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Abstract 

Transition metal–nitrogen–carbon (M-N-C) catalytic materials are widely considered the most promising non-Pt metal for 

oxygen reduction reaction (ORR), they are extensively studied as potential electrocatalysts in energy conversion and storage 

devices like fuel cells. The ORR is a critical reaction that significantly impacts the performance and efficiency of these devices. 

Recently, tremendous researches have been made to obtain high-performance M-N-C catalysts. This review article provides 

insights into the mechanism of the O2 reduction reaction, offering insights that are crucial for designing effective catalysts. It 

also provides a detailed account of the recent progress in the synthetic methods, which are pivotal for tailoring the structure and 

properties of M-N-C materials. The article also examines different transition metal - nitrogen - carbon species, the choice of 

transition metal and its coordination environment significantly influence the electronic structure and catalytic activity. 

Furthermore, it highlights approaches to enhance the catalytic activity of M-N-C catalysts, these strategies aim to optimize the 

active sites and improve electron transfer, thereby boosting ORR performance. Finally, several key factors must be solved to 

create efficient and robust electrocatalysts are summarized briefly. 
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1. Introduction 

Owing to the constant increase in the demand for energy 

worldwide and severe environmental concerns, 

high-performance energy conversion and storage technolo-

gies with low cost have attracted immense attention [1-6]. 

Among the leading approaches under consideration, fuel cells 

have gained immense popularity as one of the leading clean 

energy technologies, owing to their ability to efficiently 

convert hydrocarbon fuels directly into electrical energy 

through cathodic O2 reduction reaction (ORR) and anodic H2 

oxidation reaction (HOR), with H2O as the only by-product [4, 

7]. 

However, the slow ORR rate at the cathode, approximately 

five orders of magnitude lower in comparison to that of the 

HOR at the anode, severely limits the efficiency of the fuel 

cell [8-10]. Therefore, the development of electrocatalysts to 

boost the slow kinetics of ORR holds great significance in fuel 

cells [11]. Traditionally, Pt has been considered the most 

commonly used and effective ORR catalyst [12, 13]. However, 

the limited reserves and high cost of Pt have severely re-

stricted the application of Pt-based catalysts for large-scale 

production of fuel cells [14-16]. According to the World 

Platinum Investment Council, the platinum market recorded a 
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922,000 - ounce deficit in 2024 and is forecast to have a 

966,000 - ounce deficit in 2025, representing about 12% of 

global demand. This persistent deficit threatens to deplete 

above - ground inventories within three years. In 2025, above 

- ground platinum stocks fell to 2.1 million ounces, down 25% 

from 2022 levels. Thus, numerous studies have investigated 

non-platinum metal materials as ORR cathode catalysts al-

ternative to Pt-based catalysts [17-19]. 

Among the non-Pt metal catalysts for ORR, the transition 

metal (Mn, Co, Fe) and N-codoped carbon material (M-N-C) 

catalysts are considered the most promising candidates. Thus, 

they have been investigated extensively as potential electro-

catalysts. Ever since M-N-C materials were first proven to 

catalyze ORR activity in the 1960s, later on, more and more 

researchers synthesized and studied the M-N-C catalysts. The 

advantages of M-N-C catalysts are comparable to noble met-

als, such as low cost, high activity, availability of a wide 

variety of precursor materials, and comparable catalytic ac-

tivity [20-22]. However, to date, the activity of the commer-

cial Pt/C ORR catalysts is still superior to the vast majority of 

M-N-C catalysts, due to their much lower intrinsic activity, 

needing a much higher loading of M-N-C catalysts to achieve 

a comparable level of activity to that of the Pt/C catalysts. 

Therefore, numerous recent studies have focused on devel-

oping high-efficiency M-N-C catalysts [23-26]. Precise con-

trol and carefully designed strategies are required to obtain 

excellent M-N-C catalysts and further bring their performance 

closer to that of the commercial Pt/C ORR catalysts. Also, an 

improved understanding and in-depth knowledge of the active 

sites is crucial for developing high-efficiency M-N-C cata-

lysts. 

This review article offers an overview of the recent ad-

vances in M-N-C ORR catalysts. The ORR mechanism has 

been introduced first, followed by a summary of the synthetic 

methods, transition M-N-C species, and methods for en-

hancing the catalytic activity of catalysts based on these 

composites. Finally, several key factors must be solved to 

create efficient and robust electrocatalysts has also been pre-

sented. 

2. Introduction of the ORR Mechanism 

Generally, the ORR reaction on the cathode, can proceed 

via two pathways (As shown in Figure 1 [27]): a 4-electron 

pathway and a 2-electron pathway, distinguished with pH of 

the electrolyte and electrode material. 

In alkaline or neutral electrolyte, the reaction mechanism is 

as follows [28]: 

4-electron pathway: 

O2 + 2H2O + 4e-→ 4OH- E = 0.401 V 

2-electron pathway: 

O2 + H2O + 2e-→ HO-
2+ OH- E = −0.065 V 

HO-
2+ H2O + 2e-→ 3OH- E = −0.065 V 

2HO-
2→ 2OH-+ O2 

In acidic electrolyte, the reaction mechanism is as follows: 

4-electron pathway: 

O2 + 4H+ + 4e- → 2H2O E = 1.229 V 

2-electron pathway: 

O2 + 2H+ + 2e- → H2O2 E = 0.695 V 

H2O2 + 2H+ + 2e-→ 2H2O E = 1.770 V 

2H2O2 → 2H2O + O2 

Oxygen is directly converted to OH- (in an alkaline solution) 

or H2O (in an acidic solution) in the 4-electron pathway. 

However, O2 is initially reduced to H2O2 in a 2-electron 

pathway, followed by the transformation from H2O2 into H2O 

by the adsorption of another two electrons in an acid elec-

trolyte. In alkaline or neutral electrolyte, O2 is first reduced to 

HO2
-, which is then converted into OH-. The direct 4e transfer 

pathways generate two H2O or OH-, while 2e transfer path-

ways generate H2O2 which definitely cause damage to the 

proton exchange membrane and the catalysts, therefore, the 

direct 4e transfer pathway is preferred in fuel cells. [28, 29]. 

 
Figure 1. The structure cathode in proton exchangge membrance 

fuel cells (PEMFCs) and ORR pathways on the cathode [27]. 

However, the ORR is inevitably carried out via the 

two-electron pathway or the parallelism of the 2-electron and 

4-electron pathways on the electrode surface. This is linked to 
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many factors, including defects, the density of active sites, 

and the distance between particles. So, a better solution is to 

develop high-efficiency catalysts. The M-N-C catalysts have 

gained immense attention due to their high ORR activity 

compared to other class alternatives. 

3. The Synthetic Methods 

The physical properties (such as density of active sites, 

electronic conductivity, hydrophilicity, and porosity) and 

chemical properties (i.e., surface-specific catalytic activity) of 

the M-N-C catalysts play a vital role in fuel cell electrodes. 

The synthetic process strongly affects the chemical and 

physical characteristics of these catalysts. Hence, a lot of 

work has been done to develop an effective catalyst based on 

different synthetic methods. Common methods include Py-

rolysis, Deposition, Metal-Organic Frameworks Derivative, 

and so on. 

Pyrolysis is a popular and easy-to-conduct approach for 

developing M-N-C catalysts. For instance, a highly efficient 

Fe-N-C catalyst was developed by Ren et al. by employing a 

novel precursor, adenosine [30]. As shown in Figure 2, 

adenosine (a) was used as the precursor. Fe-N-C nanotubes (c) 

were prepared firstly at 800°C, which were then ground into 

powder and stirred with 0.5 M H2SO4 at 80°C for 10 h, fol-

lowing the second pyrolysis under argon at 800°C for 3 h to 

synthesize the required Fe-N-C sample (d), which exhibited a 

high ORR electrocatalytic activity. As depicted in Figure 3, 

under moderate catalyst loading (2mg/cm2), the maximum 

power density value of Alkaline polymer electrolyte fuel cells 

(APEFCs) with the Fe-N-C as cathode exceeded 450 

mW/cm2. 

 
Figure 2. Schematic diagram illustrating the preparation method of Fe-N-C nanotubes derived from adenosine [30]. Scale bars: b, c, d = 200 

nm; e = 50 nm. 

  
Figure 3. Single-cell performance of APEFCs (a: various Fe-N-C loadings; b: Fe-N-C catalysts synthesized at various temperature values) 

[30]. 

It is worth noting that studies using the pyrolysis method 

have found the aggregation of metals during pyrolysis. To 

prevent the aggregation of metals, many methods are added to 

the pyrolysis process. One of the typical methods is to add the 
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template method which can be used to adjust the morphology 

and structural properties during the pyrolysis process or 

etching process after precursor pyrolysis. For instance, Liang, 

et al. [31] used SiO2 as hard templates template to prepare 

mesoporous Co-N-C catalyst. The most active mesoporous 

catalyst (VB12/silica colloid) displayed significant ORR 

activity (with a half-wave potential (E1/2) equal to 0.79 V), 

outstanding electrochemical stability under acidic media (see 

Figure 4), and high selectivity (exhibiting an electron transfer 

number > 3.95). The remarkable ORR efficiency of the 

mesoporous catalysts was mainly attributed to introduce the 

hard template, forming a unique mesoporous structure, which 

increases the specific surface area of the material (as high as 

572 m2 /g) and fully exposes the active site inside the material. 

 
Figure 4. (a) The measured ORR polarization curves for VB12/Silica colloid in O2-saturated electrolyte. (b) Under O2 conditions, E1/2 of 

VB12/Silica colloids, VB12/C, and Pt/C catalysts shift negatively with increasing number of repeated CV runs. [31]. 

Chu, H. and co-workers [32] fabricated a high-efficiency 

Fe-N-modified carbon nanofiber (CNF) catalyst using a tem-

plate method with SiO2-coated shells, as illustrated in Figure 5. 

The SiO2-protected shells played a crucial role during the 

pyrolysis process by preventing the migration of Fe ions, 

thereby facilitating the development of highly active Fe-Nx 

sites via the growth of inorganic Fe-based nanoparticles. This 

method resulted in the creation of hierarchical, porous CNF 

catalysts with a surface area (SA) equal to 941 m2 g-1. Such 

structural features led to excellent ORR efficiency of 

p-Fe-N-CNFs in 0.1 M HClO4, achieving an E1/2 value equal 

to 0.74 V (vs. RHE) and 4-electron transfer between 0.2 and 

0.4 V. Moreover, the kinetic current density (JK) of the catalyst 

at the E1/2 was 6.29 mAcm-2. Besides SiO2, nano-ferric nitrate 

crystals [33] and Pluronic F127 [34] can also be utilized as 

templates to synthesize M-N-C electrocatalysts. 

 
Figure 5. Schematic representation illustrating the preparation processes of CNFs of the unprotected Fe-N-CNFs (without SiO2, labeled as up- 

Fe-N-CNFs) and protected (p-Fe-N-CNFs) catalysts. [32]. 
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Figure 6. The synthesis approach used for the Fe–N–C/VA-CNT 

composite. [35]. 

Deposition is a conventional strategy for controlling the 

film thickness, active site distribution, consistency, and con-

tact uniformity of nanomaterials. Satoshi Yasuda et al. [35] 

utilized chemical vapor deposition (CVD) to produce 

Fe-coordinated, N2-rich nanographene (Fe-N-C) materials by 

adsorbing the pyrolysis products of Fe phthalocyanine (FePc) 

onto vertically-aligned carbon nanotubes (VA-CNTs). 

Through the direct combination of VA-CNTs and FePc, the 

authors obtained nanocatalysts with the active sites wrapped 

within the carbon nanotube structure (Figure 6). The 

as-prepared samples displayed an outstanding ORR efficiency, 

providing onset potential (Eonset) and E1/2 values equal to 0.97 

V and 0.79 V (vs. RHE) in an O2-saturated 0.5 M sulfuric acid, 

respectively. 

Jiang et al. [36] developed a microporous 

M/N-MCN@CNT catalyst using CVD by pyrolyzing mela-

mine. The resulting samples had a hierarchically porous 

structure with a large SA (519 m2/g), good electrical conduc-

tivity, low charge transfer resistance, and strong ORR activity. 

Similarly, Ximing Qu [37] deposited FeCl2 into the pores of 

mesoporous Fe-N-C composite, creating numerous sin-

gle-atom Fe-Nx active centers on the surface of the electro-

catalyst (see Figure 7). This led to excellent ORR efficiency 

and stability at low pH, achieving E1/2 and JK values equal to 

0.84 V and 31.02 mA/cm2 at a potential of 0.8 V, respectively. 

This performance matched the highest-performing Fe-N-C 

and commercial Pt/C catalysts (refer to Figure 8). 

 
Figure 7. Synthesis scheme for preparing the Fe-N/C–meso-evap composite [37]. 

  
Figure 8. (a) Chronoamperometric tests of 20% Pt/C-JM and developed Fe-N-C catalyst (0.80 V vs. RHE, rotation speed: 200 rpm); (b) 

methanol resistance test of 20% Pt/C-JM and new Fe-N-C composite [37]. 
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In addition to the CVD methods mentioned before, careful 

selection and regulation of reaction precursors is another 

effective approach to produce M-N-C materials with excellent 

ORR properties. Xinfu He et al. [38] developed 

high-performance F-N/ FeCoNC900 catalysts by co-doping N, 

F, and Fe atoms onto zeolitic imidazolate framework ZIF-67 

without using any noble metals. The resulting materials 

achieved an optimal balance of specific SA, porosity, graphi-

tization degree, and active site content. The catalysts demon-

strated outstanding ORR performance, with a high Eonset equal 

to 0.97 V, an E1/2 equal to 0.87 V, and a limiting current den-

sity (JL) equal to 5.7 mA/cm2, exceeding the performance of 

reference Pt/C catalysts (0.95 V, 0.85 V, and 5.3 mA/cm2, 

respectively) (Figure 9). Additionally, the catalyst exhibited 

favorable reversibility in electrocatalytic O2 reactions (ΔE = 

0.63 V). 

Qu Xi-Ming and colleagues [39] developed Co-N-C com-

posites by carefully adjusting the relative amounts of reactants 

in MOF matrix. The resulting catalysts featured a combina-

tion of highly ordered graphitic CNTs and densely anchored 

Co-N4 active centers. This unique structure gave the 

Co-N-C-1/4.4 catalyst (Figure 10) remarkable ORR activity 

(E1/2 = 0.781 V, JK@0.80 V = 2.25 mA/cm2) and good stability, 

with only a 10 mV decay of E1/2 after 30,000 repeated runs. 

Moreover, Co-N/C-1/4.4 delivered an ultra-high maximum 

power density (Pmax) equal to 0.49 W cm-2 in a hydrogen-air 

environment at 1 bar when employed as a cathode material in 

a fuel cell (Figure 11). 

 
Figure 9. Schematic diagram of the F-N/FeCoNC900 preparation. [38]. 

 
Figure 10. Synthesis scheme leading to Co-N-C-1/4.4 composite [39]. 

 
Figure 11. (a) The efficiency of Co-N-C-1/4.4 catalyst, and (b) The comparison of the Pmax of this catalyst with other, structurally similar 

M-N-C composites applied in PEMFCs [39]. 
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4. M–N-C ORR Catalysts 

The earliest understanding of transition M-N-C compo-

sites dates back to 1964 when, in a study by Jasinski et al. 

[40], it was found that Co phthalocyanine exhibits some 

ORR activity. Since then, researchers have discovered that 

the heat treatment of various coordination compounds with 

different central metal ions, such as Mn, Ni, Co, and Fe in a 

complex with macrocyclic organic ligands, is an effective 

approach for enhancing the catalytic efficiency and ro-

bustness of these composites [41-43]. Among the wide 

variety of M-N-C electrocatalysts studied for ORR, 

Co-N-C and Fe-N-C are the most popular and have proven 

to be the most effective, Co-N-C and Fe-N-C reduce O2 

into H2O through a four-electron mechanism and are con-

sidered a promising replacement for noble metal catalysts 

in PEMFCs. 

4.1. Fe–N-C ORR Catalysts 

In the past few years, numerous Fe-N-C composites have 

been developed, with some performing similarly to commer-

cial 20 wt% Pt/C. Due to their excellent catalytic properties, 

Fe-N-C catalysts hold promise as potential replacements for 

noble metal catalysts in ORR applications. A highly active 

Fe-N-C composite was prepared in a study by Ren et al. [30] 

using adenosine as the source of nitrogen atoms. The sol-

vothermal process induced the polymerization of this pre-

cursor, and the final catalyst was obtained by complete car-

bonization via pyrolysis. The synthesized Fe-N-C nanotubes 

displayed a high content of surface nitrogen atoms (8% of N 

relative to C), along with the excellent dispersion of active 

sites on the nanotube walls. Further experiments revealed that 

the Fe-N4 clusters are the catalytic sites for ORR. The catalyst 

demonstrated ORR activity that matched reference Pt catalyst, 

along with superior stability in alkaline solutions (Figure 12). 

 
Figure 12. The electrocatalytic efficiency of the Fe-N-C composite in alkaline solutions and comparison with the reference Pt/C catalyst. [30]. 

An Fe-N-C catalyst was developed by Wang et al. [44], 

which comprised uniformly distributed Fe and N sites bonded 

to the ultrathin 2D graphene layer, as illustrated in Figure 13. 

During the pyrolysis process, adding a water-soluble surfac-

tant, F127, restrained the agglomeration of iron nanoparticles 

while accelerating the generation of Fe-Nx active centers. The 

ultrathin 2D structure allowed better exposure of the Fe-Nx 

active sites, maximizing their catalytic potential. Due to the 

well-dispersed Fe-Nx species and the ultrathin nanostructure, 

the F127-assisted Fe-N-C catalyst displayed enhanced ORR 

activity in alkaline media, with a 4-electron transfer pathway 

and an E1/2 value equal to 0.85 V, which is 0.04 V above that 
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of 20 wt% Pt/C (Figure 14). 

 
Figure 13. Illustration of the preparation and ORR catalytic mechanism of the Fe-N-C composite. [44]. 

 
Figure 14. LSV profiles of the selected materials, and the compari-

son of their electrocatalytic activities in alkaline solution with the 20 

wt% Pt/C. [44]. 

A high-porosity Fe-N-C catalyst material was synthesized 

by Patrick Teppor et al. [45] using hydroxyapatite (HA) as a 

solid template to introduce essential meso- and microporous 

structures (10-3000 nm). By conducting the pyrolysis at 

1000°C and incorporating HA along with ZnCl2 as a mi-

cropore-forming agent, the researchers were able to facilitate 

the generation of active centers. The prepared catalyst exhib-

ited excellent ORR efficiency, achieving an E1/2 value equal to 

0.87 V. In AEMFC tests, the HA-templated catalyst per-

formed comparably to the commercial Fe-N-C catalysts, 

achieving a Pmax value equal to 1.06 W/cm2 (Figure 15). 

 
Figure 15. Illustration of the Fe-N-C electrocatalyst preparation (a) and single-cell performance in AEMFC test (b)[45]. 
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4.2. Co-N-C ORR Catalysts 

In addition to the Fe-N-C catalysts, Co-N-C composites 

have recently gained considerable popularity as another im-

portant type of M-N-C catalyst for ORR. Liu et al. [46] syn-

thesized a 3D porous, nanostructure material using Co nano-

particles (NPs) embedded within nitrogen-modified 

macroporous carbon (Co/N-MC) through a two-step process 

involving precursor preparation followed by calcination. The 

resulting material demonstrated excellent ORR activity, 

thanks to its unique porosity, high amount of N atoms, and 

uniform distribution of Co NPs. 

Xiaochang Qiao [47] introduced an affordable and 

eco-friendly method to prepare Co and N co-modified gra-

phene-CNT aerogel (Co-N-GCA) as an ORR electrocatalyst. 

The prepared catalyst featured a hierarchical meso- and 

macropores (Figure 16) with numerous active sites, promot-

ing electron transfer and oxygen molecule diffusion. In terms 

of ORR activity, this catalyst outperformed 20 wt.% Pt/C 

catalyst in an alkaline media, showing a more positive Eonset 

and a higher JL value. Moreover, the catalyst demonstrated 

outstanding stability. 

 
Figure 16. (a, b) The obtained SEM images for Co-N-GCA, with a macroscopic image of the synthesized aerogel given as inset in (a). [47]. 

Similar to the synthesis method described in [46], Yanghua 

He [48] reported a surfactant-aided MOF method to form a 

novel type of well distributed Co-N-C@F127 catalyst with a 

core shell morphology. This method allowed confined and 

more effective pyrolysis, leading to controllable synthesis of 

higher number of Co-N4 sites uniformly dispersed on MOF 

support material. The developed Co-N-C@F127 catalyst 

displayed improved ORR activity even at low pH, with an E1/2 

value equal to 0.84 V (vs. RHE). DFT calculations revealed 

that the CoN2+2 sites favor the 4-electron mechanism of ORR. 

Using the developed catalyst as the cathode in PEMFCs, the 

authors found that the device exhibits an excellent early-stage 

performance yielding a Pmax of 0.87 W/cm2 combined with 

good durability (Figure 17). 

 
Figure 17. A comparison of the fuel cell parameters of the Co-N-C@F127 and Fe-N-C composites in the durability experiments. [48]. 
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A high-efficiency Co-N-C composite was developed by 

Ruixiang Wang et al. [49] through pyrolysis of Co-modified 

ZIF-8 particles in a one-step process. These particles were 

in-situ synthesized on KJ600 carbon black with high surface 

area (SA). The porosity and large SA of KJ600 aided the 

spatial separation of ZIF-8 particles, which minimized their 

agglomeration during pyrolysis. This contributed to the de-

velopment of large number of active sites with Co-N coordi-

native bonds. In H2-O2 PEMFC tests that utilized 

CoNC@KJ600 as the cathode, a significant Pmax 0.92 W/cm2 

was obtained, which matches that of reference Fe-N-C mate-

rials (Figure 18). 

 
Figure 18. (a) ORR polarization plots for Co-NC and CoNC@KJ600 materials. (b) Cell performance of H2-O2 PEMFCs utilizing two co-

balt-based catalysts. [49]. 

Lin Zhang [50] reported a novel method to prepare Co-NC 

catalysts starting from metal-containing cellulosic PILs, 

yielding materials with a low coordination number of metal 

ions in the active site and abundant pores with various sizes. 

Among several prepared materials, Co-N-C-850 displayed the 

highest Eonset value, equal to 0.827 V, and an E1/2 value equal 

to 0.74 V for ORR in an alkaline solution, which was similar 

to 20 wt% Pt/C (0.833 V and 0.71 V, respectively). Four 

electrons participated in the ORR mechanism, resulting in low 

H2O2 yield along with long-term stability. 

Using solvent effect modulation, Lingfeng Li et al. [51] 

obtained a Co-N-C composite with a high abundance of pyr-

idinic N atoms (43.7% Npy) and a large number of active sites 

accessible for ORR. Thanks to the synergism between the Npy 

and well-defined Co-Nx sites, the best-performing Co-N-C 

catalyst showed superior ORR efficiency, with Eonset and E1/2 

values equaling 0.915 V and 0.785 V in acidic environments, 

respectively. These values are comparable to the high-

est-performing PGM-free catalysts reported so far. DFT cal-

culations further confirmed that the interaction between the 

Npy and Co-Nx optimized the ORR activity (Figure 19). Alt-

hough significant advancements have been achieved in 

M-N-C ORR catalysis, additional studies are necessary to 

obtain electrocatalysts with improved performance. 

 
Figure 19. (a) ORR polarization plots at a rotation rate equal to 900 rpm. (b) The obtained Eonset and E1/2 values for various Co-N-C cata-

lysts [51]. 
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4.3. FeCo-N-C ORR Catalysts 

The development of porous, N-doped catalysts based on 

two metal ions is a feasible approach for improving the ORR 

efficiency of the M-N-C composites. For instance, Xiang et al. 

[52] synthesized a novel class of bimetal-, N-co-modified 

mesoporous carbon composites (FeCo-N-C-800) prepared via 

a facile hydrothermal procedure, as illustrated in Figure 20. 

The resulting electrocatalyst exhibited a remarkable ORR 

activity comparable to Pt/C, with a positive Eonset (0.94 V), 

E1/2 equal to 0.85 V (measured against RHE), and a high JL 

value equal to 5.94 mA/cm2 at high pH. Moreover, the de-

veloped catalysts exhibited remarkable resistance and stabil-

ity to methanol. This excellent ORR activity was ascribed to 

the mesoporous structure, synergism of various active centers, 

appropriate nitrogen doping, and a high electrical conductiv-

ity of base material. 

 
Figure 20. Illustration of the synthesis scheme for FeCo-N/C-800 catalyst. [52]. 

Silver Juvanen et al. [53] developed a novel FeCo-N-C 

composite through a straightforward single-step pyrolysis. In 

this study, rapeseed press cake was used as the organic pre-

cursor, Co and Fe salts served as the metal sources, and di-

cyandiamide provided nitrogen atoms. Following acid treat-

ment, the resulting bimetallic Fe-Co catalyst (FeCoNCR-a) 

displayed a high Eonset value equal to 0.95 V and an E1/2 value 

equal to 0.81 V in ORR tests conducted in 0.1 M potassium 

hydroxide. These values match those of reference Pt/C (Eonset 

= 0.97 V, E1/2 = 0.83 V). Moreover, when used as the cathode 

in AEMFC, the bimetallic catalyst achieved a Pmax of 131 

mW/cm2, demonstrating moderate performance. 

5. Methods for Improving Catalytic 

Activity of M-N-C (M = Mn, Co, Fe) 

In recent years, a wide variety of M-N-C materials have 

been reported, with much of the research focusing on under-

standing the active sites and optimizing nanostructures. In 

these materials, metal-nitrogen (M-Nx) sites within the car-

bon matrix are believed to be the most crucial for catalyzing 

the ORR [54-57]. The most recently developed M-N-C cata-

lysts feature high SA and porosity, hierarchical pore structures, 

densely packed active sites, and high intrinsic activity. 

For example, Fu and co-workers [58] introduced a tech-

nique for creating a Fe-N-C composite with a high density of 

active sites and well-developed micro/mesoporous structures 

by using NH4Cl as a porogen. According to DFT calculations, 

the pore edges enhance the intrinsic activity of Fe-N4 con-

figuration. With its large number of active centers and exten-

sive mesopores, this catalyst demonstrated remarkable ORR 

efficiency in PEMFC, providing a Pmax value equal to 0.43 

W/cm2 under H2-air conditions. The authors presented a new 

strategy to boost ORR activity by manipulating the edges of 

Fe-N4 clusters. 

More recently, a Fe-N-C catalyst was developed in a study 

by Sun et al. [59] using a carboxylate-assisted method and a 

ZIF-8 precursor. The resulting catalyst showed a large con-

centration of available active sites, entangled carbon nano-

tubes (CNTs), and improved mesoporosity. In PEMFC tests, 

the optimized Fe-N-C material achieved a Pmax of 1.33 

W/cm2 under H2-O2 conditions (Figure 21). This high per-

formance was attributed to three key factors: first, the large 

number of accessible active centers increased the kinetic 

activity; second, the entangled CNTs improved electron 

transport, reducing internal resistance; and third, the high 

mesoporosity enhanced mass transfer while reducing the 

catalyst loading. This strategy holds promise for developing 
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high-efficency, cost-effective M-N-C catalysts, particularly those based on MOFs. 

 
Figure 21. a) The results of the H2-O2 PEMFC assay for the newly developed Fe/N/C (4mlm)-OAc and a reference Pt/C catalyst. b) Recent 

advances in Pmax of H2 - O2 PEMFCs comprising Fe-N-C composite as a cathode material. [59]. 

Im et al. [60] developed a Co single-atom catalyst 

(ma-Co-NC) starting from a melamine-coated Co-ZnO-C ma-

trix and ZIF-8 template. The resulting catalyst featured both 

micro- and mesoporous elements, as well as a hollow structure 

(Figure 22). During high-temperature treatment, melamine had 

multiple roles: it acted as a porogen, the source of C and N 

atoms, and it also prevented agglomeration of Co atoms. Ad-

ditionally, Density Functional Theory (DFT) calculations in-

dicated the preferred coordination of oxygen species in axial 

position Co-N4 active sites, which favor the four-electron ORR 

mechanism in ma-Co-NC. As a result, PEMFCs with the 

ma-Co-NC catalyst displayed excellent durability, with only a 

6.7% decrease in performance after 100 hours (Figure 23). The 

maximum power density achieved was 723 mW/cm2 a under 

back-pressure of 1 bar. This study is expected to contribute to 

the advancements of next-generation fuel cells. 

 
Figure 22. (a) The synthesis scheme of ma-Co-NC composites; (b) SEM images of the obtained catalyst [60]. 

Feng Sun and colleagues [61] developed Fe-N-C compo-

sites with a high specific SA (1444.4 m2g-1) using NaCl as a 

pore-forming agent and combining mechanochemical syn-

thesis with high-temperature pyrolysis. The optimized 2% 

Fe-ZIF@NaCl electrocatalyst exhibited a uniform dispersion 

of metal atoms, resulting in superior ORR activity in both 

RDE and PEMFC experiments. Specifically, the catalyst 

achieved an E1/2 value equal to 0.831 V at a low pH and a 

Pmax value equal to 0.504 W/cm2 in H2-O2 PEMFCs. The 

ORR and BET analyses indicated that increasing the meso-

porosity significantly enhanced electrocatalytic performance. 

Inspired by the structure of jellyfish tentacles, Guolong Lu 

et al. [62] introduced a novel synthesis method to produce 

high-efficiency Fe-N-C electrocatalysts with a layered, po-

rous, and hairy morphology, providing abundant Fe-Nx active 

sites. Thanks to its hierarchical bio-inspired structure, along 

with a high specific SA of 737.6 m2g-1 and numerous acces-

sible Fe-Nx sites, the Fe-Nx/HC@NWs catalyst exhibited 

remarkable ORR efficiency with Eonset and E1/2 values equal 

to 1.009 V and 0.868 V in O2-saturated 0.1 M KOH, respec-

tively. The catalyst also showed excellent long-term stability, 

with only an 8.74% loss in dynamic current intensity after 

50,000 s of continuous operation compared to a 22.09% loss 

for commercial Pt/C. Overall, this catalyst shows similar 

performance to that of Pt-based catalysts supported on car-

bon. 
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Figure 23. (a) The results of the durability test of a single cell operating at 0.7 V over 100 hours for the ma-Co-NC composite, and comparison 

with the reference Pt/C catalyst. (b) Performance drop and metal dissolution rates for p-Co-NC, ma-Co-NC, and ma-Fe-NC before and after 

the stability test. [60]. 

6. Conclusions 

In summary, the synthesis and application of noble met-

al-free composites as alternatives to Pt-based catalysts for the 

ORR in PEMFCs offer significant potential. Despite the pro-

gress in M-N-C catalyst research, many challenges remain. 

Several key factors must be addressed to create efficient and 

robust electrocatalysts, including the morphology, atomic 

structure, reaction mechanisms, and active centers of the 

catalysts. Based on this review, we offer the following insights 

in the field of M-N-C catalysis. First, the active centers in 

M-N-C composites need to be more clearly identified and 

better understood. Second, advanced characterization tech-

niques and standard models should be used to explore the 

correlation between catalyst structure and performance, as 

well as to study ORR mechanisms. Third, the design of 

M-N-C catalysts should follow well-established principles, 

focusing on optimizing catalyst structure and selecting ap-

propriate reaction conditions to improve ORR performance. 

These approaches will help drive the development of effective 

and stable ORR electrocatalysts for fuel cells. Future research 

should center on optimizing synthesis processes and inno-

vating catalyst structural design to enhance catalytic perfor-

mance and stability. 

Abbreviations 

M-N-C Metal–nitrogen–carbon 

ORR Oxygen Reduction Reaction 

PEMFCs Proton Exchangge Membrance Fuel Cells 

APEFCs Alkaline Polymer Electrolyte Fuel Cells 

CNF Carbon Nanofiber 

CVD Chemical Vapor Deposition 

ZIF Zeolitic Imidazolate Framework 

HA Hydroxyapatite 

NPs Nanoparticles 

DFT Density Functional Theory 

Acknowledgments 

The authors acknowledge supports from the Sichuan sci-

ence and technology program (2022YFH0044), the Funda-

mental Research Funds for the Central Universities 

(24CAFUC09031). 

Author Contributions 

Bingxue Hou: Writing – original draft, Writing – review & 

editing 

Rui Tang: manuscript correction 

Conflicts of Interest 

The authors declare no conflicts of interest. 

References 

[1] Cai, X. Y.; Lai, L. F.; Lin, J. Y.; Shen, Z. X. Recent advances in 

air electrodes for Zn–air batteries: electrocatalysis and struc-

tural design. Materials Horizons 2017, 4(6): 945-976.  

https://doi.org/10.1039/C7MH00358G 

[2] Huang, Z. F.; Wang, J.; Peng, Y. C.; Jung, C. Y; Fisher, A. 

Design of Efficient Bifunctional Oxygen Reduction/Evolution 

Electrocatalyst: Recent Advances and Perspectives. Advanced 

Energy Material 2017, 7(23): 1700544.  

https://doi.org/10.1002/aenm.201700544 

[3] Wang, Z. L.; Xu, D.; Xu, J. J.; Zhang, X. B. Oxygen electro-

catalysts in metal--air batteries: from aqueous to nonaqueous 

electrolytes. Chemical Society Reviews 2014, 43(22): 

7746-7786. https://doi.org/10.1039/c3cs60248f 

[4] Wu, H. R., Chen, M. Y., Li, W. D., Lu B. A. Recent Progress on 

Durable Metal-N-C Catalysts for Proton Exchange Membrane 

Fuel Cells, Chem Asian J. 2024, 19, e202300862 (1 of 15).  

https://doi.org/10.1002/asia.202300862 

http://www.sciencepg.com/journal/cm


Composite Materials http://www.sciencepg.com/journal/cm 

 

78 

[5] Hou C. J.; Yuan W. J; Zhang, Y. J.; Zhang Y. F.; Zhang X. L. A 

hybrid cathode catalytic layer composed of M-N-C and Pt/C 

for direct methanol fuel cells with high methanol tolerance, 

Fuel 368 (2024) 131553.  

https://doi.org/10.1016/j.fuel.2024.131553 

[6] Lu X. Y.; Yang P. X.; Wan Y. B.; Zhang H. L.; Hao X, Xiao L. 

H.; Li R. P.; Yaqiang Li, Jinqiu Zhang, Maozhong, An Active 

site engineering toward atomically dispersed M-N-C catalysts 

for oxygen reduction reaction, Coordination Chemistry Re-

views 2023, 495, 1.1-1.23.  

https://doi.org/10.1016/j.ccr.2023.215400 

[7] Martinez, U.; Komini Babu, S.; Holby E. F.; Chung H. T.; Yin, 

X.; Zelenay, P. Progress in the Development of Fe-Based 

PGM-Free Electrocatalysts for the Oxygen Reduction Reaction. 

Adv. Mater. 2019, 31, 1806545.  

https://doi.org/10.1002/adma.201806545 

[8] Wu, G.; Zelenay, P. Nanostructured Nonprecious Metal Cata-

lysts for Oxygen Reduction Reaction. Acc. Chem. Res. 2013, 

46, 1878-1889. https://doi.org/10.1021/ar400011z 

[9] Banham, D.; Ye, S.; Pei, K.; Ozaki, J.; Kishimoto, T.; Imashiro, 

Y. A review of the stability and durability of non-precious 

metal catalysts for the oxygen reduction reaction in proton 

exchange membrane fuel cells. J. Power Sources 2015, 285, 

334-348. https://doi.org/10.1016/j.jpowsour.2015.03.047 

[10] Xie, X.; Peng, H.; Ma, G. F.; Lei Z. Q.; Xu, Y. X. Recent pro-

gress in heteroatom doping to modulate the coordination en-

vironment of M-N-C catalysts for the oxygen reduction reac-

tion. Mater. Chem. Front. 2023, 7, 2595.  

https://doi.org/10.1039/D3QM00096F 

[11] Bing, Y.; Liu, H.; Zhang, L. Ghosh, D. Zhang, J. Nanostruc-

tured Pt-alloy electrocatalysts for PEM fuel cell oxygen re-

duction reaction. Chem. Soc. Rev. 2010, 39, 2184-2202.  

https://doi.org/10.1039/B912552C 

[12] Sealy, C. The problem with platinum. Mater. Today 2008, 11, 

65. https://doi.org/10.1016/S1369-7021(08)70254-2 

[13] Tang, L.; Han, B.; Persson, K.; Friesen, C.; He, T.; Sieradzki, 

K.; Ceder, G.; Am, J. Electrochemical stability of nanome-

ter-scale Pt particles in acidic environments. Chem. Soc. 2010, 

132, 596-600. https://doi.org/10.1021/ja9071496 

[14] Hung, A. J.; Chen, Y. H.; Sung, L. Y.; Yu, C. C. Cost Analysis 

of Proton Exchange Membrane Fuel Cell Systems. AIChE J. 

2008, 54, 1798-1810. https://doi.org/10.1002/aic.11493 

[15] Guo, S. J.; Zhang, S.; Su, D.; Sun, S. H. Seed-mediated synthesis 

of core/shell FePtM/FePt (MPd, Au) nanowires and their electro-

catalysis for oxygen reduction reaction. J. Am. Chem. Soc. 135, 

(2013), 13879-13884. https://doi.org/10.1021/ja406091p 

[16] He, D.; Zhao, W.; Li, P.; Sun, S.; Tan, Q.; Han, K.; Liu L.; Liu 

L.; Qu X. H. Bifunctional biomass-derived N, S dual-doped 

ladder-like porous carbon forsupercapacitor and oxygen re-

duction reaction. J. Alloys Compd. 773, (2019). 11.  

https://doi.org/10.1016/j.jallcom.2018.09.141 

[17] Banham, D.; Ye, S. Y.; Knights, S.; Stewart, S. M.; Wilson, M.; 

Garzon, F. UV-visible spectroscopy method for screening the 

chemical stability of potential antioxidants for proton exchange 

membrane fuel cells. J. Power Sources 281,(2015), 238-242. 

https://doi.org/10.1016/j.jpowsour.2015.02.002 

[18] Shao, M. H.; Chang, Q. W.; Dodelet, J. P.; Chenitz, R. Recent 

advances in electrocatalysts for oxygen reduction reaction. 

Chem. Rev. 116, (2016), 3594-3657.  

https://doi.org/10.1021/acs.chemrev.5b00462 

[19] Srinu, A.; Marek M.; Jekaterina, K.; Maike, K.; Alexey, T.; 

Arvo, K.; Vambola K.; Jaan A.; Päärn, P.; Aile, T.; Jaan, L.; 

Kaido, T. Transition metal (Fe, Co, Mn, Cu) containing nitro-

gen-doped porous carbon as efficient oxygen reduction elec-

trocatalysts for anion exchange membrane fuel cells. Chemical 

Engineering Journal 458 (2023) 141468.  

https://doi.org/10.1016/j.cej.2023.141468 

[20] He Y, Guo H, Hwang S, Yang X, He Z, Braaten J, Karakalos S, 

Shan W, Wang M, Zhou H, Feng Z, More KL, Wang G, Su D, 

Cullen DA, Fei L, Litster S, Wu G. Single Cobalt Sites Dispersed 

in Hierarchically Porous Nanofiber Networks for Durable and 

High-Power PGM-Free Cathodes in Fuel Cells. Adv Mater 2020, 

32: 2003577. https://doi.org/10.1002/adma.202003577 

[21] Shi, Q.; Hwang, S.; Yang, H.; Ismail, F.; Su, D.; Higgins, D.; 

Wu, G. Supported and coordinated single metal site electro-

catalysts. Mater Today 2020, 37: 93–111.  

https://doi.org/10.1016/j.mattod.2020.02.019 

[22] Cui, J.; Chen, Q.; Li, X.; Zhang, S. Recent advances in 

non-precious metal electrocatalysts for oxygen reduction in 

acidic media and PEMFCs: an activity, stability and mecha-

nism study. Green Chemistry 2021, 23.  

https://doi.org/10.1039/D1GC01040A 

[23] Mun, Y.; Lee, S.; Kim, K.; Kim, S.; Lee, S.; Han J.; Lee, J. 

Versatile Strategy for Tuning ORR Activity of a Single Fe-N4 

Site by Controlling Electron-Withdrawing/Donating Properties 

of a Carbon Plane, J. Am. Chem. Soc. 2019, 141, 6254-6262.  

https://doi.org/10.1021/jacs.8b13543 

[24] Rao, P.; Luo, J. M.; Wu, D.; Li, J.; Chen, Q.; Deng, P.; Chen Y.; 

Tian, X. Isolated Co Atoms Anchored on Defective Nitro-

gen-doped Carbon Graphene as Efficient Oxygen Reduction 

Reaction Electrocatalysts, Energy Environ. Mater. 2022, 1-6.  

https://doi.org/10.1002/eem2.12371 

[25] Yusibova, G.; Ping, K. F.; Kaarik, M. Optimizing 

post-treatment strategies for enhanced oxygen reduc-

tion/evolution activity in Co-N-C electrocatalyst. INT J HY-

DROGEN ENERG. 2024, 82, 398-406.  

https://doi.org/10.1016/j.ijhydene.2024.07.388 

[26] Peng, R.; Zhao, Z.; Sun, H.; Yang, Y.; Song, T.; Yang, Y.; Shao, 

J.; Jin H.; Sun, H.; Zhao, Z. The Active Sites and Corre-

sponding Stability Challenges of the M-N-C Catalysts for 

Proton Exchange Membrane Fuel Cell, Chin. J. Chem. 2023, 

41, 710-724. https://doi.org/10.1002/cjoc.202200661 

[27] Song, M. X.; Song, Y. H.; Sha, W. B.; Xu, B. S.; Guo, J. J.; Wu, 

Y. C. Recent Advances in Non-Precious Transition Met-

al/Nitrogen-doped Carbon for Oxygen Reduction Electrocat-

alysts in PEMFCs. Catalysts 2020, 10, 141.  

https://doi.org/10.3390/catal10010141 

http://www.sciencepg.com/journal/cm


Composite Materials http://www.sciencepg.com/journal/cm 

 

79 

[28] Wang, M.; Wang, S.; Yang, H.; Ku, W.; Yang, S. C.; Liu, Z. N.; 

Lu, G. L.; Carbon-Based Electrocatalysts Derived From Bio-

mass for Oxygen Reduction Reaction: A Minireview. Frontiers 

in Chemistry, 2020, 8: 116.  

https://doi.org/10.3389/fchem.2020.00116 

[29] Jie Liu, Zhao Jin, Xian Wang, Junjie Ge, Changpeng, Wei Xing. 

Recent advances in active sites identification and regulation of 

M−N/C electro-catalysts towards ORR. China Chem 2019, 62: 

669-683. https://doi.org/10.1007/s11426-018-9425-5 

[30] Ren, H., Wang, Y.; Yang, Y.; Tang, X.; Peng, Y. Q.; Peng, H. Q.; 

Li X.; Lu, O.; Abruña, H. D.; Lin Z. Fe/N/C Nanotubes with 

Atomic Fe Sites: A Highly Active Cathode Catalyst for Alka-

line Polymer Electrolyte Fuel Cells. ACS Catalysis 2017, 7(10). 

https://doi.org/10.1021/acscatal.7b02340 

[31] Liang H. W.; Wei W.; Wu Z. S.; Zhong, S.; Feng, X. L.; Klaus 

M. Mesoporous metal-nitrogen-doped carbon electrocatalysts 

for highly efficient oxygen reduction reaction. Journal of the 

American Chemical Society 2013, 135(43): 16002-16005.  

https://doi.org/10.1021/ja407552k 

[32] Hu, B. C.; Wu, Z. Y.; Chu, S. Q.; Zhu, H. W.; Liang, H. W.; 

Zhang, J.; Yu, S. H. SiO2-protected shell mediated templating 

synthesis of Fe–N-doped carbon nanofibers and their enhanced 

oxygen reduction reaction performance [J]. Energy & Envi-

ronmentalence 2018, 11: 10.1039.  

https://doi.org/10.1039/C8EE00673C 

[33] Du, C.; Gao, Y.; Chen, H.; Ping, L.; Zhu, S. Y.; Wang, J. G.; He, 

Q. G.; Chen, W. A Cu and Fe dual-atom nanozyme mimicking 

cytochrome C oxidase to boost the oxygen reduction reaction. J 

Mater Chem A 2020, 8: 16994-17001.  

https://doi.org/10.1039/D0TA06485H 

[34] Liang, J.; Zhou, R. F.; Chen, X. M.; Tang, Y. H.; Qiao, S. Z. Fe–

N Decorated Hybrids of CNTs Grown on Hierarchically Po-

rous Carbon for High-Performance Oxygen Reduction. Adv. 

Mater. 2014, 26, 6074-6079.  

https://doi.org/10.1002/adma.201401848 

[35] Yasuda, S.; Furuya, A.; Uchibori, Y.; et al. Iron–

Nitrogen-Doped Vertically Aligned Carbon Nanotube Elec-

trocatalyst for the Oxygen Reduction Reaction [J]. Advanced 

Functional Materials 2016, 26(5): 738-744.  

https://doi.org/10.1002/adfm.201503613 

[36] Jiang, W.; Li, Y.; Xu, Y.; Jiang, T.; Zhao, M. Y.; Deng, M. Y.; 

Wu, R. L.; Wang, Y. Carbon nanotube-bridged N-doped mes-

oporous carbon nanosphere with atomic and nanoscaled M (M 

= Fe, Co) species for synergistically enhanced oxygen reduc-

tion reaction. Chem Eng J 2021, 421: 129689.  

https://doi.org/10.1016/j.cej.2021.129689 

[37] Qu X. M.; Li, Y. R.; Li, G.; Ji, R. Y.; Yin, S. H., Cheng, X. Y.; 

Wang, C. T.; Yang, J.; Jiang, Y. X.; Sun, S. G. Boosting the 

ORR performance of Fe-N/C catalyst via increasing the density 

and modifying the electronic structure of Fe-N X active sites. 

Electrochimica Acta 2022. 403: 139604.  

https://doi.org/10.1016/j.electacta.2021.139604 

[38] He, X.; Chang, L.; Wu, H.; Liu, G. Y.; Zhang, Y. T.; Zhou, A. 

Design of ZIF-67-derived Fe, N and F co-doped porous carbon 

material and evaluation of its ORR and OER performance [J]. 

Journal of Alloys and Compounds 2023, 967: 171709.  

https://doi.org/10.1016/j.jallcom.2023.171709 

[39] Qu, X. M.; Yin, S. H.; Yan, Y. N.; Yang, J.; Li, Y. R.; Cheng, X. 

Y.; Lu, F.; Wang, C. T.; Jiang, Y. X.; Sun S. G. In-situ growth of 

carbon nanotubes for improving the performance of Co-N/C 

catalysts in proton exchange membrane fuel cell [J]. Chemical 

Engineering Journal 2023, 461: 142054.  

https://doi.org/10.1016/j.cej.2023.142054 

[40] Jasinski, R. A new fuel cell cathode catalyst [J]. Nature 1964, 

201(4925): 1212~1213. https://doi.org/10.1038/2011212a0 

[41] Veen, J. A. R. V.; Visser, C. Oxygen Reduction on Monomeric 

Transition Metal Phthalocyanines in Acid Electrolyte. Elec-

trochim. Acta 1979, 24, 921-928.  

https://doi.org/10.1016/0013-4686(79)87088-7 

[42] Vasudevan, P.; Mann, N.; Tyagi, S. Transition Metal Com-

plexes of Porphyrins and Phthalocyanines as Electrocatalysts 

for Dioxygen Reduction. Transit. Met. Chem. 1990, 15, 81-90.  

https://doi.org/10.1007/BF01023892 

[43] Shi, C. N.; Anson, F. C. Catalytic Pathways for The Electro-

reduction of Oxygen by Iron Tetrakis (4-N-methylpyridyl) 

Porphyrin or Iron Tetraphenylporphyrin Adsorbed on Edge 

Plane Pyrolytic Graphite Electrodes. Inorg. Chem. 1990, 29, 

4298-4305. 

[44] Wang, G.; Zhang, Z.; Wang, S.; Su, Y.; Zhang, T.; Li, F.; Zhang, 

K. Surfactant-assisted Fe-anchored and N-doped ultrathin 

graphene nanosheets for enhanced electrocatalytic oxygen 

reduction. Diamond Relat. Mater. 2023, 140 110529. 

[45] Teppor, P.; Jäger, R.; Koppel, M.; Volobujeva, O.; Palm, R.; 

Månsson, M.; et al. Unlocking the porosity of Fe–N–C cata-

lysts using hydroxyapatite as a hard template en route to 

eco-friendly high-performance AEMFCs. 2024 Journal of 

Power Sources 591. 

[46] Liu, L.; Ci, S.; Bi, L.; Jia, J.; Wen, Z. Three-dimensional 

nanoarchitectures of Co nanoparticles inlayed on N-doped 

macroporous carbon as bifunctional electrocatalysts for glu-

cose fuel cells. J. Mater. Chem. A 2017, 5, 14763-14774. 

[47] Qiao, X.; Jin, J.; Fan, H.; Cui, L.; Ji, S.; Li, Y.; Liao, S. Cobalt 

and Nitrogen Co-Doped Graphene-Carbon Nanotube Aerogel 

as an Efficient Bifunctional Electrocatalyst for Oxygen Re-

duction and Evolution Reactions. Catalysts 2018, 8(7): 275. 

[48] He, Y.; Hwang, S.; Cullen, D. A.; Uddin, M. A.; Langhorst, L.; 

Li, B.; Karakalos, S.; Kropf, A. J.; Wegener, E. C.; Sokolowski, 

J.; Chen, M.; Myers, D.; Su, D.; More, K. L.; Wang, G. Litster, 

S. Wu, G. Highly active atomically dispersed CoN4 fuel cell 

cathode catalysts derived from surfactant-assisted MOFs: 

Carbon-Shell confinement strategy, Energ Environ. Sci. 12 

(2019) 250-260. 

[49] Wang, R. X.; Zhang, P. Y.; Wang, Y. C.; Wang, Y. H., 

Zaghi, K.; Zhou, Z. Y. ZIF-derived Co-N-C ORR catalyst 

with high performance in proton exchange membrane fuel 

cells, Progress in Natural Science: Materials International 

30 (6): 855-860. 

http://www.sciencepg.com/journal/cm


Composite Materials http://www.sciencepg.com/journal/cm 

 

80 

[50] Zhang, L.; Yuan, J.; Xu, Q.; Zhang, F.; Sun, Q.; Xie, H.; No-

ble-metal-free Co-N-C catalyst derived from cellulose-based 

poly (ionic liquid) s for highly efficient oxygen reduction re-

action. Int J Biol Macromol. 2023, 242 125110. 

[51] Li, L.; Han, G.; Wen, Y.; Liu, Y.; Xiao, R.; Zhang, W.; et al. 

Solvent effect to modulate nitrogen dopant in Co-N-C catalysts 

for oxygen reduction reaction acceleration. Fuel 2023, 345: 

128199. 

[52] Xiang, D.; Bo, X.; Gao, X.; Du, C.; Li, P.; Zhu, L.; et al. Bi-

metal- and nitrogen-codoped spherical porous carbon with ef-

ficient catalytic performance towards oxygen reduction reac-

tion in alkaline media. J Colloid Interface Sci 2018 534: 

655-664. 

[53] Juvanen, S.; Sarapuu, A.; Mooste, M.; Käärik, M.; Mäeorg, U.; 

Kikas, A.; et al. Electroreduction of oxygen on iron- and co-

balt-containing nitrogen-doped carbon catalysts prepared from 

the rapeseed press cake. J Electroanal Chem 2022, 920: 

116599. 

[54] Kramm, U. I.; Herranz, J.; Larouche, N.; et al. Structure of the 

catalytic sites in Fe/N/C-catalysts for O2-reduction in PEM fuel 

cells. Physical Chemistry Chemical Physics Pccp 2012, 14(33): 

11673-11688. 

[55] Tylus, U.; Jia, Q.; Strickland, K.; Ramaswamy, N.; Serov, A.; 

Atanassov, P.; et al. Elucidating Oxygen Reduction Active 

Sites in Pyrolyzed Metal-Nitrogen Coordinated 

Non-Precious-Metal Electrocatalyst Systems. J. Phys. Chem. C 

2014, 118, 17, 8999-9008. 

[56] Zitolo, A.; Goellner, V.; Armel, V.; et al. Identification of cat-

alytic sites for oxygen reduction in iron- and nitrogen-doped 

graphene materials. Nature Mater 2015 14, 937-942. 

[57] Jia, Q.; Ramaswamy, N.; Hafiz, H.; Tylus, U.; Strickland, K.; 

Wu, G.; et al, Experimental Observation of Redox-Induced Fe–

N Switching Behavior as a Determinant Role for Oxygen Re-

duction Activity. ACS Nano 2015, 9, 12, 12496-12505. 

[58] Fu, X.; Li, N.; Ren, B.; Jiang, G.; Liu, Y.; Hassan, F. M.; Su, D.; 

Zhu, J.; Yang, L.; Bai, Z.; Cano, Z. P.; Yu, A.; Chen, Z. Tai-

loring FeN4 sites with Edge Enrichment for Boosted Oxygen 

Reduction Performance in Proton Exchange Membrane Fuel 

Cell. Adv. Energy Mater. 2019, 9, 1803737. 

[59] Li, Y.; Zhang, P.; Wan, L.; Zheng, Y.; Qu, X.; Zhang, H.; Wang, 

Y.; Zaghib, K.; Yuan, J.; Sun, S.; Wang, Y.; Zhou, Z.; Sun, S. A 

General Carboxylate-Assisted Approach to Boost the ORR 

Performance of ZIF-Derived Fe/N/C Catalysts for Proton Ex-

change Membrane Fuel Cells. Adv. Funct. Mater. 2021, 31, 

2009645. 

[60] Im, K.; Jang J. H.; Heo, J.; Kim, D.; Lee, K. S.; Lim, H. K.; 

Kim, J.; Yoo, S. J. Design of Co-NC as efficient electrocatalyst: 

The unique structure and active site for remarkable durability 

of proton exchange membrane fuel cells. Appl. Catal. B En-

viron. 2022, 308: 121220. 

[61] Feng, S.; Tao, L.; Huang M. H.; Guan L. H. High specific 

surface area Fe-N-C electrocatalysts for the oxygen reduction 

reaction synthesized by a hard-template-assisted ball milling 

strategy. Sustainable Energy Fuels 2023, 7, 3675-3683. 

[62] Lu, G.; Men, X.; Tang, R.; Wang, Z.; Cui, H.; Zheng, T.; 

Wang, M.; Yang, H.; Liu, Z. Bionic Fe-N-C catalyst with 

abundant exposed Fe-Nx sites and enhanced mass transfer 

properties for efficient oxygen reduction. J Colloid Interface 

Sci 2024, 655: 90-99. 

 

http://www.sciencepg.com/journal/cm

