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TRANSITION METALS AND ITS MODIFIED FORMS 

AS EFFICIENT PHOTOCATALYSTS FOR ENERGY 

AND ENVIRONMENTAL APPLICATIONS 
 

Abstract 

 

 Delving into the pressing global demand for 

sustainable energy and environmental solutions, the 

focus lies on the field of photocatalysis. The 

promising potential of transition metal-based 

photocatalysts and their modified forms for solar 

energy conversion and environmental pollution 

remediation is thoroughly explored. Transition 

metal oxides, sulfides, and metal-organic 

frameworks (MOFs) are extensively studied due to 

their exceptional optoelectronic properties, band 

gap structures, and redox activity, making them 

highly efficient in harnessing solar energy. 

Additionally, the utilization of abundant, low-cost 

elements in these materials presents attractive 

alternatives to precious metal-based catalysts, 

enabling practical large-scale applications. The 

chapter highlights various strategies, including 

surface engineering, heterostructure formation, and 

doping, that researchers have employed to enhance 

the photocatalytic activity and extend the photo 

response into the visible light region. It covers a 

wide range of photocatalytic applications, such as 

hydrogen generation, carbon dioxide reduction, 

water purification, and pollutant degradation, 

showcasing the versatility and efficacy of transition 

metal-based photocatalysts in addressing critical 

energy and environmental challenges. The 

comprehensive overview aims to provide valuable 

insights for researchers, scientists, and engineers in 

the fields of energy and environmental 

technologies, inspiring further research and 

innovation for a cleaner, sustainable future powered 

by solar energy and free from environmental 

pollutants. 
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I. INTRODUCTION 

 

The urgent need for sustainable energy and environmental solutions has spurred 

significant research in the field of photocatalysis. Photocatalysis, a process that utilizes light 

energy to drive chemical reactions, holds immense promise for addressing pressing global 

challenges such as solar energy conversion and environmental pollution[1]. Transition metal-

based photocatalysts, with their unique structural and electronic properties, have emerged as 

highly promising candidates for these applications[2]. Transition metal oxides, sulfides, and 

metal-organic frameworks (MOFs) are some of the most extensively studied materials in the 

realm of photocatalysis[3]–[5]. Their exceptional optoelectronic properties, band gap 

structures, and redox activity make them highly efficient in harnessing solar energy and 

promoting various photochemical reactions. Moreover, these materials often possess 

abundant, low-cost, and earth-abundant elements, making them attractive alternatives to 

precious metal-based catalysts for large-scale applications. 

 

In recent years, researchers have explored various strategies to modify the properties 

of transition metal-based photocatalysts, aiming to enhance their performance and selectivity. 

Surface engineering, heterostructure formation, and doping with elements such as nitrogen 

and metals have been employed to optimize the photocatalytic activity and extend the photo 

response of these materials into the visible light region[6], [7]. This book chapter explores the 

recent advances and applications of transition metal-based photocatalysts and their modified 

forms in the realm of energy conversion and environmental remediation. It covers a wide 

range of topics, including the synthesis and characterization of transition metal oxides, 

sulfides, and Metal organic frameworks (MOFs), and their tailored modifications to improve 

photocatalytic performance. Various photocatalytic applications, such as hydrogen 

generation, carbon dioxide reduction, water purification, and pollutant degradation, will be 

discussed, highlighting the potential of these materials in addressing critical energy and 

environmental challenges[8].  

 

The chapter aims to provide a comprehensive overview of the current state-of-the-art 

in transition metal-based photocatalysts and their modified forms, offering valuable insights 

for researchers, scientists, and engineers working in the fields of energy and environmental 

technologies. By harnessing the remarkable properties of transition metal materials, we can 

pave the way for a sustainable future, where solar energy becomes a clean and abundant 

source of power and environmental pollutants are efficiently removed, ensuring a cleaner and 

healthier planet for generations to come. 

 

In recent years, transition metal-based photocatalysts have undergone significant 

advancements in terms of synthesis techniques and structural design, enabling precise control 

over their morphologies and properties[9]. The emergence of nanostructured photocatalysts 

has opened up new avenues for enhancing light absorption, charge separation, and catalytic 

activity, as well as improving the overall efficiency of the photocatalytic process[10]. One of 

the key challenges in photocatalysis is the limited utilization of solar energy, particularly in 

the visible light region[11]. To address this limitation, researchers have focused on tailoring 

the band gap of transition metal photocatalysts through band engineering and heterostructure 

formation[12]. By combining different transition metal oxides, sulfides, or semiconductors, 

novel heterojunctions can be engineered to promote efficient charge transfer across interfaces 

and extend the absorption spectrum to visible light wavelengths[13]. 
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Furthermore, the incorporation of dopants and co-catalysts into transition metal-based 

photocatalysts has proven to be a powerful strategy for enhancing their photocatalytic activity 

and selectivity[14], [15]. Doping with elements like nitrogen, sulfur, or metals introduces 

new energy levels within the band gap, facilitating charge carrier separation and reducing 

recombination rate[16]. Co-catalysts, on the other hand, serve as active sites for specific 

reactions, accelerating the kinetics of photocatalytic processes and improving overall 

efficiency. The applications of transition metal and its modified form photocatalysts are 

extensive. In energy conversion, these materials hold great promise for solar-driven water 

splitting to produce hydrogen, a clean and renewable fuel. The photocatalytic reduction of 

carbon dioxide to valuable hydrocarbons and chemical feedstocks also offers a sustainable 

solution for mitigating greenhouse gas emissions[17], [18]. Moreover, transition metal-based 

photocatalysts exhibit exceptional potential for environmental applications, such as the 

degradation of organic pollutants, disinfection of water, and removal of heavy metals, 

contributing to cleaner water and air[19]. 

 

 In this book chapter, we will delve into the recent developments in transition metal-

based photocatalysts and their modified forms, exploring the underlying principles and 

mechanisms that govern their photocatalytic performance. The synthesis methods, structural 

characterization, and optimization strategies will be discussed to provide a comprehensive 

understanding of these materials' design and engineering. Furthermore, the chapter will 

present case studies of various photocatalytic applications, showcasing the versatility and 

efficacy of transition metal and its modified form photocatalysts in real-world scenarios. 

 

Overall, this chapter seeks to shed light on the remarkable potential of transition 

metal-based photocatalysts as key players in addressing global energy and environmental 

challenges. By elucidating the underlying principles and recent advances in this field, we aim 

to inspire further research and innovation in the development of efficient, scalable, and 

sustainable photocatalytic technologies for a cleaner and greener future. 

 

II. TRANSITION METAL OXIDES AS PHOTOCATALYSTS 

 

Transition metal oxides are commonly used as photocatalysts due to their unique 

structural and electronic properties, Few of which it makes them stand out are: Optoelectronic 

properties, Band gap structure, Photostability, Redox activity, Versatility, Abundance and low 

cost and Compatibility with environmental conditions. Transition metal oxides have a range 

of energy level within their electronic structure including conduction and valence bands that 

are suitable for absorbing visible lights which means they can utilize a broader range of solar 

spectrum compared to other materials, making them efficient in harnessing solar 

energy[20].Many Transition metal oxides (TMO) have a suitable band gap structure which 

refers to the energy difference between the valence and conduction band. A narrow band gap 

enables absorption of visible light while a wider band gap allows the catalyst to generate 

highly reactive species such as hydroxyl radical which are useful of various photocatalytic 

reaction[21]. These materials are generally stable under light irradiation and can withstand 

harsh reaction conditions. They are less prone to photo corrosion or degradation compared to 

other photocatalytic materials ensuring longer operational life time[22].Transition metals in 

their different oxidation states can undergo reversible redox reactions. This property allows 

them to act as electron acceptors or donors during photocatalytic processes, facilitating the 

generation and transfer of charge carriers (electrons and holes) for the desired reactions[23]. 
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Transition metals such as titanium (Ti), zinc (Zn), iron (Fe), and tungsten (W) are abundant in 

the Earth's crust, making them cost-effective compared to other rare or precious metal-based 

catalysts. This availability and affordability make transition metal oxides attractive for large-

scale applications[24].These  metal oxides exhibit diverse catalytic functionalities, enabling 

them to perform a wide range of photocatalytic reactions. They can be utilized for water 

splitting, pollutant degradation, carbon dioxide reduction, and other environmentally 

beneficial processes[25]. And also Transition metal oxides are often chemically stable and 

can operate under a wide range of pH conditions, temperatures, and atmospheric 

environments, making them adaptable for various practical applications[26]. 

 

Photocatalytic performance is mainly dependent on many factors such as 

Morphology, crystalline phase, crystal structure, composition, intrinsic defects (oxygen 

vacancy). The final photocatalytic performance of such materials are directly influenced by 

the presence of oxygen. It is of upmost importance to control size shape and crystallinity of 

materials which directly influence charge carriers and in turn final photocatalytic activity[27]. 

 

High photostability, chemical inertness, and a relatively high oxidation efficiency 

under UV light (Λ 387 nm) are all characteristics of titanium dioxide. The energy of UV 

light exceeds the bandgap of TiO2 (from 3.0 to 3.2 eV for the rutile and anatase forms, 

respectively). This TiO2 is a semiconductor that is often utilised in heterogeneous 

photocatalysis and is well known. However, in order to use sustainable solar energy, 

photocatalysts with high reactivity under visible light (Λ > 400 nm) are needed for the 

widespread application of metal oxide-based photocatalysis[28]. 

 

Mohd Fazil at.al synthesized highly crystalline and Tetragonal structured TiO2 and Sr 

doped TiO
2
 nanocatalyst using Low temperature Hydrothermal method. Studies were carried 

out to elucidate different properties of the as synthesized materials which investigated the 

characteristics of TiO2 nanoparticles with varying levels of Sr doping. The pristine TiO2 

nanoparticles had high surface areas ranging from 141.16 to 182 m
2
 g

−1
. The Sr-doped 

nanoparticles (1%, 2.5%, and 5% Sr doping) had slightly larger average particle sizes, 

ranging from 11.1 to 13 nm. Among the Sr-doped nanoparticles, the 1% Sr-doped TiO2 

nanoparticles showed the most promising results. They exhibited a higher hydrogen 

production rate of 26.30 mmolg
−1

cat, indicating their effectiveness as photocatalysts.The 

electrocatalytic properties of the Sr-doped TiO2 nanoparticles were also evaluated for the 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in different 

electrolytic solutions. In both 0.5 N H2SO4 and 0.1 N KOH electrolytes, the 1% and 5% Sr-

doped TiO2 nanoparticles demonstrated the highest current densities for HER and OER. 

Overall, these findings highlight the improved photocatalytic and electrocatalytic activities of 

Sr-doped TiO2 nanoparticles, particularly the 1% Sr-doped variant. They exhibited higher 

hydrogen production and achieved significant current densities for both HER and OER, 

indicating their potential for various applications[29] 

 

 Iron oxide nanoparticles and their composites have gained considerable attention in 

the field of wastewater remediation. These nanoparticles, including magnetite (Fe3O4) and 

hematite (Fe2O3), are being increasingly explored for their ability to effectively remove 

various pollutants from water. In a work Bedabratasaha at al synthesized iron oxide 

nanoparticles, with an average size of 20-40 nm and a surface area of around 70 m
2
 g

-1
, and 

employed it for the targeted adsorption of specific dyes containing hydroxyl groups from 
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aqueous solutions. The nanoparticles selectively capture these dyes based on their chemical 

properties. In this work Magnetite nanoparticles have been employed effectively in the 

elimination of chlorinated pesticides from contaminated water. Pesticides such as lindane, 

hexachlorocyclohexane (α-HCH and γ-HCH), dieldrin, 2,4-dichlorophenoxyacetic acid (2,4-

D), and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) have been successfully targeted for 

removal using these nanoparticles. The chemical structure of these chemicals affects how 

well they adhere to the iron oxide nanoparticles. Particularly, compared to non-hydroxylated 

dyes like methyl orange, methylene blue, and methyl red, organic dyes with hydroxyl 

functional groups, such as Eriochrome Black T, Bromophenol Blue,Bromocresol Green, and 

Fluorescein, show a preference for adsorption onto magnetite nanoparticles.[30] 

 

III.  METAL ORGANIC FRAMEWORKS AS PHOTOCATALYSTS 

 

Metal-organic frameworks (MOFs) have emerged as promising photocatalytic 

materials due to their tunable structure, high surface area, and unique properties[31]. MOFs 

are composed of metal ions or clusters coordinated to organic ligands, which can be tailored 

to absorb specific wavelengths of light, enabling them to harness a broad range of light 

energies. Upon light absorption, MOFs generate electron-hole pairs, and their well-defined 

structures facilitate efficient charge separation, minimizing electron-hole recombination. The 

metal centers within MOFs serve as catalytic active sites for various reactions, including 

water splitting, carbon dioxide reduction, pollutant degradation, and organic synthesis[32]–

[37]. Furthermore, MOFs can host guest molecules within their pores, enhancing catalytic 

performance and selectivity[38]. Remarkably stable under photocatalytic conditions, MOFs 

can be designed with robust linkers and metal centers, offering potential for sustainable and 

recyclable catalytic processes. Overall, the tunable nature, high surface area, efficient charge 

separation, catalytic active sites, guest molecule interactions, stability, and recyclability make 

MOFs promising candidates for a wide range of photocatalytic applications. 

 

In a study Lania A siddig et al. developed a new trinuclear manganese cluster-based 

manganese metal-organic framework (Mn-MOF) known as UAEU-50. This adopted a 2D 

structure with a hexagonal layer net (hxl), which led to excellent thermal stability and 

chemical stability.  It was found that the synthesised material when employed for the 

photocatalytic activity showed excellent results in cycloaddition of CO2 to various epoxides 

to create cyclic carbonates. The novel MOF displayed a band gap value of 3.04 eV and is one 

of the earliest instances of Mn-MOFs employed for the CO2 cycloaddition purpose, and it 

exhibited impressive CO2 conversion rate of up to 90% in the visible light area at ambient 

circumstances[39]. 

 

In a study Xiaoyu He et al.designed a highly efficient MOF-based photocatalyst 

called Fe/Ti-BPDC for converting CO2 under visible light. The catalyst demonstrated 

exceptional performance, achieving an impressive yield of 703.9 μmol g
-1

 h
-1

 and an 

outstanding selectivity of over 99.7% in the CO2 photoreduction to formic acid (HCOOH). 

The catalyst's remarkable capabilities can be attributed to the cooperative coordination 

between Ti-oxo clusters, chelating ligands, and atomically dispersed Fe active sites, leading 

to a 'dual-optimization' effect, which involves two critical aspects: sustaining a continuous 

supply of photogenerated electrons for catalysis and enhancing the activation of CO2. The 

atomically dispersed Fe active sites play a crucial role in achieving high selectivity for the 

formation of HCOOH and also enable rapid CO2 activation due to their strong affinity for 
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oxygen.The success of this study confirms the feasibility and versatility of the dual-benefit 

design strategy[40]. 

 

Y.B.N. Tran et al. developed a series of isostructural Metal-Organic Frameworks 

(MOFs) referred to as M-MOF-184, with M representing different metals like Mg, Ni, Co,Zn, 

Cu, and Fe. In this series, the Co-based framework demonstrated the highest capacity for 

adsorbing CO2 at low pressure (73 cm
3
 g

−1
 at 800 Torr and 298 K). On the other hand, Ni-

MOF-184 exhibited the highest energy of adsorption for CO2 (36 kJ mol
−1

). Impressively, Zn-

MOF-184 exhibited outstanding performance as a catalyst in the CO2 cycloaddition reaction, 

achieving a remarkable 96% conversion rate, 86% selectivity, and 82% yield under mild 

reaction conditions (solvent-free, using balloon pressure of CO2, at 80 °C for 6 hours).It's 

noteworthy that the catalytic activity of Zn-MOF-184 surpassed that of both homogeneous 

and heterogeneous catalysts, the M-MOF-74 (M = Mg, Co, Zn) series, and other Zn-based 

MOFs. The researchers also conducted FTIR analysis on these MOFs after acetonitrile 

adsorption to determine the relative acidity and basicity of four different M-MOF-184 

variants. The outcomes revealed that the Zn sites with Lewis acid characteristics in the Zn-

MOF-184 structure, along with the basic 2-oxidobenzoate anions originating from the Co 

framework, demonstrated the strongest acidity and basicity, respectively.These findings 

aligned well with the exceptional catalytic activity witnessed in Zn-MOF-184 during the CO2 

cycloaddition reaction, as well as the remarkable uptakes of both CO2 and acetonitrile 

observed in Co-MOF-184[41].  

 

IV. TRANSITION METAL SULFIDES AS PHOTOCATALYSTS 

 

In a study led by A. Puttarangappa et al., a novel photocatalyst system was developed 

for efficient water splitting to produce hydrogen gas (H2). The researchers combined 2D 

tin(IV) sulfide (SnS2) ultrathin nanosheets as co-catalysts with 1D cadmium sulfide (CdS) 

nanorods. This innovative design served two main purposes: firstly, it passivated the 

physiochemical properties of CdS, reducing defects and recombination centers on the surface, 

thereby improving the catalytic performance. Secondly, the incorporation of SnS2 nanosheets 

significantly enhanced the H2 evolution activity, leading to approximately 9 times higher H2 

generation rate compared to pure CdS nanorods. Through optimization, the researchers found 

that a SnS2 loading amount of 5 wt% on the CdS nanorods yielded the highest H2 production 

rate of 20.2 mmol h
−1

 g
−1

. Additionally, they investigated the impact of a scavenger, lactic 

acid (LA), on the H2 generation rate and identified that using 3 ml of LA was optimal. 

Remarkably, the CdS/SnS2 photocatalyst exhibited excellent stability, maintaining its H2 

evolution rate for over 30 hours without any degradation. These findings hold great promise 

for the advancement of efficient and stable photocatalysts, bringing us closer to harnessing 

solar energy for sustainable hydrogen fuel production[42]. 

 

In the research conducted by Wei Chen et al. they developed a series of innovative 

hybrid photocatalysts named WO2.72/ZnIn2S4 (referred to as WOZIS) with the purpose of 

efficiently breaking down tetracycline hydrochloride (TCH) using visible light, all without 

the necessity of solid-state electron mediators. These hybrid photocatalysts consisted of one-

dimensional (1D) WO2.72 (WO) nanorods and two-dimensional (2D) ZnIn2S4 (ZIS) 

nanosheets. This novel design aimed to facilitate the degradation of tetracycline 

hydrochloride under visible light exposure. By utilizing an in-situ growth technique under 

hydrothermal conditions, the researchers prepared various WOZIS hybrid photocatalysts with 
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varying molar ratios of WO to ZIS.The results showed that all WOZIS hybrid photocatalysts 

exhibited a significant enhancement in their ability to break down TCH through 

photocatalysis. Particularly, the WOZIS-1 sample, characterized by a 1:1 molar ratio of WO 

to ZIS, showcased the most remarkable photocatalytic performance. Within a mere 60 

minutes of exposure to visible light, it managed to degrade an impressive 97.3% of TCH.This 

outstanding performance was attributed to the Z-scheme charge separation mechanism, which 

was made possible by the close interaction and well-aligned band potentials between the 1D 

WO2.72 nanorods and 2D ZnIn2S4 nanosheets within the hybrid structure. This Z-scheme 

mechanism efficiently harnessed the energy from visible light and effectively separated the 

generated electron-hole pairs, preventing them from recombining and thereby significantly 

enhancing the overall efficiency of photocatalysis.By ingeniously integrating the unique 

properties of 1D WO nanorods and 2D ZIS nanosheets in the WOZIS hybrid photocatalyst, a 

synergistic effect was achieved. This synergistic effect resulted in a highly effective and 

stable system for breaking down tetracycline hydrochloride. This advancement holds 

potential applications in addressing challenges related to wastewater treatment and 

environmental remediation[43]. 

 

Lei Lei Li et al. successfully synthesized porous MoS2/CdS heterostructures via a 

one-pot solvothermal method. The heterostructures consisted of big spheres self-assembled 

by sub-nanospheres (approximately 3.6 nm in size). These heterostructures displayed an 

exceptional H2 evolution rate of 37.31 mmol g
-1

 h
-1

, which was 162 times higher than the 

pristine CdS. The impressive photocatalytic performance was attributed to the formation of 

well-defined heterostructures that facilitated charge transport and separation. The presence of 

amorphous MoS2 further contributed to the remarkable performance by reducing H2 

overpotential and providing a higher number of active sites. Additionally, the MoS2/CdS 

nanosphere heterostructures demonstrated good stability, maintaining their catalytic activity 

over four 24-hour cycles. This study highlights the potential of these heterostructures as 

efficient and stable photocatalysts for hydrogen evolution[44]. 

 

In their study, Lixiang Zhang et al. developed a novel photocatalyst for efficient 

Cr(VI) reduction under visible light using direct Z-scheme heterojunctions of CdS/N-CoSx 

nano composites. To enhance the photocatalytic activity, they loaded CdS onto CoSx and 

doped nitrogen (N) into the CoSx structure through N2 plasma treatment. The N2 plasma 

treatment served a dual purpose. It facilitated the covalent doping of N elements into CoSx by 

forming Co-N bonds and It also regulated the surface wettability, conductivity, and Fermi 

level of the material. Compared to the photocatalysts without N2 plasma treatment, the direct 

Z-scheme heterojunctions exhibited significantly improved photocatalytic performance. The 

specific conditions of the N2 plasma treatment were crucial for optimizing the photocatalytic 

efficiency. The experiment revealed that the photocatalyst treated with N2 plasma for 5 

minutes and with an 8:1 M ratio (presumably referring to the molar ratio of CoSx to CdS) 

displayed the highest photocatalytic performance, achieving a remarkable 100% efficiency in 

Cr(VI) reduction within just 25 minutes of visible light illumination. This research 

demonstrates the effectiveness of constructing direct Z-scheme heterojunctions of CdS/N-

CoSx nano composites through N2 plasma treatment for enhanced photocatalytic activity. The 

tailored heterojunction design with N-doping and controlled ratios of CoSx to CdS provides 

valuable insights for developing highly efficient photocatalysts for environmental 

remediation and other applications[45]. 

 



Futuristic Trends in Chemical, Material Sciences & Nano Technology 

e-ISBN: 978-93-5747-901-1 

IIP Series, Volume 3, Book 20, Part 2, Chapter 7 

TRANSITION METALS AND ITS MODIFIED FORMS AS EFFICIENT 

 PHOTOCATALYSTS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS 

 

Copyright © 2024 Authors                                                                                                                        Page | 239 

In the study conducted by Murthy Muniyappa et al., they explored the use of 

cocatalyst-free nickel sulfide (NiS) nanostructures as efficient photocatalysts for hydrogen 

generation. NiS is considered highly active, inexpensive, and abundant, making it a 

promising candidate for photocatalytic applications.The researchers synthesized stable NiS-a 

and NiS-b phases through the solvothermal method, by adjusting the water to ethanol ratio 

during the synthesis process. The resulting samples exhibited a hexagonal and rhombohedral 

crystal structure with high phase purity, indicating the successful formation of the desired NiS 

phases. The optical bandgap of the NiS nanostructures was measured to be 1.83 eV, which is 

considered favorable for hydrogen generation through photocatalysis. In the photocatalytic 

tests, the NiS-a phase demonstrated superior performance in hydrogen generation compared 

to the NiS-b phase. Specifically, the NiS-a sample achieved a hydrogen generation rate of 

13.413 mmol h
-1

 g
-1

 within a 4-hour duration, indicating its high activity for the 

photocatalytic process. Moreover, the NiS-a and NiS-b nanostructures exhibited good 

stability during the photocatalytic process, which is essential for practical applications. Based 

on these results, the study suggests that the synthesized NiS-a and NiS-b nanostructures could 

be considered as preferable options for photocatalytic hydrogen generation compared to 

binary or ternary compounds. The absence of a cocatalyst makes these materials more cost-

effective and simplifies the photocatalyst preparation process, further enhancing their 

potential for scalable and environmentally friendly hydrogen production through 

photocatalysis[46]. 

 

V. CONCLUSION 

 

In summary, this book chapter offers a comprehensive understanding of the recent 

advances and applications of transition metal-based photocatalysts and their modified forms. 

By elucidating the underlying principles, synthesis techniques, and structural design, the 

chapter highlights the potential of these materials in addressing critical energy and 

environmental challenges. From tailoring band gaps to incorporating dopants and co-

catalysts, researchers have successfully enhanced photocatalytic performance. The versatility 

of transition metal-based photocatalysts is showcased in various applications, from hydrogen 

generation to pollutant degradation. With an emphasis on sustainability and practicality, the 

chapter emphasizes the promise of transition metal-based photocatalysts in paving the way 

for a cleaner and greener future powered by solar energy. Researchers, scientists, and 

engineers in the fields of energy and environmental technologies will find this chapter's 

comprehensive insights invaluable, inspiring further research and innovation for a sustainable 

and eco-friendly world. 

 

REFERENCES 

 
[1] A. S. Alkorbi et al., “Samarium vanadate affixed sulfur self doped g-C3N4 heterojunction; photocatalytic, 

photoelectrocatalytic hydrogen evolution and dye degradation,” Int. J. Hydrog. Energy, vol. 47, no. 26, pp. 

12988–13003, Mar. 2022, doi: 10.1016/j.ijhydene.2022.02.071. 

[2] B. C. Yallur et al., “Solar-light-sensitive Zr/Cu-(H2BDC-BPD) metal organic framework for photocatalytic 

dye degradation and hydrogen evolution,” Surf. Interfaces, vol. 36, p. 102587, Feb. 2023, doi: 

10.1016/j.surfin.2022.102587. 

[3]  “Samarium-decorated ZrO2@SnO2 nanostructures, their electrical, optical and enhanced 

photoluminescence properties | SpringerLink.” https://link.springer.com/article/10.1007/s10854-022-

08718-4 (accessed Jul. 31, 2023). 



Futuristic Trends in Chemical, Material Sciences & Nano Technology 

e-ISBN: 978-93-5747-901-1 

IIP Series, Volume 3, Book 20, Part 2, Chapter 7 

TRANSITION METALS AND ITS MODIFIED FORMS AS EFFICIENT 

 PHOTOCATALYSTS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS 

 

Copyright © 2024 Authors                                                                                                                        Page | 240 

[4] A. G. Alhamzani et al., “Fabrication of layered In2S3/WS2 heterostructure for enhanced and efficient 

photocatalytic CO2 reduction and various paraben degradation in water,” Chemosphere, vol. 322, p. 

138235, May 2023, doi: 10.1016/j.chemosphere.2023.138235. 

[5] S. Akshatha et al., “Microwave assisted green synthesis of p-type Co3O4@Mesoporous carbon spheres for 

simultaneous degradation of dyes and photocatalytic hydrogen evolution reaction,” Mater. Sci. Semicond. 

Process., vol. 121, p. 105432, Jan. 2021, doi: 10.1016/j.mssp.2020.105432. 

[6] Y. Cui, Z. Zeng, J. Zheng, Z. Huang, and J. Yang, “Efficient photodegradation of phenol assisted by 

persulfate under visible light irradiation via a nitrogen-doped titanium-carbon composite,” Front. Chem. 

Sci. Eng., vol. 15, no. 5, pp. 1125–1133, Oct. 2021, doi: 10.1007/s11705-020-2012-z. 

[7]  “Nitrogen doped carbon spheres from Tamarindus indica shell decorated with vanadium pentoxide; 

photoelectrochemical water splitting, photochemical hydrogen evolution & degradation of Bisphenol A - 

ScienceDirect.” https://www.sciencedirect.com/science/article/abs/pii/S0045653521028204 (accessed Jul. 

29, 2023). 

[8] S. Rao Akshatha, S. Sreenivasa, L. Parashuram, M. S. Raghu, K. Yogesh Kumar, and T. Madhu 

Chakrapani Rao, “Visible-Light-Induced Photochemical Hydrogen Evolution and Degradation of Crystal 

Violet Dye by Interwoven Layered MoS2/Wurtzite ZnS Heterostructure Photocatalyst,” ChemistrySelect, 

vol. 5, no. 23, pp. 6918–6926, 2020, doi: 10.1002/slct.202001914. 

[9] N. Baig, I. Kammakakam, and W. Falath, “Nanomaterials: a review of synthesis methods, properties, 

recent progress, and challenges,” Mater. Adv., vol. 2, no. 6, pp. 1821–1871, 2021, doi: 

10.1039/D0MA00807A. 

[10] K. Y. Kumar, H. Saini, D. Pandiarajan, M. K. Prashanth, L. Parashuram, and M. S. Raghu, “Controllable 

synthesis of TiO2 chemically bonded graphene for photocatalytic hydrogen evolution and dye 

degradation,” Catal. Today, vol. 340, pp. 170–177, Jan. 2020, doi: 10.1016/j.cattod.2018.10.042. 

[11] W. Zhang et al., “Visible-Light Responsive TiO2-Based Materials for Efficient Solar Energy Utilization,” 

Adv. Energy Mater., vol. 11, no. 15, p. 2003303, 2021, doi: 10.1002/aenm.202003303. 

[12] X. Du, J. Hu, J. Xie, A. Hao, Z. Lu, and Y. Cao, “Simultaneously tailor band structure and accelerate 

charge separation by constructing novel In(OH)3-TiO2 heterojunction for enhanced photocatalytic water 

reduction,” Appl. Surf. Sci., vol. 593, p. 153305, Aug. 2022, doi: 10.1016/j.apsusc.2022.153305. 

[13] M. Xia, X. Yan, H. Li, N. Wells, and G. Yang, “Well-designed efficient charge separation in 2D/2D N 

doped La2Ti2O7/ZnIn2S4 heterojunction through band structure/morphology regulation synergistic 

effect,” Nano Energy, vol. 78, p. 105401, Dec. 2020, doi: 10.1016/j.nanoen.2020.105401. 

[14] I. Som and M. Roy, “Recent development on titania-based nanomaterial for photocatalytic CO2 reduction: 

A review,” J. Alloys Compd., vol. 918, p. 165533, Oct. 2022, doi: 10.1016/j.jallcom.2022.165533. 

[15] P. Pattanayak et al., “Recent progress in perovskite transition metal oxide-based photocatalyst and 

photoelectrode materials for solar-driven water splitting,” J. Environ. Chem. Eng., vol. 10, no. 5, p. 

108429, Oct. 2022, doi: 10.1016/j.jece.2022.108429. 

[16] K. Yogesh Kumar et al., “N-doped reduced graphene oxide anchored with δTa2O5 for energy and 

environmental remediation: Efficient light-driven hydrogen evolution and simultaneous degradation of 

textile dyes,” Adv. Powder Technol., vol. 32, no. 7, pp. 2202–2212, Jul. 2021, doi: 

10.1016/j.apt.2021.04.031. 

[17] J. N. Ullas Krishnan and S. C. B. Jakka, “Carbon dioxide: No longer a global menace: A future source for 

chemicals,” Mater. Today Proc., vol. 58, pp. 812–822, Jan. 2022, doi: 10.1016/j.matpr.2021.09.271. 

[18] F. N. Al-Rowaili, U. Zahid, S. Onaizi, M. Khaled, A. Jamal, and E. M. AL-Mutairi, “A review for Metal-

Organic Frameworks (MOFs) utilization in capture and conversion of carbon dioxide into valuable 

products,” J. CO2 Util., vol. 53, p. 101715, Nov. 2021, doi: 10.1016/j.jcou.2021.101715. 

[19] V. Adimule et al., “Promoting the photocatalytic reduction of CO2 and dye degradation via multi metallic 

Smx modified CuCo2O4 Reverse spinel hybrid catalyst,” Ceram. Int., vol. 49, no. 2, pp. 1742–1755, Jan. 

2023, doi: 10.1016/j.ceramint.2022.09.138. 

[20] P. Priyadarshini, S. Das, and R. Naik, “A review on metal-doped chalcogenide films and their effect on 

various optoelectronic properties for different applications,” RSC Adv., vol. 12, no. 16, pp. 9599–9620, 

2022, doi: 10.1039/D2RA00771A. 

[21] C. Karthikeyan, P. Arunachalam, K. Ramachandran, A. M. Al-Mayouf, and S. Karuppuchamy, “Recent 

advances in semiconductor metal oxides with enhanced methods for solar photocatalytic applications,” J. 

Alloys Compd., vol. 828, p. 154281, Jul. 2020, doi: 10.1016/j.jallcom.2020.154281. 

[22] B.-X. Wei, L. Zhao, T.-J. Wang, H. Gao, H.-X. Wu, and Y. Jin, “Photo-stability of TiO2 particles coated 

with several transition metal oxides and its measurement by rhodamine-B degradation,” Adv. Powder 

Technol., vol. 24, no. 3, pp. 708–713, May 2013, doi: 10.1016/j.apt.2012.12.009. 



Futuristic Trends in Chemical, Material Sciences & Nano Technology 

e-ISBN: 978-93-5747-901-1 

IIP Series, Volume 3, Book 20, Part 2, Chapter 7 

TRANSITION METALS AND ITS MODIFIED FORMS AS EFFICIENT 

 PHOTOCATALYSTS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS 

 

Copyright © 2024 Authors                                                                                                                        Page | 241 

[23] S. Akshatha et al., “Synergistic effect of hybrid Ce
3+

/Ce
4+

 doped Bi2O3 nano-sphere photocatalyst for 

enhanced photocatalytic degradation of alizarin red S dye and its NUV excited photoluminescence 

studies,” J. Environ. Chem. Eng., vol. 7, no. 3, p. 103053, Jun. 2019, doi: 10.1016/j.jece.2019.103053. 

[24] W. Jin and G. Maduraiveeran, “Recent advances of porous transition metal-based nanomaterials for 

electrochemical energy conversion and storag 

[25] e applications,” Mater. Today Energy, vol. 13, pp. 64–84, Sep. 2019, doi: 10.1016/j.mtener.2019.04.016. 

[26] S. lal et al., “NrGO wrapped Cu-ZrO2 as a multifunctional visible-light-sensitive catalyst for advanced 

oxidation of pollutants and CO2 reduction.,” J. Environ. Chem. Eng., vol. 10, no. 3, p. 107679, Jun. 2022, 

doi: 10.1016/j.jece.2022.107679. 

[27] L. Zhang, Q. Fan, K. Li, S. Zhang, and X. Ma, “First-row transition metal oxide oxygen evolution 

electrocatalysts: regulation strategies and mechanistic understandings,” Sustain. Energy Fuels, vol. 4, no. 

11, pp. 5417–5432, Oct. 2020, doi: 10.1039/D0SE01087A. 

[28]  “Catalysts | Free Full-Text | Metal Oxide-Based Photocatalytic Paper: A Green Alternative for 

Environmental Remediation.” https://www.mdpi.com/2073-4344/11/4/504 (accessed Jul. 29, 2023). 

[29] A. Zaleska-Medynska, Metal Oxide-Based Photocatalysis: Fundamentals and Prospects for Application. 

Elsevier, 2018. 

[30] “Catalysts | Free Full-Text | Pristine TiO2 and Sr-Doped TiO2 Nanostructures for Enhanced Photocatalytic 

and Electrocatalytic Water Splitting Applications.” https://www.mdpi.com/2073-4344/13/1/93 (accessed 

Jul. 29, 2023). 

[31]  “Preferential and Enhanced Adsorption of Different Dyes on Iron Oxide Nanoparticles: A Comparative 

Study | The Journal of Physical Chemistry C.” https://pubs.acs.org/doi/abs/10.1021/jp109258f (accessed 

Jul. 29, 2023). 

[32] Y. Peng et al., “Metal-organic framework (MOF) composites as promising materials for energy storage 

applications,” Adv. Colloid Interface Sci., vol. 307, p. 102732, Sep. 2022, doi: 10.1016/j.cis.2022.102732. 

[33]  “Nickel phosphonate MOF as efficient water splitting photocatalyst | SpringerLink.” 

https://link.springer.com/article/10.1007/s12274-020-3056-6 (accessed Jul. 29, 2023). 

[34] X. Li and Q.-L. Zhu, “MOF-based materials for photo- and electrocatalytic CO2 reduction,” EnergyChem, 

vol. 2, no. 3, p. 100033, Jun. 2020, doi: 10.1016/j.enchem.2020.100033. 

[35] “Metal–organic framework‐ based heterojunction photocatalysts for organic pollutant degradation: design, 

construction, and performances - Belousov - 2022 - Journal of Chemical Technology &amp; 

Biotechnology - Wiley Online Library.” https://onlinelibrary.wiley.com/doi/abs/10.1002/jctb.7091 

(accessed Jul. 29, 2023). 

[36] “Metal–Organic Frameworks as Catalysts for Organic Synthesis: A Critical Perspective | Journal of the 

American Chemical Society.” https://pubs.acs.org/doi/full/10.1021/jacs.9b00733 (accessed Jul. 29, 2023). 

[37] L. Parashuram, S. Sreenivasa, S. Akshatha, V. U. Kumar, and S. Kumar, “Zirconia-Supported Cu(I)-

Stabilized Copper Oxide Mesoporous Catalyst for the Synthesis of Quinazolinones Under Ambient 

Conditions,” Asian J. Org. Chem., vol. 6, no. 12, pp. 1755–1759, 2017, doi: 10.1002/ajoc.201700467. 

[38]  “Environmentally Benign Approach for the Synthesis of Azo Dyes in the Presence of Mesoporous 

Sulfated Core‐ Shell Zirconia‐ Copper(I) Oxide Solid Acid Catalyst - Parashuram - 2019 - 

ChemistrySelect - Wiley Online Library.” https://chemistry-

europe.onlinelibrary.wiley.com/doi/abs/10.1002/slct.201803295 (accessed Jul. 29, 2023). 

[39] H. Chen et al., “Tuning the release rate of volatile molecules by pore surface engineering in metal-organic 

frameworks,” Chin. Chem. Lett., vol. 32, no. 6, pp. 1988–1992, Jun. 2021, doi: 

10.1016/j.cclet.2020.10.035. 

[40]  “Hexagonal Layer Manganese Metal–Organic Framework for Photocatalytic CO2 Cycloaddition Reaction 

| ACS Omega.” https://pubs.acs.org/doi/full/10.1021/acsomega.2c00663 (accessed Jul. 29, 2023). 

[41] X. He et al., “Dual-optimization strategy engineered Ti-based metal-organic framework with Fe active 

sites for highly-selective CO2 photoreduction to formic acid,” Appl. Catal. B Environ., vol. 327, p. 

122418, Jun. 2023, doi: 10.1016/j.apcatb.2023.122418. 

[42]  “Series of M-MOF-184 (M = Mg, Co, Ni, Zn, Cu, Fe) Metal–Organic Frameworks for Catalysis 

Cycloaddition of CO2 | Inorganic Chemistry.” https://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.0c02807 

(accessed Jul. 29, 2023). 

[43] A. P. Rangappa et al., “Highly efficient hydrogen generation in water using 1D CdS nanorods integrated 

with 2D SnS2 nanosheets under solar light irradiation,” Appl. Surf. Sci., vol. 508, p. 144803, Apr. 2020, 

doi: 10.1016/j.apsusc.2019.144803. 

[44] W. Chen, L. Chang, S.-B. Ren, Z.-C. He, G.-B. Huang, and X.-H. Liu, “Direct Z-scheme 1D/2D 

WO2.72/ZnIn2S4 hybrid photocatalysts with highly-efficient visible-light-driven photodegradation 



Futuristic Trends in Chemical, Material Sciences & Nano Technology 

e-ISBN: 978-93-5747-901-1 

IIP Series, Volume 3, Book 20, Part 2, Chapter 7 

TRANSITION METALS AND ITS MODIFIED FORMS AS EFFICIENT 

 PHOTOCATALYSTS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS 

 

Copyright © 2024 Authors                                                                                                                        Page | 242 

towards tetracycline hydrochloride removal,” J. Hazard. Mater., vol. 384, p. 121308, Feb. 2020, doi: 

10.1016/j.jhazmat.2019.121308. 

[45] L.-L. Li et al., “One-pot synthesis of MoS2/CdS nanosphere heterostructures for efficient H2 evolution 

under visible light irradiation,” Int. J. Hydrog. Energy, vol. 44, no. 60, pp. 31930–31939, Dec. 2019, doi: 

10.1016/j.ijhydene.2019.10.056. 

[46] L. Zhang et al., “Plasma-assisted doping of nitrogen into cobalt sulfide for loading cadmium sulfide: A 

direct Z-scheme heterojunction for efficiently photocatalytic Cr(VI) reduction under visible light,” Chem. 

Eng. J., vol. 417, p. 129222, Aug. 2021, doi: 10.1016/j.cej.2021.129222. 

[47] M. Muniyappa et al., “Cocatalyst free nickel sulphide nanostructure for enhanced photocatalytic hydrogen 

evolution,” Int. J. Hydrog. Energy, vol. 47, no. 8, pp. 5307–5318, Jan. 2022, doi: 

10.1016/j.ijhydene.2021.11.171.Top of Form. 

 

 


