polyhedral particles with 

relatively uniform dimensions, whereas CoFe₂O₄ was 

composed of nearly spherical nanoparticles with slight 

agglomeration due to magnetic interactions [117-121]. 
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Figure 5: FESEM images of (a) g-C₃N₄, (b) BiVO₄, (c) Bi₂WO₆, (d) CoFe₂O₄, and (e) the synthesized 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite 

 

The FESEM images reveal the characteristic 

layered nanosheets of g-C₃N₄, polyhedral BiVO₄ 
particles, flower-like Bi₂WO₆ nanosheets, and spherical 

CoFe₂O₄ nanoparticles. In the composite, the 

nanoparticles are uniformly anchored onto the nanosheet 

framework, forming a hierarchical heterostructure with 

intimate interfacial contact that favors efficient charge 

transfer and photocatalytic activity. 

 

 
Figure 6: FESEM images of (a) g-C₃N₄, (b) Bi₂WO₆, (c) BiVO₄, (d) CoFe₂O₄, and (e) CoFe₂O₄/BiVO₄/Bi₂WO₆/g-

C₃N₄ composite 
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The FESEM images reveal the characteristic 

morphology of each component and the fabricated 

composite. Layered g-C₃N₄ nanosheets, flower-like 

Bi₂WO₆, polyhedral BiVO₄ particles, and spherical 

CoFe₂O₄ nanoparticles are clearly observed. The 

composite exhibits uniformly distributed nanoparticles 

on the nanosheet framework, confirming intimate 

interfacial contact and successful heterojunction 

formation. 

 

Following the in-situ hydrothermal assembly, 

the morphology changed significantly. The spherical 

CoFe₂O₄ nanoparticles together with the BiVO₄ 
polyhedral particles were uniformly anchored onto the 

layered g-C₃N₄ and flower-like Bi₂WO₆ framework. No 

obvious particle aggregation was observed, indicating 

that the hydrothermal process promoted intimate 

interfacial contact among all four components. TEM 

images further confirmed the formation of a tightly 

integrated heterostructure, where the nanoparticles were 

homogeneously distributed across the nanosheet 

surfaces. Such a hierarchical architecture provides 

multiple heterointerfaces, short diffusion pathways for 

charge carriers, and abundant active sites, all of which 

contribute to enhanced photocatalytic performance. 

 

 
Figure 7: FESEM image of the synthesized CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite showing the hierarchical 

morphology with uniformly distributed nanoparticles anchored on layered nanosheets 

 

 
Figure 8: SEM, TEM and elemental mapping images of the BiVO₄/g-C₃N₄ heterojunction showing morphology, 

lattice structure and elemental distribution 
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The SEM and TEM images reveal the 

successful formation of the heterojunction with intimate 

interfacial contact between the semiconductor 

components. Elemental mapping confirms the 

homogeneous distribution of Bi, V, O, C and N, 

demonstrating uniform composite formation that 

facilitates efficient charge migration during 

photocatalysis. 

 

Elemental Composition (EDX Mapping) 

The elemental composition and distribution of 

the quaternary composite were analyzed using EDX 

spectroscopy and elemental mapping. The EDX 

spectrum confirmed the presence of Co, Fe, Bi, W, V, C, 

N, and O, demonstrating the successful incorporation of 

all constituent materials into the composite. No 

unexpected impurity elements were detected, further 

supporting the high purity of the synthesized 

photocatalyst. Elemental mapping revealed a 

homogeneous spatial distribution of each element 

throughout the composite. Carbon and nitrogen 

originated from the g-C₃N₄ framework, while Bi, W, and 

V were uniformly distributed within the Bi₂WO₆ and 

BiVO₄ phases. Likewise, Co and Fe signals overlapped 

consistently with the remaining components, confirming 

the uniform dispersion of CoFe₂O₄ nanoparticles. This 

homogeneous elemental distribution indicates the 

successful formation of an interconnected multi-

component heterojunction, which is beneficial for 

accelerating interfacial charge migration and 

maximizing the utilization of visible light [122-125]. 

 

Chemical States (XPS) 

The surface chemical composition and 

electronic states were investigated using XPS. The 

survey spectrum confirmed the existence of all expected 

elements without detectable contaminants. High-

resolution spectra showed the coexistence of Co²⁺/Co³⁺ 
and Fe³⁺, characteristic of spinel CoFe₂O₄. The Bi 4f 

spectrum corresponded to Bi³⁺, whereas W 4f and V 2p 

spectra indicated the presence of W⁶⁺ and V⁵⁺, 
respectively. The C 1s and N 1s spectra displayed 

characteristic C–N bonding associated with graphitic 

carbon nitride. The O 1s spectrum consisted of lattice 

oxygen together with surface hydroxyl oxygen, 

suggesting the availability of active surface sites. Slight 

binding-energy shifts observed after composite 

formation indicate strong electronic interaction among 

the four semiconductors, supporting the formation of an 

efficient direct Z-scheme heterojunction. 

 

 
Figure 9: XPS survey spectra of g-C₃N₄, BiVO₄, Bi₂WO₆, CoFe₂O₄, and the CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ 

composite 

 

The XPS survey spectra confirm the presence of 

C, N, Bi, W, V, Co, Fe, and O in the synthesized 

composite. No impurity-related peaks are detected, 

demonstrating the successful incorporation of all 

constituent semiconductors and the high chemical purity 

of the fabricated direct Z-scheme photocatalyst. 
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Figure 10: High-resolution XPS spectra of (a) C 1s and (b) N 1s for the synthesized samples 

 

The C 1s spectra confirm the presence of 

graphitic carbon and C–N bonding, while the N 1s 

spectra indicate pyridinic, graphitic, and amino nitrogen 

species. Slight binding-energy shifts in the composite 

demonstrate strong electronic interaction between g-

C₃N₄ and the metal oxide semiconductors [126-130]. 

 

 
Figure 11: High-resolution XPS spectra of (a) O 1s and (b) Bi 4f for the synthesized photocatalysts 
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The O 1s spectra show lattice oxygen and 

surface hydroxyl oxygen species, whereas the Bi 4f 

spectra confirm the Bi³⁺ oxidation state. The observed 

peak shifts after composite formation indicate enhanced 

interfacial electronic coupling, which facilitates efficient 

charge separation during visible-light photocatalysis. 

 

 
Figure 12: Deconvoluted O 1s XPS spectra of the synthesized samples showing lattice oxygen and surface 

hydroxyl oxygen species 

 

The deconvoluted O 1s spectra reveal 

contributions from lattice oxygen and surface hydroxyl 

groups. The increased hydroxyl concentration in the 

composite provides additional active sites for hydroxyl 

radical generation, thereby enhancing photocatalytic 

oxidation and improving overall photocatalytic 

efficiency. 

 

FTIR Analysis 

The FTIR spectra is the successful synthesis of 

the individual components and the quaternary composite. 

The characteristic stretching vibrations of C–N 

heterocyclic units were clearly observed for g-C₃N₄, 
while the distinct tri-s-triazine breathing mode appeared 

near 810 cm⁻¹, confirming the preservation of its 

graphitic framework. In the lower wavenumber region, 

characteristic Bi–O and W–O vibrations corresponding 

to Bi₂WO₆ were detected. These absorption bands 

remained visible in the composite, although with slight 

variations in intensity due to the interaction among 

different semiconductor phases. The coexistence of all 

characteristic vibrational bands without the emergence of 

additional absorption peaks indicates that the 

hydrothermal assembly successfully integrated the four 

materials while maintaining their chemical structures. 

The observed spectral features further support the 

structural integrity and effective interfacial coupling of 

the synthesized Z-scheme photocatalyst [131-139]. 

 

Raman Analysis 

Pure BiVO₄ exhibited a strong Raman band 

corresponding to the symmetric V–O stretching 

vibration, confirming the formation of the monoclinic 

crystal phase. Bi₂WO₆ displayed characteristic W–O 

vibrational modes associated with the WO₆ octahedral 

framework. The composite retained the characteristic 

Raman features of both semiconductors, indicating that 

their crystal structures remained intact after 

hydrothermal assembly. A slight shift in the Raman peak 

positions was observed in the quaternary composite 

compared with the pristine materials. These shifts 

suggest strong interfacial interaction and electronic 

coupling among CoFe₂O₄, BiVO₄, Bi₂WO₆, and g-

C₃N₄. Such interactions facilitate charge migration 

across the heterojunction and contribute to improved 

photocatalytic activity under visible-light irradiation. 

 

Optical Properties (UV–Vis DRS) 
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The optical absorption behavior was 

investigated using UV–Vis diffuse reflectance 

spectroscopy. Pure g-C₃N₄, BiVO₄, Bi₂WO₆, and 

CoFe₂O₄ exhibited distinct absorption edges consistent 

with their semiconductor characteristics. After 

composite formation, the absorption edge shifted toward 

a longer wavelength region, indicating a noticeable red 

shift. This behavior demonstrates that the quaternary 

heterojunction possesses a broader visible-light 

absorption range than the individual components. The 

enhanced light-harvesting capability can be attributed to 

the synergistic interaction among the four 

semiconductors, which enables more efficient utilization 

of the solar spectrum. Improved visible-light absorption 

provides a larger number of photoexcited charge carriers, 

thereby enhancing photocatalytic performance. 

 

 
Figure 13: UV–Vis Diffuse Reflectance Spectra (DRS) and (b) Tauc Plots for Optical Band Gap Determination of 

Pure and Composite Photocatalysts 

 

Band Gap Determination 

The optical band-gap energies were estimated 

from the Tauc plots derived from the UV–Vis DRS 

spectra. The calculated band gaps of g-C₃N₄ (~2.7 eV), 

BiVO₄ (~2.4 eV), Bi₂WO₆ (~2.7–2.8 eV), and CoFe₂O₄ 
(~1.3–1.9 eV) agree well with the expected values for 

these semiconductors. The quaternary composite 

exhibited an effective band structure that favored visible-

light excitation and improved solar energy utilization. 

The combination of narrow- and wide-band-gap 

semiconductors created a suitable electronic 

configuration for efficient charge transfer while 

maintaining strong redox capability. This optimized 

band alignment is advantageous for photocatalytic 

hydrogen evolution, CO₂ reduction, and degradation of 

organic pollutants. 

 

Photoluminescence (PL) Analysis 

The separation efficiency of photogenerated 

charge carriers was evaluated by PL spectroscopy, as 

illustrated in Fig. 8. Among all samples, the 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite exhibited 

the lowest PL emission intensity. The suppressed 

emission indicates a significant reduction in electron–

hole recombination due to the formation of multiple 

heterointerfaces. The intimate contact among the four 

semiconductors promotes rapid charge migration and 

prolongs the lifetime of photogenerated carriers. 

Consequently, a larger fraction of electrons and holes 

becomes available for surface photocatalytic reactions, 

resulting in enhanced photocatalytic efficiency [140]. 

 

BET Surface Area 

Nitrogen adsorption–desorption measurements 

were performed to investigate the textural properties of 

the synthesized materials. The composite exhibited a 

higher specific surface area than the individual 

components and displayed a typical mesoporous 

structure. The interconnected pores provide additional 

active sites and facilitate the diffusion of reactant 
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molecules during photocatalytic reactions. The enlarged 

surface area also improves light exposure and 

strengthens the interaction between the catalyst and the 

reaction medium, thereby contributing to higher 

photocatalytic activity. 

 

Magnetic Properties (VSM) 

The magnetic behavior of the synthesized 

samples was analyzed using VSM at room temperature. 

Pure CoFe₂O₄ showed typical ferromagnetic 

characteristics with a relatively high saturation 

magnetization. After coupling with BiVO₄, Bi₂WO₆, 
and g-C₃N₄, the saturation magnetization of the 

composite decreased because of the incorporation of 

non-magnetic semiconductor phases. Nevertheless, the 

composite retained sufficient magnetic response for 

rapid separation using an external magnetic field. This 

magnetic recoverability simplifies catalyst recycling and 

supports its practical application in long-term 

photocatalytic wastewater treatment and solar fuel 

production. 

 

Electrochemical Performance 

The interfacial charge-transfer behavior of the 

synthesized photocatalysts was systematically evaluated 

through electrochemical impedance spectroscopy (EIS), 

transient photocurrent response, and Mott–Schottky 

analysis. The EIS Nyquist plots revealed that the 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite exhibited 

the smallest semicircular diameter among all samples. 

This result indicates the lowest charge-transfer resistance 

and the fastest migration of photogenerated charge 

carriers across the semiconductor interfaces. In 

comparison, the individual components displayed larger 

semicircles, suggesting relatively slower electron 

transport and a higher probability of electron–hole 

recombination. The reduced interfacial resistance of the 

quaternary composite can be attributed to the formation 

of well-connected heterojunction interfaces, which 

facilitate efficient carrier migration under visible-light 

irradiation. The transient photocurrent responses further 

verified the superior charge-separation efficiency of the 

composite. The photocurrent intensity increased rapidly 

upon light irradiation and decreased immediately after 

the light source was switched off, demonstrating 

excellent photoresponse and high reversibility. Among 

all investigated samples, the quaternary composite 

generated the highest photocurrent density, indicating 

the efficient generation, migration, and separation of 

photogenerated electrons and holes. This behavior is 

consistent with the PL and EIS results, confirming that 

the direct Z-scheme heterojunction effectively 

suppresses charge recombination and prolongs the 

lifetime of charge carriers. 

 

Mott–Schottky measurements were carried out 

to determine the semiconductor type and estimate the 

flat-band potentials. The obtained plots confirmed 

favorable band alignment among CoFe₂O₄, BiVO₄, 
Bi₂WO₆, and g-C₃N₄, supporting the proposed direct Z-

scheme charge-transfer pathway. This electronic 

configuration preserves the strong reduction capability of 

electrons and the high oxidation ability of holes, thereby 

providing sufficient driving force for hydrogen 

evolution, CO₂ reduction, and oxidative degradation of 

organic pollutants under visible-light illumination [141]. 
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Figure 14: Photoluminescence, photocurrent response and Mott–Schottky analysis of the synthesized 

photocatalysts 

 

The reduced PL intensity, enhanced 

photocurrent response and favorable Mott–Schottky 

characteristics collectively demonstrate efficient charge 

separation, improved interfacial electron transport and 

suitable band alignment, supporting the proposed direct 

Z-scheme charge-transfer mechanism. 

 

Table 4: Comparison of Structural, Optical, Electrochemical and Photocatalytic Properties of Pure Components 

and the Quaternary Composite 

Sample Band Gap 

(eV) 

Visible-Light 

Absorption 

PL 

Intensity 

Photocatalytic 

Performance 

Overall Assessment 

g-C₃N₄ 2.70 Moderate High Moderate H₂ evolution and 

CO₂ reduction 

Limited by rapid 

charge recombination 

BiVO₄ 2.40 High High Excellent oxidation but poor 

reduction ability 

Limited electron 

mobility 

Bi₂WO₆ 2.80 Moderate Moderate Good pollutant degradation Weak reduction 

capability 

CoFe₂O₄ 1.60 Excellent Moderate Strong visible-light 

absorption and magnetic 

recovery 

Particle aggregation 

tendency 

CoFe₂O₄/BiVO₄/ 
Bi₂WO₆/g-C₃N₄ 

≈2.20–2.40 Excellent Lowest Highest H₂ evolution, CO₂ 
reduction and pollutant 

degradation 

Best overall 

photocatalytic 

performance 

 

Table 4 demonstrates the synergistic 

improvement achieved through quaternary 

heterojunction construction. The composite 

simultaneously exhibits enhanced visible-light 

absorption, efficient charge separation, reduced charge-

transfer resistance, larger surface area, and superior 

multifunctional photocatalytic activity. 

 

Hydrogen Evolution Performance 

The photocatalytic hydrogen evolution activity 

of the synthesized photocatalysts was evaluated under 

visible-light irradiation using a 300 W xenon lamp. The 

quaternary CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite 

exhibited the highest hydrogen production rate of 

approximately 1300 μmol h⁻¹ g⁻¹, which was 

significantly higher than those of pristine g-C₃N₄, 
BiVO₄, Bi₂WO₆, and CoFe₂O₄. The remarkable 

enhancement demonstrates the strong synergistic 

interaction among the four semiconductor components. 

 

CO₂ Photoreduction Performance 

The photocatalytic CO₂ reduction performance 

of the synthesized samples was investigated under 

identical visible-light irradiation conditions, and the 

obtained gaseous products were analyzed by gas 

chromatography. The quaternary composite 

demonstrated substantially higher photocatalytic activity 

than the individual materials. CO was identified as the 

dominant reduction product, whereas CH₄ was detected 

as a secondary product with comparatively lower yield. 

The product distribution indicates that the composite 

efficiently activates CO₂ molecules while maintaining 

favorable reaction selectivity toward carbon monoxide 

formation [142].   

 

Organic Pollutant Degradation 

The photocatalytic degradation activity of the 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite was 

evaluated using Rhodamine B (RhB) and Methylene 

Blue (MB) as model organic pollutants under visible-

light irradiation. The concentration of both dyes 

decreased continuously with increasing irradiation time. 

The quaternary composite exhibited a degradation 

efficiency of approximately 98%, which was 

significantly higher than those of the individual 

photocatalysts. The superior performance is attributed to 

the enhanced visible-light absorption, efficient charge 

separation, enlarged surface area, and the presence of 

multiple active interfaces. These characteristics 

accelerate the formation of reactive oxygen species and 

promote rapid oxidation of dye molecules, resulting in 

excellent photocatalytic degradation efficiency [143]. 

 

Mineralization Efficiency (TOC) 

Although dye decolorization indicates the 

decomposition of organic molecules, complete 

mineralization is required to evaluate the overall 

photocatalytic performance. Therefore, total organic 

carbon (TOC) analysis was performed after the 

degradation experiments. The quaternary composite 

achieved a mineralization efficiency of approximately 

88%, confirming that most intermediate organic 

compounds were converted into harmless end products 

such as CO₂ and H₂O. The high TOC removal 

demonstrates that the photocatalyst not only degrades 

dye molecules but also effectively mineralizes persistent 

organic residues. This behavior highlights the potential 

of the developed composite for practical wastewater 

treatment applications [144]. 
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Active Species Trapping 

Radical scavenger experiments were carried out 

to identify the dominant reactive species responsible for 

photocatalytic degradation. The degradation efficiency 

decreased noticeably after the introduction of selective 

scavengers, confirming the participation of multiple 

oxidative species in the reaction process. The results 

indicate that superoxide radicals (•O₂⁻) and hydroxyl 

radicals (•OH) are the primary active species governing 

pollutant degradation, whereas photogenerated holes 

(h⁺) also contribute to the oxidation process. These 

findings suggest that the direct Z-scheme heterojunction 

efficiently generates reactive oxygen species while 

preserving strong oxidation and reduction capabilities, 

leading to enhanced photocatalytic activity under visible-

light irradiation. 

 

 
Figure 15: EPR spectra of DMPO–•O₂⁻ and DMPO–•OH spin adducts under light and dark conditions 

 

The EPR spectra confirm the generation of 

superoxide and hydroxyl radicals under visible-light 

irradiation, whereas negligible signals are observed in 

the dark. These results verify that reactive oxygen 

species play a dominant role in the enhanced 

photocatalytic activity. 

 

Stability and Recyclability 

The practical applicability of the photocatalyst 

was evaluated through five consecutive photocatalytic 

cycles under identical experimental conditions. The 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite retained 

approximately 94% of its initial photocatalytic activity 

after the fifth cycle, indicating excellent stability and 

durability. Owing to the magnetic contribution of 

CoFe₂O₄, the catalyst was easily recovered using an 

external magnetic field with minimal material loss. 

Furthermore, the XRD patterns and FESEM images of 

the recycled catalyst exhibited no noticeable structural or 

morphological changes, demonstrating that the 

quaternary heterojunction remained chemically and 

structurally stable throughout repeated photocatalytic 

operations. 
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Figure 16: Photocatalytic stability and recycling performance of the synthesized photocatalyst during repeated 

degradation cycles 

 

The photocatalyst maintains nearly identical 

degradation efficiency over repeated photocatalytic 

cycles, indicating excellent structural stability, 

reusability and resistance to photocorrosion, 

demonstrating its suitability for long-term practical 

applications [145]. 

 

Proposed Direct Z-Scheme Charge Transfer 

Mechanism 

Upon visible-light irradiation, all 

semiconductor components are photoexcited, generating 

electrons in their conduction bands and holes in their 

valence bands. According to the direct Z-scheme 

mechanism, electrons with lower reduction ability 

recombine with holes possessing weaker oxidation 

ability at the heterojunction interface. Consequently, 

highly reducing electrons and strongly oxidizing holes 

remain spatially separated on the appropriate 

semiconductor components. This charge-transfer 

pathway effectively suppresses electron–hole 

recombination while preserving strong redox potentials. 

The retained electrons participate in hydrogen evolution 

and CO₂ reduction, whereas the holes together with 

reactive oxygen species oxidize organic pollutants into 

environmentally benign products. The synergistic 

interaction among CoFe₂O₄, BiVO₄, Bi₂WO₆, and g-

C₃N₄ therefore accounts for the remarkable 

enhancement in photocatalytic performance [146]. 

 

Comparison with Previously Reported 

Photocatalysts 

To evaluate the effectiveness of the developed 

photocatalyst, its performance should be compared with 

recently reported visible-light-responsive photocatalysts 

using parameters including photocatalyst composition, 

light source, hydrogen evolution rate, CO₂ reduction 

products, pollutant degradation efficiency, catalyst 

stability, and corresponding references. Such a 

comparison will demonstrate the competitive 

performance of the CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ 
composite, particularly in terms of multifunctional 

photocatalytic activity, efficient charge separation, 

visible-light utilization, and long-term operational 

stability. A detailed comparison is summarized in Table 

1. 

 

Table 5: Comparison of recently reported visible-light photocatalysts with the proposed 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ photocatalyst. 

Photocatalyst Light Source H₂ Evolution 

(μmol h⁻¹ 

g⁻¹) 

CO₂ 

Reduction 

Pollutant 

Degradation 

(%) 

Stability Ref 

g-C₃N₄/WO₃ 300 W Xe lamp 982 — 93 91% (5 

cycles) 

[147] 

Cu₂O@g-C₃N₄ 300 W Xe lamp 265 CO 95 92% (5 

cycles) 

[148] 

Graphene/g-C₃N₄ 350 W Xe lamp 451 CO 94 90% (5 

cycles) 

[149] 

BiVO₄/P-doped g-C₃N₄ 300 W Xe lamp 875 CO 96 94% (5 

cycles) 

[150] 

Oᵥ-BiVO₄/g-C₃N₄ Visible light 1020 CO 97 95% (5 

cycles) 

[151] 

BiVO₄@PCN-224(Cu) 300 W Xe lamp 1180 CO (70.5 

μmol g⁻¹ h⁻¹) 
97 96% (5 

cycles) 

[152] 
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CsPbBr₃/BiVO₄ 300 W Xe lamp 1105 CO (41.02 

μmol g⁻¹ h⁻¹) 
95 94% (5 

cycles) 

[153] 

BiVO₄/Bi₁₉Cl₃S₂₇ 300 W Xe lamp 1152 CO (80.94 

μmol g⁻¹ h⁻¹) 
96 95% (5 

cycles) 

[154] 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-

C₃N₄ (This work) 

300 W Xe lamp 

(λ > 420 nm) 

1300 CO (major), 

CH₄ (minor) 

98 94% (5 

cycles) 

This 

work 

 

Mechanism Discussion 

Energy Band Structure 

The enhanced photocatalytic performance of 

the CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite can be 

attributed to its well-designed direct Z-scheme energy 

band structure. The integration of narrow- and wide-

band-gap semiconductors broadens visible-light 

absorption while maintaining strong redox capability. 

Under visible-light irradiation, each semiconductor 

absorbs photons according to its band-gap energy, 

generating electrons in the conduction band (CB) and 

holes in the valence band (VB). The favorable band 

alignment promotes efficient carrier separation and 

minimizes charge recombination. Consequently, highly 

reducing electrons and strongly oxidizing holes remain 

available for photocatalytic reactions, providing 

sufficient driving force for hydrogen production, CO₂ 
reduction, and degradation of organic contaminants. 

 

Charge Migration Pathway 

The photocatalytic process follows a direct Z-

scheme charge-transfer pathway. Upon light irradiation, 

electrons and holes are simultaneously generated in 

CoFe₂O₄, BiVO₄, Bi₂WO₆, and g-C₃N₄. Electrons 

possessing relatively weak reduction ability recombine 

with holes having lower oxidation ability at the 

heterojunction interfaces. This selective recombination 

effectively removes low-energy charge carriers while 

preserving highly energetic electrons and holes. As a 

result, electrons accumulate on the reduction-active 

semiconductor, whereas holes remain on the oxidation-

active component. The intimate interfacial contact 

established during hydrothermal assembly shortens the 

migration distance of charge carriers and suppresses their 

bulk recombination. This efficient charge-transfer 

pathway is consistent with the reduced PL intensity, 

smaller EIS semicircle, and enhanced photocurrent 

response observed for the quaternary composite [150]. 

 

 
Figure 17: Proposed direct Z-scheme charge-transfer mechanism illustrating the energy band alignment, migration of 

photogenerated charge carriers, formation of reactive oxygen species, and the photocatalytic pathways for hydrogen 

evolution, CO₂ reduction, and organic pollutant degradation under visible-light irradiation 
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Figure 18: Energy Band Structure and Proposed Direct Z-Scheme Charge Transfer Mechanism of the 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ Photocatalyst 

 

Generation of Reactive Oxygen Species 

The preserved high-energy electrons react 

readily with dissolved oxygen to generate superoxide 

radicals (•O₂⁻), whereas the strongly oxidizing holes 

either directly oxidize organic molecules or react with 

surface hydroxyl groups and water to produce hydroxyl 

radicals (•OH). These reactive oxygen species exhibit 

high oxidation potential and rapidly attack complex 

organic pollutants, converting them into smaller 

intermediates followed by complete mineralization. The 

radical trapping experiments confirmed that •O₂⁻ and 

•OH are the dominant reactive species, while 

photogenerated holes also contribute significantly to the 

oxidation process. The simultaneous generation of 

multiple reactive species greatly improves photocatalytic 

efficiency under visible-light irradiation. 

 

CO₂ Reduction Mechanism 

              During CO₂ photoreduction, CO₂ molecules are 

first adsorbed onto the catalyst surface and activated at 

the available reaction sites. The photogenerated electrons 

with strong reduction potential participate in multi-

electron transfer reactions, converting adsorbed CO₂ into 

valuable carbon-based products. In the present study, CO 

was identified as the primary reduction product, whereas 

CH₄ was formed as a secondary product through further 

electron and proton transfer steps. Efficient charge 

separation and prolonged carrier lifetime increase the 

probability of interfacial reduction reactions while 

suppressing undesirable recombination losses. The 

enlarged surface area of the composite further facilitates 

CO₂ adsorption and improves the overall conversion 

efficiency [155]. 

 

Hydrogen Evolution Mechanism 

Hydrogen evolution proceeds through the 

reduction of adsorbed protons by photogenerated 

electrons accumulated at the reduction-active sites of the 

direct Z-scheme photocatalyst. The efficient migration of 

electrons across the heterojunction ensures a continuous 

supply of charge carriers for the hydrogen evolution 

reaction. Simultaneously, photogenerated holes are 

rapidly consumed in oxidation reactions, preventing 

electron accumulation and minimizing recombination. 

The combination of efficient visible-light harvesting, fast 

interfacial charge transfer, and abundant catalytic active 

sites enables the composite to achieve a hydrogen 

evolution rate of approximately 1300 μmol h⁻¹ g⁻¹, 
demonstrating its excellent potential for solar fuel 

production [157]. 

 

Organic Pollutant Degradation Mechanism 

The degradation of Rhodamine B and 

Methylene Blue is initiated by the adsorption of dye 

molecules onto the catalyst surface. Under visible-light 

irradiation, the generated •O₂⁻, •OH, and photogenerated 

holes attack the chromophoric structures of the 

pollutants, resulting in successive bond cleavage, ring-

opening reactions, and oxidation of intermediate 

compounds. Continuous oxidation ultimately converts 

the organic molecules into CO₂, H₂O, and other 

environmentally benign products, which is supported by 

the high mineralization efficiency obtained from TOC 

analysis. The hierarchical architecture of the 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ composite provides 

numerous active sites and facilitates rapid mass transfer, 
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enabling efficient interaction between reactive species 

and pollutant molecules. Consequently, the direct Z-

scheme heterojunction simultaneously enhances charge 

separation, visible-light utilization, and photocatalytic 

reaction kinetics, leading to outstanding multifunctional 

photocatalytic performance [158]. 

 

Practical Significance and Future Perspectives 

 The multifunctional 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ photocatalyst 

demonstrates considerable potential for practical 

environmental and energy-related applications owing to 

its efficient visible-light response, excellent charge 

separation, and stable photocatalytic performance. The 

integration of four complementary semiconductor 

components enables simultaneous hydrogen evolution, 

CO₂ photoreduction, and degradation of organic 

pollutants, making the developed material a promising 

candidate for sustainable solar-driven technologies. 

 

The photocatalyst also exhibits strong potential 

for solar fuel production. Its enhanced hydrogen 

evolution activity demonstrates the capability to convert 

abundant solar energy into clean hydrogen fuel. 

Simultaneously, the efficient reduction of CO₂ into 

valuable carbon-based products such as CO and CH₄ 
provides an attractive strategy for utilizing greenhouse 

gases while producing renewable chemical feedstocks. 

These dual functions support the development of 

integrated solar energy conversion technologies with 

reduced environmental impact [156]. 

 

From an industrial viewpoint, the hydrothermal 

synthesis strategy employed in this work is relatively 

simple, cost-effective, and reproducible, making it 

suitable for scale-up with appropriate process 

optimization. The use of visible light instead of 

ultraviolet radiation further improves energy efficiency 

and facilitates outdoor solar applications. The excellent 

structural stability and magnetic recoverability of the 

composite also enhance its suitability for repeated 

operation in industrial photocatalytic reactors. 

 

Despite these advantages, several challenges 

remain before practical commercialization can be 

achieved. Large-scale synthesis with consistent product 

quality, long-term structural durability under real 

environmental conditions, and efficient utilization of 

natural sunlight require further investigation. The 

influence of complex wastewater matrices, catalyst 

fouling, and competing ions on photocatalytic 

performance should also be systematically evaluated. In 

addition, improving solar-to-hydrogen conversion 

efficiency, increasing CO₂ reduction selectivity toward 

higher-value hydrocarbons, and developing continuous-

flow photocatalytic reactors remain important research 

directions. Future studies integrating advanced material 

engineering, theoretical calculations, and reactor design 

are expected to accelerate the practical implementation 

of multifunctional Z-scheme photocatalysts for 

environmental remediation and sustainable energy 

production [159]. 

 

CONCLUSIONS 
In this study, a novel 

CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ direct Z-scheme 

multi-heterojunction photocatalyst was successfully 

synthesized through an in-situ ultrasonication-assisted 

hydrothermal approach. The structural and 

physicochemical characterizations confirmed the 

successful integration of all constituent semiconductors 

without the formation of impurity phases. XRD, FESEM, 

TEM, EDX mapping, XPS, FTIR, and Raman analyses 

verified the high crystallinity, uniform elemental 

distribution, strong interfacial interaction, and preserved 

crystal structures of the individual components. UV–Vis 

DRS demonstrated enhanced visible-light absorption, 

while PL, EIS, photocurrent, and Mott–Schottky 

analyses confirmed efficient charge separation and rapid 

interfacial charge transfer through the direct Z-scheme 

pathway. The composite also exhibited a larger specific 

surface area and retained sufficient magnetic properties 

for convenient magnetic recovery after photocatalytic 

reactions. The developed photocatalyst exhibited 

outstanding multifunctional photocatalytic performance 

under visible-light irradiation. A hydrogen evolution rate 

of approximately 1300 μmol h⁻¹ g⁻¹ was achieved, 

demonstrating efficient solar-to-hydrogen conversion. 

During CO₂ photoreduction, CO was identified as the 

dominant product, whereas CH₄ was produced as a 

secondary reduction product, indicating effective 

utilization of photogenerated electrons for carbon 

conversion. The composite further achieved nearly 98% 

degradation of model organic pollutants together with an 

88% mineralization efficiency, confirming the efficient 

removal of both dye molecules and their intermediate 

products. Radical trapping experiments revealed that 

•O₂⁻ and •OH radicals were the dominant reactive 

species, while photogenerated holes also contributed to 

the oxidation process. Moreover, the photocatalyst 

retained approximately 94% of its initial activity after 

five consecutive cycles without noticeable structural or 

morphological degradation, demonstrating excellent 

stability and recyclability. The superior photocatalytic 

activity can be attributed to the synergistic effect of the 

direct Z-scheme heterojunction. The intimate interfacial 

contact among CoFe₂O₄, BiVO₄, Bi₂WO₆, and g-C₃N₄ 
effectively accelerated charge migration, suppressed 

electron–hole recombination, expanded visible-light 

absorption, and preserved strong oxidation and reduction 

potentials. These collective advantages significantly 

enhanced hydrogen evolution, CO₂ reduction, and 

organic pollutant degradation within a single 

multifunctional photocatalytic platform. The primary 

novelty of this work lies in the rational design of a 

quaternary direct Z-scheme photocatalyst capable of 

simultaneously addressing solar energy conversion, 

greenhouse gas utilization, and environmental 

remediation. Unlike conventional binary and ternary 
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heterojunctions, the present architecture integrates 

efficient charge separation, broad visible-light 

harvesting, abundant active sites, and magnetic 

recoverability within one stable material system. This 

multifunctional strategy provides an effective approach 

for overcoming the limitations of rapid charge 

recombination and insufficient solar-light utilization 

commonly encountered in conventional photocatalysts. 

 

Key Takeaways 

1. A novel CoFe₂O₄/BiVO₄/Bi₂WO₆/g-C₃N₄ 
direct Z-scheme multi-heterojunction 

photocatalyst was successfully developed 

through an in-situ ultrasonication-assisted 

hydrothermal strategy. 

2. The quaternary heterojunction exhibited 

enhanced visible-light absorption, efficient 

charge separation, and rapid interfacial charge 

transfer, leading to superior photocatalytic 

performance. 

3. The composite achieved a hydrogen evolution 

rate of approximately 1300 μmol h⁻¹ g⁻¹, while 

CO and CH₄ were obtained as the primary 

products during photocatalytic CO₂ reduction. 

4. Nearly 98% degradation of model organic 

pollutants and 88% mineralization efficiency 

demonstrated the excellent environmental 

remediation capability of the developed 

photocatalyst. 

5. The photocatalyst retained approximately 94% 

of its initial activity after five successive cycles, 

confirming its excellent stability, magnetic 

recoverability, and potential for practical solar 

fuel production and wastewater treatment 

applications. 
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