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1. Introduction  
The oxygen reduction reaction (ORR) plays a critical role in energy conversion systems such as fuel cells and 
metal-air batteries. In conventional proton exchange membrane fuel cells (PEMFCs), platinum (Pt) 
nanoparticles supported on carbon are extensively used as catalysts to accelerate reaction kinetics. However, 
the slow kinetics of ORR necessitate high Pt loading, significantly increasing costs and hindering commercial 
viability. Moreover, Pt-based catalysts face challenges such as CO poisoning, particle aggregation, and 
degradation, reducing their long-term stability1-3. To address these limitations, research has focused on 
alternative catalysts that do not rely on noble metals but still exhibit high catalytic activity, durability, and cost-
effectiveness4-7. Non-precious metal nanocatalysts (NPMNs), particularly those derived from MOFs, have 
demonstrated promising results due to their high surface area, well-defined porosity, and tunable composition. 
MOFs serve as excellent precursors for NPMNs, allowing precise control over catalyst morphology and 
composition through controlled pyrolysis as depicted in figure 1. 
 

 

Abstract Metal-organic frameworks (MOFs) have garnered significant attention due to their adaptability 
and versatility in various applications such as gas adsorption, energy storage, and catalysis. One of their 
emerging applications is in the development of efficient electrocatalysts for the oxygen reduction reaction 
(ORR), owing to their highly tunable structures, large surface area, and controllable porosity. This paper 
explores the synthesis of non-precious metal nanocatalysts derived from MOFs, focusing on both metal-
free and metal-incorporated carbonaceous materials used for ORR electrocatalysis. The study highlights 
the challenges associated with MOF-derived catalysts, examines various strategies for improving catalytic 
efficiency, and provides insights into the future directions of MOF-based materials in energy conversion 
technologies. 
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Figure 1. Various types of metal organic framework (MOF) for Non-Precious Metal nanoporous 
materials (NPMNs) electro Catalysts for oxygen reduction in fuel cell. 

This paper provides a brief overview of the development of metal-organic framework-derived nanoporous 
materials (NPMNs) for Oxygen Reduction Reaction (ORR). 
 
2. MOF-Derived NPMNs for ORR. Oxygen Reduction Reaction can proceed via two pathways: the direct four-
electron pathway, leading to water formation, or the two-electron pathway, which produces hydrogen peroxide 
as an intermediate as shown in figure 2. Efficient catalysts promote the four-electron pathway due to its higher 
energy efficiency and reduced byproduct formation. The primary requirements for effective ORR catalysts 
include abundant active sites, high conductivity, and structural stability. 
 

 

 
 
MOFs, with their customizable structure, serve as ideal templates for designing catalysts with desired 
properties. By selecting appropriate metal centers, organic linkers, and synthesis conditions, researchers can 
fine-tune the electronic structure, surface area, and porosity of the final nanocatalysts. MOF-derived NPMNs 
can be broadly classified into metal-free carbonaceous materials and metal-incorporated catalysts, each 
offering unique advantages for ORR electrocatalysis. 
 
3. MOF-Derived Metal-Free Carbon Nanocatalysts. Metal-free nanocatalysts derived from MOFs have 
emerged as promising candidates for ORR due to their high conductivity and resistance to metal leaching. The 
incorporation of heteroatoms such as nitrogen (N), sulfur (S), and phosphorus (P) into the carbon framework 
enhances catalytic activity by modulating charge distribution and electronic structure.8 
For instance, nitrogen-doped porous carbons derived from MOFs exhibit high ORR performance due to the 
presence of pyridinic and graphitic nitrogen, which facilitate oxygen adsorption and electron transfer. The 
synthesis process involves selecting MOFs with volatile metal centers such as Zn or Mg, followed by high-
temperature pyrolysis to remove metal species while preserving the porous structure. The resulting carbon 
materials exhibit high surface area, improved conductivity, and increased active site density, making them 
suitable candidates for ORR electrocatalysis9. 
 

Figure 2. Oxygen reduction pathway 
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4. MOF-Derived Metal-Incorporated Nanocatalysts. In addition to metal-free catalysts, metal-containing 
NPMNs offer superior ORR activity due to the presence of transition metal sites (e.g., Fe, Co, Ni) embedded 
within a carbon matrix. These metal sites act as active centers for oxygen adsorption and reduction, significantly 
enhancing catalytic performance.10,11 

One widely studied approach involves using bimetallic MOFs to create catalysts with synergistic effects 
between different metal species. For example, figure 3 illustrates the Zn-Co MOFs have been employed to 
synthesize Co-N-C catalysts, where Zn acts as a sacrificial template to control porosity while Co provides active 
sites for ORR12. 

 
Figure 3. Design of bi-MOF self-adjusted synthesis of Co−N−Cx. (a) Construction of Zn/Co bi-MOF 

ZnxCo1−x(MeIM)2. (b) Carbonization of the Zn/Co bi-MOF to produce Co−N−C-x without any additional 
procedures and during carbonization Zn evaporation occurs12. (MeIM is 2- methylimidazole, and x 

indicates the molar ratio of Zn in the initial bi-MOF). Reproduced with permission. Copyright 2015, American 
Chemistry Society. 

 
Similarly, Fe-based catalysts exhibit excellent catalytic activity due to the formation of Fe-N-C structures, which 
mimic the active sites of natural enzymes involved in oxygen reduction.13  
 
5. Structural and Compositional Optimization for Enhanced ORR Performance. To further enhance the 
catalytic efficiency of MOF-derived NPMNs, researchers have explored various strategies, including: 

• Heteroatom Doping: Incorporating elements such as B, P, and S alongside N to modulate the electronic 
structure and enhance active site distribution14. 

• Core-Shell Structures: Encapsulating metal nanoparticles within carbon shells to prevent aggregation and 
improve stability. 

• Hierarchical Porous Architectures: Designing multi-scale porosity to facilitate rapid mass transport and 
electron transfer15. 

• Single-Atom Catalysts: Isolating single metal atoms within a carbon framework to maximize atomic 
utilization and catalytic efficiency16. 

 
These design strategies play a crucial role in improving ORR performance by optimizing active site exposure, 
electron transport, and structural integrity. 
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6. Future Perspectives and Challenges Despite the significant progress in MOF-derived NPMNs, several 
challenges remain. The structural degradation of porous materials under harsh electrochemical conditions, 
limited long-term stability, and the need for scalable synthesis methods pose barriers to commercialization. 
Future research should focus on: 

• Developing Conductive MOFs: Exploring intrinsically conductive MOFs to eliminate the need for post-
pyrolysis treatment17. 

• Enhancing Stability in Acidic Media: Designing corrosion-resistant catalysts to extend durability in fuel 
cell environments. 

• Integrating Theoretical and Experimental Approaches: Utilizing computational modelling to predict 
optimal catalyst structures and guide experimental synthesis. 

 
By addressing these challenges, MOF-derived catalysts could play a pivotal role in advancing clean energy 
technologies and reducing reliance on precious metals. 
7. Conclusion MOF-derived non-precious metal nanocatalysts represent a promising avenue for the 
development of efficient, low-cost ORR electrocatalysts. Their tunable structure, high surface area, and 
customizable composition provide significant advantages over conventional catalysts. Through continued 
research into material design, synthesis optimization, and stability enhancement, MOF-based catalysts could 
revolutionize energy conversion technologies and contribute to the widespread adoption of sustainable fuel 
cells. 
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