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ABSTRACT 

Pyrochlore materials have attracted a lot of 

interest in the domains of energy storage and 

environmental remediation due to their 

remarkable physical and chemical capabilities 

and extraordinary crystal formations. The 

various applications of pyrochlore oxides are 

examined in this work, with an emphasis on 

how they might improve energy storage 

devices like batteries and supercapacitors, as 

well as their function in environmental 

protection catalysis. Pyrochlores can be used 

to optimize energy efficiency, improve 

charge/discharge rates, and address 

environmental concerns such as pollutant 

degradation and carbon capture due to their 

wide compositional flexibility and tunability. 

A thorough analysis of current developments 

in the synthesis of pyrochlore, structural 

alterations, and their effects on environmental 

sustainability and energy storage efficiency is 

provided. This research also discusses future 

possibilities and possible obstacles for 

pyrochlore-based material integration in next-

generation technologies. 
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I. INTRODUCTION 
Pyrochlore oxides, with the general 

formula A2B2O7, where A is a rare-earth or 

alkaline-earth metal and B is a transition metal, 

have attracted significant interest due to their 

unique crystal structure and diverse properties, 

making them suitable for various multifunctional 

applications [1, 2]. The pyrochlore structure 

allows for considerable flexibility in both the 

A and B sites, enabling tunable electrical, 

magnetic, and catalytic behaviors, which are 

particularly advantageous for energy storage 

and environmental applications [3, 4].  This 

structural flexibility not only enhances the 

stability of these materials but also facilitates 

the optimization of their properties for specific 

applications, thereby expanding their potential 

utility in various fields. 

In the domain of energy storage, 

pyrochlore materials have emerged as 

promising candidates for improving the 

performance of batteries and supercapacitors 

[5, 6]. Their ability to facilitate high ionic 

conductivity and stable electrochemical 

properties makes them ideal for next-generation 

energy storage systems [7, 8]. Various doping 

strategies and compositional modifications have 

been employed to optimize the energy density, 

power output, and cycling stability of 

pyrochlore-based systems [9, 10]. For instance, 

substituting different transition metals at the B 

site can significantly enhance the charge 

transport mechanisms and overall 

electrochemical performance, making these 

materials more efficient for practical 

applications. Furthermore, recent advancements 

in nanostructuring have improved the surface 

area and reactivity of pyrochlore materials, 

further boosting their performance in energy 

storage applications. 

Beyond energy storage applications, 

pyrochlore oxides have shown significant 

potential in catalysis for critical reactions such 

as water splitting, oxygen reduction reactions 

(ORR), and carbon dioxide reduction [11, 12]. 

These processes are vital for the advancement of 

sustainable energy  technologies  and 

environmental remediation. The unique 

electronic structure of pyrochlores promotes 
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efficient electron transfer and enhances reaction 

kinetics, making them suitable candidates for 

next-generation catalysts [13]. Moreover, the 

incorporation of novel synthesis methods, such 

as sol-gel and hydrothermal processes, has led to 

improvements in the catalytic activity of 

pyrochlore materials, positioning them as key 

players in the quest for sustainable energy 

solutions. 

In addition to energy storage and 

catalysis, pyrochlores have been investigated for 

their environmental remediation capabilities, 

particularly in pollutant degradation  and  gas  

capture  [14].  Their  high  surface area, thermal 

stability, and resistance to corrosion make them 

effective in catalytic applications for the 

breakdown of hazardous organic compounds and 

the reduction of greenhouse gases [15, 16]. 

Recent studies have demonstrated their 

effectiveness in photocatalysis and 

electrocatalysis for the removal of environmental 

contaminants, establishing their role as 

essential materials in addressing global 

environmental challenges [17, 18]. 

Despite the promising applications of 

pyrochlore materials, several challenges remain 

in their practical implementation. Issues such as 

limited scalability, synthesis complexity, and the 

reliance on rare-earth elements have hindered 

their widespread adoption in industrial 

applications [19, 20]. However, advancements in 

synthesis techniques, including sol-gel methods 

and hydrothermal synthesis,  have significantly 

improved the performance and accessibility of 

these materials for broader applications [21, 

22]. 

This paper provides a comprehensive 

review of recent developments in pyrochlore 

materials for energy storage and environmental 

applications. The structure-property 

relationship, compositional flexibility, and 

functional versatility of pyrochlores are 

discussed in detail. Furthermore, the challenges 

and future prospects of these materials in 

advancing sustainable technologies are critically 

evaluated. 

 

II. STRUCTURAL 

CHARACTERISTICS OF 

PYROCHLORE MATERIALS 
The pyrochlore structure, denoted by the 

general formula A2B2O7, consists of an intricate 

three-dimensional network that is highly tunable 

for various applications. The crystal structure is 

formed by a combination of A-site and B-site 

cations, typically rare-earth or transition metals, 

that sit within a cubic lattice arrangement [24]. 

The A-site cations are coordinated by eight 

oxygen atoms, forming a dodecahedral 

environment, whereas the B-site cations are 

located in six-coordinate octahedra [24].  This 

dual sublattice configuration contributes to the 

pyrochlore’s exceptional ability to 

accommodate a wide variety of dopants and 

structural defects, which in turn influences its 

electrical, catalytic, and magnetic properties [2, 

3]. 

The oxygen atoms are distributed in two 

distinct sites: the O1 atoms, which form a rigid 

framework with the B-site octahedra, and the O2 

atoms,  which are part of a more flexible lattice 

that facilitates oxygen vacancy formation [24]. 

Oxygen vacancies are a crucial aspect of the 

pyrochlore structure, as they play a significant 

role in modulating ionic conductivity and 

catalytic performance, particularly in reactions 

such as the oxygen evolution reaction (OER) and 

oxygen reduction reaction (ORR) [17, 18]. As a 

result, these vacancies can be strategically tuned 

through various synthesis and doping techniques 

to optimize the material for specific 

electrochemical and catalytic applications [24, 

13]. 

 

Compositional Flexibility 

One of the most compelling features of 

pyrochlore oxides is their compositional 

flexibility, which allows for the substitution of 

A and B cations with elements of different 

valencies. This flexibility provides a powerful 

mechanism for tailoring the material’s properties 

to suit specific applications. For instance, doping 

the B-site with transition metals such as cobalt, 

nickel, and manganese can significantly enhance 

the material’s catalytic activity, particularly for 

ORR and OER [4, 24]. Similarly, substitution 

at the A-site with rare-earth elements like 

lanthanum can improve ionic conductivity, 

making the pyrochlore structure an ideal 

candidate for solid oxide fuel cells (SOFCs) 

and other energy storage systems [5, 8]. 

Doping also influences the defect 

chemistry of pyrochlore oxides. By introducing  

oxygen  vacancies through careful doping or 

controlled synthesis conditions, it is possible to 

improve both the ionic transport and the overall 

catalytic performance of the material [24, 12]. 

These vacancies are particularly crucial for 

applications in electrochemical energy storage 

and environmental remediation, where enhanced 

ionic conductivity is necessary for efficient 

performance [15]. 
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Synthesis Techniques 

The synthesis of high-quality pyrochlore 

materials requires precise control over 

stoichiometry, particle size, and crystallinity to 

achieve the desired properties. Several synthesis 

techniques have been developed, including solid-

state reactions, sol-gel methods, and 

hydrothermal processes [21]. Each of these 

methods offers specific advantages, with the 

solid-state reaction method providing scalability 

for large-scale production, while sol-gel and 

hydrothermal methods offer superior control 

over particle morphology and surface area, 

which are critical for catalytic and energy 

storage applications [24]. 

Advanced techniques, such as 

microwave-assisted synthesis and combustion 

synthesis, have been explored to further reduce 

synthesis times and energy consumption.  These 

techniques offer promising pathways for the 

scalable production of pyrochlore materials with 

high purity and controlled defect structures [19]. 

For example, oxygen vacancy engineering during 

synthesis has been shown to be an effective 

strategy for enhancing the electrocatalytic 

activity of pyrochlores, particularly in 

applications like PEM water electrolysis and 

zinc- air batteries (ZAB) [24]. 

 

Defect Chemistry and Ionic Transport 

The defect chemistry of pyrochlore 

materials is a key factor in their functionality, 

especially in applications that rely on ionic 

transport,  such  as  fuel  cells  and  batteries.  

The  presence  of  oxygen  vacancies  within the 

pyrochlore lattice facilitates ion mobility, which 

is essential for efficient ionic conductivity [8, 

24]. The concentration of oxygen vacancies can 

be adjusted through doping strategies, with 

specific dopants influencing the energy required 

to form vacancies and, consequently, the 

material’s conductivity and catalytic properties 

[12, 9]. 

For instance, doping the A-site with 

elements like magnesium or lanthanum can 

increase the number of mobile oxygen ions, 

improving ionic conductivity and enhancing the 

material’s performance  in electrochemical 

devices [24]. Likewise, doping the B-site with 

transition metals  can  improve  redox properties, 

making pyrochlores highly suitable for catalytic 

applications such as water splitting and carbon 

dioxide reduction [11]. A deep understanding of 

defect chemistry is therefore critical for 

optimizing the electrochemical and catalytic 

performance of pyrochlore oxides [24]. 

Pyrochlore-based Supercapacitors 

Supercapacitors, with their high power 

density, fast charge-discharge rates, and long 

cycle life, represent an essential energy storage 

technology that bridges the gap between 

traditional capacitors and batteries. The unique 

properties of pyrochlore oxides—such as their 

high surface area, tunable oxygen vacancies, 

and robust redox activity—have made them 

attractive candidates as electrode materials for 

supercapacitors [24, 9]. Pyrochlores can 

accommodate various cations and oxygen 

vacancies, which enhances ion transport and 

charge storage capacity, critical parameters for 

supercapacitor performance [8]. 

Pyrochlore oxides doped with transition 

metals, such as manganese, cobalt, and nickel, 

exhibit remarkable pseudocapacitive behavior, 

which stems from fast surface redox reactions 

and efficient ion diffusion within the electrode 

material. For example, manganese-doped 

pyrochlores exhibit enhanced specific 

capacitance due to their ability to undergo 

multiple redox states, while cobalt-doped 

pyrochlores improve both the electrical 

conductivity and cycling stability of the 

electrodes [14, 5]. These materials outperform 

traditional carbon- based electrodes, delivering 

higher energy densities and superior rate 

capabilities [8]. 

The flexible structure of pyrochlore 

oxides also facilitates the formation of 

interconnected networks of oxygen vacancies, 

which further enhances ionic mobility. This 

contributes to the high performance of 

pyrochlore-based supercapacitors, making them 

ideal for applications requiring rapid energy 

delivery, such as in electric vehicles and grid 

stabilization systems [13, 24]. Additionally, their 

stability and long cycle life make pyrochlores 

highly durable, ensuring consistent performance 

over extended periods of use [6]. 

 

Batteries 

Pyrochlore oxides have also emerged 

as promising candidates for use in battery 

technologies, particularly as electrode materials 

in lithium-ion batteries (LIBs) and sodium-ion 

batteries (SIBs). Their ability to host various 

cations at both A and B sites, combined with 

their inherent oxygen vacancy networks, allows 

for the design of high-energy-density materials 

with enhanced ionic and electronic 

conductivity [7, 6]. 

In LIBs, pyrochlore oxides such as 

Li2Ti2O7 have shown exceptional lithium-ion 
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storage capacity due to their three-dimensional 

structure, which facilitates efficient ion transport 

and diffusion [15]. This structure also enables 

higher charge/discharge rates, improving the 

overall performance of LIBs in high-power 

applications [19]. Additionally, the robustness 

of pyrochlore structures during repeated 

cycling reduces capacity fading, contributing 

to the long-term stability of these materials 

[24]. 

For sodium-ion batteries (SIBs), which 

are gaining traction as cost-effective alternatives 

to LIBs, pyrochlore-based cathodes have 

demonstrated promising results. Sodium-doped 

pyrochlores exhibit enhanced sodium-ion 

intercalation and excellent cycling stability, 

making them strong candidates for large-scale 

energy storage systems [17, 18]. Furthermore, 

the tunable electronic structure of pyrochlores 

allows for the optimization of redox potentials, 

enabling tailored energy  storage  solutions  for  

specific battery applications [8]. 

 

Solid Oxide Fuel Cells (SOFCs) 

Solid oxide fuel cells (SOFCs), which 

convert chemical energy directly into electricity, 

require materials with both high ionic and 

electronic conductivity. Pyrochlore oxides, with 

their defect-rich structure and ability to conduct 

oxygen ions, have become key materials for 

SOFC applications [24, 4]. The incorporation of 

oxygen vacancies within the pyrochlore lattice 

enhances oxygen ion transport, which is critical 

for efficient SOFC operation [12]. 

Doping the B-site with transition metals 

such as cobalt, nickel, or iron further increases 

ionic conductivity, enabling higher power 

densities in SOFCs [1, 21]. Additionally, 

pyrochlore-based materials exhibit excellent 

thermal and chemical stability under the harsh 

operating conditions of SOFCs, such as high 

temperatures and corrosive environments [9]. 

These properties ensure long-term durability, a 

crucial requirement for the commercialization of 

fuel cells in power generation and 

transportation sectors [11]. 

Recent studies have also demonstrated 

that pyrochlores, when used as cathode 

materials, exhibit high oxygen reduction reaction 

(ORR) activity, significantly enhancing fuel cell 

efficiency. This is  primarily attributed to the 

rich oxygen vacancy structure, which facilitates 

the reduction of oxygen at the cathode [9]. 

Furthermore, the scalability and versatility of 

pyrochlore-based materials make them attractive 

for the development of next-generation SOFC 

systems [24]. 

 

Other Energy Storage Devices 

In addition to conventional batteries and 

supercapacitors, pyrochlore oxides are being 

explored for other advanced energy storage 

technologies, such as hybrid capacitors and 

redox flow batteries. Hybrid capacitors, which 

combine the high energy density of batteries 

with the high power density of capacitors, 

benefit from the high electronic and ionic 

conductivity of pyrochlore oxides [6]. These 

materials can act as both energy storage and 

energy conversion systems,  providing superior 

charge/discharge performance and longer cycle 

life compared to traditional materials [24]. 

Furthermore, pyrochlore oxides have 

demonstrated promise in redox flow batteries, 

where their high surface area, structural stability, 

and tunable redox properties allow for efficient 

energy storage and conversion [14]. The 

incorporation of oxygen vacancies and transition 

metal doping further enhances their redox 

reaction efficiency, making pyrochlore materials 

viable candidates for large-scale, grid-level 

energy storage systems [22]. The continued 

research into the integration of pyrochlore oxides 

in diverse energy storage devices is expected to 

lead to new breakthroughs in sustainable energy 

technologies. 

 

III. ENVIRONMENTAL 

APPLICATIONS OF 

PYROCHLORE MATERIALS 
The unique structural and catalytic 

properties of pyrochlore oxides,  particularly  

their  ability  to accommodate a variety of 

cations and oxygen vacancies, have led to their 

extensive exploration in environmental 

remediation. Their high surface area, robust 

thermal stability, and tunable defect chemistry 

make pyrochlores highly efficient in addressing 

key environmental challenges such as pollution 

control, greenhouse gas reduction, and water 

purification [24, 18]. These characteristics 

enable pyrochlore oxides to serve as catalysts for 

the degradation of harmful pollutants and the 

conversion of greenhouse gases into benign 

substances [15]. 

 

Catalytic Reduction of Greenhouse 

Gases 

The mitigation of greenhouse gases, 

particularly carbon dioxide (CO2) and methane 

(CH4), remains a critical environmental 

challenge.  Pyrochlore oxides have been 



 

        

International Journal of Advances in Engineering and Management (IJAEM) 

Volume 6, Issue 09 Sep. 2024,  pp: 204-210  www.ijaem.net  ISSN: 2395-5252 

  

 

 

 

DOI: 10.35629/5252-0609204210         |Impact Factorvalue 6.18| ISO 9001: 2008 Certified Journal      Page 208 

investigated as effective catalysts for the 

reduction and conversion of these gases into 

useful compounds such as methanol or syngas 

through processes like the dry reforming of 

methane (DRM) and photocatalytic CO2 

reduction [13, 15]. Their oxygen vacancy-rich 

structure enhances the adsorption and activation 

of CO2 and CH4 molecules, improving catalytic 

efficiency [17]. 

Ruthenium- and rhodium-doped 

pyrochlores, for instance,  have demonstrated 

excellent catalytic activity in DRM, facilitating 

the conversion of CO2 and CH4 into syngas (CO 

and H2) [23].  The high-temperature stability of 

pyrochlore oxides under harsh reaction 

conditions, along with their resistance to coking 

and sintering, makes them ideal candidates for 

long-term greenhouse gas reduction applications 

[24, 6]. These materials offer significant 

potential for reducing industrial greenhouse gas 

emissions and contributing to global carbon 

capture and utilization strategies. 

 

Water Purification and Wastewater 

Treatment 

Water pollution due to organic 

contaminants and industrial waste is another  

pressing  environmental concern. Pyrochlore 

oxides, particularly those doped with transition  

metals  like  cobalt  and  manganese, have 

demonstrated high photocatalytic activity under 

visible light, making them effective catalysts for 

the degradation of harmful organic pollutants 

such as dyes, pharmaceuticals, and pesticides in 

water [18, 17]. 

The photocatalytic degradation process 

involves the generation of reactive oxygen 

species (ROS) such as hydroxyl radicals (OH
·
) 

and superoxide anions (O2
·
 −), which break 

down complex organic molecules into less 

harmful byproducts [4].  The tunable electronic 

structure of pyrochlores,  particularly their 

bandgap,  allows for efficient absorption of 

sunlight, enhancing their photocatalytic 

performance in environmental remediation 

applications [12]. In addition, the high surface 

area and robust structure of pyrochlores facilitate 

better interaction with pollutants, improving 

their efficacy in water purification systems 

[21]. 

 

Air Purification and Pollutant 

Degradation 

Pyrochlore oxides also play a 

significant role in air purification by 

catalyzing the degradation of volatile organic 

compounds (VOCs) and nitrogen oxides (NOx), 

which are common air pollutants. Their oxygen- 

deficient structure and high thermal stability 

enable efficient catalytic oxidation of harmful 

gases at elevated temperatures, making them 

suitable for use in catalytic converters and 

industrial emission control systems [15, 21]. 

For instance, pyrochlore-based 

catalysts such as La2Co2O7 and Sm2Ru2O7 

have shown strong potential in the catalytic 

oxidation of NOx emissions, a major 

contributor to smog and acid rain [14]. These 

materials facilitate the conversion of harmful 

nitrogen oxides into benign nitrogen (N2) and 

oxygen (O2), helping to reduce environmental 

pollution and improve air quality [9]. 

Moreover, their durability and high catalytic 

efficiency at high temperatures make 

pyrochlore oxides ideal candidates for long-

term air purification applications [6]. 

 

Heavy Metal Removal 

The removal of toxic heavy metals from 

contaminated water and soil is another critical 

environmental application of pyrochlore 

oxides. Their high cation exchange capacity 

and ability to stabilize metal ions within their 

lattice structure make pyrochlore oxides highly 

effective at adsorbing and immobilizing heavy 

metals such as lead (Pb), mercury (Hg), and 

cadmium (Cd) [13, 11]. 

In water treatment plants, pyrochlores 

can be incorporated into filtration systems to  

remove  heavy metals from industrial wastewater 

and prevent environmental contamination. 

Additionally, their stability under varying pH 

and temperature conditions enhances their 

suitability for large-scale water treatment and 

environmental remediation projects [4, 24]. 

Pyrochlore oxides can also be combined with 

other treatment methods, such as ion exchange 

and chemical precipitation, to further improve 

the efficiency of heavy metal removal processes 

[11]. 

 

Future Research Directions 

Looking ahead, there are several 

promising research directions that can further 

enhance the application of pyrochlore materials 

in energy storage and environmental 

technologies: 
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Developing Sustainable and Scalable 

Synthesis Methods 

Future research should prioritize the 

development of sustainable and scalable 

synthesis methods that reduce the environmental 

and economic costs associated with pyrochlore 

production. This could involve the exploration of 

greener processing routes, such as low-

temperature synthesis or solution-based 

techniques, which minimize the use of hazardous 

chemicals and energy consumption [21]. 

Additionally,  efforts  to improve the scalability 

of these methods will be crucial for the large-

scale industrial deployment of pyrochlore-based 

technologies [1]. 

 

Enhancing Durability and Stability 

Improving the long-term stability of 

pyrochlore materials in harsh operational 

environments is another critical area of focus. 

Strategies such as doping, surface passivation, 

and structural reinforcement can be employed to 

enhance the resistance of pyrochlores to 

degradation under high temperatures, acidic or 

alkaline conditions, and electrochemical cycling 

[4, 12]. Additionally, further studies on the 

mechanisms of degradation and failure in 

pyrochlore-based systems will provide valuable 

insights for designing more robust and durable 

materials. 

 

Tailoring Material Properties for 

Specific Applications 

As the applications of pyrochlore 

materials continue to expand, there is a growing 

need for tailoring their properties to meet the 

specific requirements of different technologies. 

For instance, optimizing the electronic and ionic 

conductivity of pyrochlores is essential for 

improving their performance in energy storage 

devices [6], while enhancing their catalytic 

activity and selectivity is critical for 

environmental remediation applications [11]. 

Advanced characterization techniques and 

computational modeling can play a key role in 

guiding the design of pyrochlore materials with 

tailored properties for targeted applications [9]. 

 

Integration with Other Functional 

Materials 

Another promising research direction 

involves the integration of pyrochlore oxides 

with other functional materials to create hybrid 

systems with synergistic properties. For 

example, combining pyrochlore materials with 

conductive carbon nanostructures, metal-organic 

frameworks (MOFs), or other oxides could lead 

to the development of next-generation 

composites with enhanced electrochemical and 

catalytic performance [18]. Such hybrid 

materials could open new pathways for the 

design of multifunctional systems that address 

both energy storage and environmental 

challenges simultaneously. 

 

IV. CONCLUSION 
In conclusion, pyrochlore materials 

represent a highly promising class of 

multifunctional materials with the potential to 

revolutionize energy storage and environmental 

remediation technologies. While significant 

progress has been made, continued research and 

innovation are required to fully realize their 

potential in practical applications. By addressing 

the existing challenges and exploring new 

avenues for material design and synthesis, 

pyrochlore-based systems are well-positioned to 

contribute to the development of sustainable and 

efficient technologies for a cleaner and more 

energy-efficient future. 

 

REFERENCES 
[1]. He, Y. et al. Pyrochlore oxides: Recent 

progress in structural and functional 

aspects. Materials Science, 2011. 

[2]. Subramanian, M. A. et al. Pyrochlores: 

A review of their properties. Progress 

in Solid State Chemistry, 1983. 

[3]. Gardner, J. S. et al. Magnetic 

pyrochlore oxides. Reviews of Modern 

Physics, 2010. 

[4]. Taguchi, M. et al. Electrocatalytic 

activity of pyrochlore oxides for water 

splitting. Electrochimica Acta, 2013. 

[5]. Lang, X. et al. High-performance 

pyrochlore materials for 

supercapacitors. Journal of Power 

Sources, 2019. 

[6]. Gupta, R. et al. Advances in 

pyrochlore materials for energy 

storage. Energy Storage Materials, 

2018. 

[7]. Yang, F. et al. Pyrochlore oxides in 

electrochemical energy storage 

applications. Nano Energy, 2017. 

[8]. Huang, W. et al. Structural tuning of 

pyrochlore oxides for enhanced energy 

storage properties. Materials Today, 

2020. 

[9]. Zhang, X. et al. Doping strategies in 

pyrochlore oxides for energy 

applications. Solid State Ionics, 2016. 



 

        

International Journal of Advances in Engineering and Management (IJAEM) 

Volume 6, Issue 09 Sep. 2024,  pp: 204-210  www.ijaem.net  ISSN: 2395-5252 

  

 

 

 

DOI: 10.35629/5252-0609204210         |Impact Factorvalue 6.18| ISO 9001: 2008 Certified Journal      Page 210 

[10]. Jain, A. et al. Compositional 

flexibility of pyrochlores for energy 

storage. Materials Research Bulletin, 

2015. 

[11]. Han, Z. et al. Catalytic applications of 

pyrochlore oxides in water splitting. 

Journal of Catalysis, 2016. 

[12]. Miao, J. et al. Electrocatalysis of 

pyrochlore oxides for oxygen reduction 

reactions. Electrochimica Acta, 2017. 

[13]. Xu, T. et al. Pyrochlore oxides as 

catalysts for carbon dioxide reduction. 

Applied Catalysis B: Environmental, 

2014. 

[14]. Luo, Y. et al. Environmental 

applications of pyrochlore oxides for 

pollutant degradation. Environmental 

Science and Technology, 2019. 

[15]. Rahman, M. et al. Pyrochlore materials 

for greenhouse gas reduction. Journal 

of Environmental Science, 2020. 

[16]. Gao, Y. et al. Photocatalytic 

degradation of organic pollutants using 

pyrochlore oxides. Catalysis Today, 

2018. 

[17]. Liu,  X.  et  al.  Electrocatalytic  

properties  of  pyrochlore  materials  

in  environmental  applications. 

Environmental Catalysis, 2016. 

[18]. Guo, H. et al. Pyrochlore oxides for 

sustainable environmental remediation. 

Chemosphere, 2019. 

[19]. Chen, Z. et al. Challenges and 

opportunities in pyrochlore synthesis 

for industrial applications. Advanced 

Materials, 2020. 

[20]. Tan, R. et al. Scalability and material 

efficiency in pyrochlore synthesis. 

Journal of Materials Chemistry, 2021. 

[21]. Wang, J. et al. Advances in sol-gel 

synthesis of pyrochlore oxides for 

energy and environmental 

applications. Materials Chemistry and 

Physics, 2018. 

[22]. Niu, X. et al. Hydrothermal synthesis 

of pyrochlores for multifunctional 

applications. Journal of Solid State 

Chemistry, 2022. 

[23]. Ni, X. et al. Ruthenium-doped 

pyrochlores for methane dry 

reforming:  Efficient syngas 

production. Catalysis Science & 

Technology, 2021. 

[24]. Feng, Q., et al. An effective strategy to 

tune the oxygen vacancy of pyrochlore 

oxides for electrochemical energy 

storage and conversion systems. 

Chemical Engineering Journal, 2020. 

 


