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Abstract: Electrocatalytic reduction of small molecules such as 

dioxygen (O2), carbon dioxide (CO2), and water has driven 

conspicuous attention due to their technological importance and 

capability of tackling current environmental issues. So far, to drive 

such reactions, catalysts based on the platinum-group elements have 

displayed the best performance, however, the high-cost and scarcity 

of these elements hinder large-scale applications. Alternatively, earth-

abundant M-N-C (M=Fe, Co, or Ni) materials have stood out as 

potential candidates because of their suitable electrocatalytic 

properties for the aforementioned reactions. In this way, the present 

review aims to provide a thorough account of the recently reported 

strategies to improve the electrocatalytic reduction of O2, CO2, and 

water on M-N-C catalysts. In order to have an in-depth understanding 

of these reactions, we will also discuss some of the latest theoretical 

studies based on computer modelling and simulation. Lastly, 

additional comments on future perspectives will be provided to guide 

new studies. 

1. Introduction 

The reduction of small molecules, e.g., water and oxygen gas (O2) 

via the electrocatalytic hydrogen evolution reaction (HER) and 

oxygen reduction reaction (ORR), respectively, have been highly 

regarded for clean energy conversion in water electrolysers and 

fuel cells.[1] Comparing these reactions, the HER and ORR are 

closely intertwined for application in polymer-electrolyte-

membrane fuel cell (PEMFC) in which hydrogen gas (H2) is 

oxidised at the anode, whilst the ORR, i.e., the complementary 

reaction, takes place at the cathode.[2] One of the attractive 

features of the PEMFC is the absence of pollutant emissions, the 

emission product being only water, which can be converted again 

to H2 and O2 via, for example, (photo)electrochemical water 

splitting.[3,4] Additionally, the PEMFC is the most prominent 

candidate to be used as a power supply for electric vehicles, 

which stands advantageous to replace those using combustion 

engines and thus leading to contribute to reach the target of net-

zero carbon emissions, including carbon dioxide (CO2).[5] In this 

sense, the CO2 reduction reaction (CO2RR) may also play an 

important role in the mitigation of anthropogenic CO2 emissions 

via converting CO2 into value-added products.[6]  

Despite the economic and environmental importance of the 

aforementioned reduction reactions, one drawback is their 

sluggish kinetics, which require the employment of appropriate 

catalysts to enhance their rates.[7,8] Pt features hitherto the best 

electrocatalytic activity for ORR and HER due to its moderate 

oxygen[9] and hydrogen binding energies (HBE),[10] respectively, 

as stated by Sabatier’s principle.[11] However, the scarcity and 

high-cost of Pt hinder large-scale applicability.[12] For CO2RR, Au 

and Ag are potential catalysts which can readily reduce CO2-to-

CO; nevertheless, also in this case, large-scale application is 

hampered by the scarcity and high-cost of these metals.[13] 

Standing as alternative catalysts, M-N-C (metal coordinated to 

nitride-carbon materials) comprised of low-cost and earth-

abundant transition metals (M=Fe, Co, or Ni) have shown 

promising electrocatalytic activity for ORR[9] as well as for HER[14] 

and CO2RR.[14] The capability to catalyse these electrochemical 

reduction reactions enables to label the M-N-C as a 

multifunctional catalyst. 

As a brief historical survey, the study of M-N-C catalysts was 

pioneered by Jasinski in 1964,[15] who found that nickel and cobalt 

phthalocyanines are active for the ORR. Later, heat-treated 

carbon-supported Fe-N4 macrocycles (labelled as Fe-N-C) 

emerged as another type of potential ORR catalyst.[16] Since 

these initial studies, substantial improvements in catalytic activity 

and stability of M-N-C (M=Fe, Co, or Ni) have been achieved for 

ORR, CO2RR, and HER over the years. Much of this 

advancement is owed to understanding the M-N-C molecular 

structure. So far, it is understood that M-N-C materials can be 

defined into three types of categories (see Figure 1). The first one 

comprises single-atom catalysts (SACs), which specifically 

contain atomically dispersed metal atoms. For such a structure, 

all the metal atoms are coordinated with nitrogen atoms in the 

carbon framework, meaning that there are no metal-metal bonds 

in the SAC structure.[17] It is also important to mention that M-Nx 

moieties are usually regarded as the active sites of the SAC-

based M-N-C catalysts. The second category of M-N-C structure 

encompasses the carbon-supported metal nanoparticles 

encapsulated in N-doped carbon shells (labelled as M@NC). For 

this structure, the active site is considered to be the metal and 

nitrogen co-activated carbon sites. The third category is the 

combination of the two aforementioned structures (i.e., 

SACs&M@NC).[18] Herein, we will mainly review the studies of M-

N-C materials featuring SAC structure for ORR, CO2RR, and HER. 

This type of structure stands advantageous since it fully utilises 

metal atom contents, yet avoiding metal particle agglomerations 

stands as a major challenge to synthesise SAC-based M-N-C 

catalysts.[17] 

 

Figure 1. Schematic representation of the three types of structures for M-N-C 

materials. 
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Another important point concerns the characterisation to verify the 

formation of genuine SAC-based structure of M-N-C catalysts, 

which often requires advanced techniques, such as high-angle 

annular dark-field scanning transmission electron microscopy 

(HAADF-STEM), X-ray absorption spectroscopy (XAS), X-ray 

absorption near edge structure (XANES), extended X-ray 

absorption fine structure (EXAFS), and Mößbauer 

spectroscopy.[17,19,20] For example, HAADF images enable to 

verify atomic dispersion of metal sites which appears as bright 

dots due to the higher atomic number of the metal atom (higher 

capacity in scattering electrons) compared to the nitrogen and 

carbon elements.[17] In the case of XAS, both the oxidation state 

and chemical environment of the metal sites can be ascertained 

from the M K-edge XAS profiles.[19] Information about the 

oxidation state of metal sites can also be obtained by means of 

XANES spectra analysis.[19] Furthermore, the coordination 

environment of single sites in contrast to metal particles can be 

tracked by evidences present in the EXAFS spectra. In this way, 

the Fourier transform of the EXAFS (FT-EXAFS) signal in the Fe 

K-edge permits to distinguish of Fe-N or Fe-Fe bonds by 

calculated values of bond distances.[19] In the case of Mößbauer 

spectroscopy, it is employed in chemical characterisation as well 

as determination of oxidation state and coordination number of 

materials that usually contain iron.[21] For Fe-N-C catalysts, the 

significance of this technique stems from the fact that it can 

provide valuable information about the structure of iron active 

sites.[20] 

Concerning synthesis methodology for SAC, many preparation 

methods have been developed for the sake of obtaining highly 

active SAC-based M-N-C materials. In this context, since the 

study developed by Gupta et al.[22] in 1989, much progress has 

been achieved in the preparation of M-N-C catalysts involving the 

heat-treatment step. Currently, as illustrated in Figure 2, the most 

employed methodology involves pyrolysis of mixtures containing 

a transition metal salt precursor, and nitrogen and carbon 

sources.[23,24] Single precursor reagents containing all the 

elements (i.e., transition metal, nitrogen, and carbon) have also 

been employed, for which metal-organic frameworks (MOFs) are 

often used.[25] In all cases, the pyrolysis step is carried out at high 

temperatures (~600-1200 ℃), under N2 or Ar atmosphere.[26] This 

pyrolysis approach may lead to the formation of agglomerated 

metallic particles or metal-carbide particles, together with SAC 

embedded in the N-doped carbon.[27] This heterogeneity of M-N-

C catalysts may have a deleterious effect on the overall 

electrocatalytic performance as well as difficulty in identifying and 

quantifying the genuine active sites. To prevent/minimise 

heterogeneity occurrence, one common approach after the 

pyrolysis process is to acid washing the pyrolyzed material for 

removal of aggregated metal-based particles to ultimately obtain 

a real SAC catalyst. This approach may be followed by a second 

pyrolysis procedure under N2, Ar, or NH3 atmosphere, which 

usually aims to improve the electrical conductivity of M-N-C 

catalysts and to restore the graphitic and M-Nx structure.[18] 

 

Figure 2. Schematic representation of the typical synthesis route for M-N-C catalysts. 

 

The presented topics, namely the advanced characterisation 

approach and synthesis methodology, have hugely contributed to 

the design of SAC-based materials with improved electrocatalytic 

performance. Nevertheless, M-N-C materials have not yet 

delivered high enough electrocatalytic activity and durability to 

drive ORR, HER, and CO2RR at large-scale applications. 

Additionally, it is still challenging the obtainment of an M-N-C 

catalyst having high-density of structurally well-defined active 

sites uniformly distributed in the N-C network. Although more 

studies are required to overcome these challenges, much has 

been advanced over the past few years in terms of synthesis 

optimisation, active site understanding, and improvement of 

stability and electrocatalytic performance of these materials. 

In light of these advancements, the aim of this article is to review 

the strategies recently developed to improve electrocatalytic 

performance and stability of M-N-C (M=Fe, Co, or Ni) materials 

for the ORR, CO2RR, and HER. Moreover, this review also aims 

to provide a description of the latest theoretical studies that 

allowed further understanding of the M-N-C (M=Fe, Co, or Ni) 

materials as catalysts for the aforementioned reduction reactions. 

This review was organised into three sections, each one dealing 

with a particular electrochemical reduction reaction, namely ORR, 

CO2RR, and HER. In each case, we present the reported results 

of experimental and theoretical studies, for providing an 

understanding of the electrocatalytic activity and stability of M-N-

C (M=Fe, Co, or Ni) materials for the given electrochemical 

reduction reaction. 
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2. M-N-C (M=Fe, Co, or Ni) electrocatalysts for 
the ORR 

This section will be fully addressed via reviewing the latest studies, 
and for such, we have carefully selected studies that 
encompassed an in-depth understanding of the M-N-C 
electrocatalytic nature (e.g., active site characteristics) for ORR. 
Additionally, we have focused our attention on the studies that 
provided substantial advancement of ORR performance and 
durability on M-N-C that are comparable or even superior to those 
of the Pt/C benchmark material.[28] 

As for many other catalysts, it has been accepted that the ORR 

mechanism on M-N-C materials may involve four-electron or two-

electron processes, in which the adsorption of O2 (O2(ads)) is the 

first step; after this, there are two possible pathways to proceed 

with the reduction reaction: O2 dissociation or hydrogenation, the 

former being more unlikely to occur than the latter.[29] The 

hydrogenation of O2(ads)  results in the formation of adsorbed OOH 

species, that may be further reduced involving or not the breaking 

of the O-O bond, depending on the nature of the catalyst and/or 

its corresponding adsorption energy for OOH. As seen reaction 

schemes of Figure 3, this is a crucial step because it determines 

the subsequent reaction mechanism type, i.e., four-electron or 

two-electron ORR process. 

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

10.1002/cctc.202201594

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.

 18673899, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201594 by U
niv of Sao Paulo - B

razil, W
iley O

nline L
ibrary on [17/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



REVIEW          

5 

 

 

Figure 3. Probable four-electron reaction pathway for the ORR on (a) FeN4/C in acidic[29] and (b) M-N-C (M=Fe, Co, or Ni) in alkaline media.[30] Probable two-

electron reaction pathway for the ORR in (c) acidic and (d) alkaline media.[31] RDS is the rate-determining step and the asterisk (*) denotes the active site. 

 

In terms of product generation, the four- and two-electron ORR 

processes lead to the formation of H2O (in acidic or OH in alkaline 

electrolytes) and H2O2 (in acidic or HO2
 in alkaline electrolytes), 

respectively.[31] The generated H2O2 or HO2
− may undergo further 

reduction via another two-electron process to produce water in 

acidic media and OH− in alkaline media. The occurrence of two 

subsequent two-electron processes is classified as indirect four-

electron ORR.[32] For fuel cell applications, it is preferable to have 

the direct four-electron ORR, because it provides higher energy 

conversion efficiency. Also, avoiding the formation of H2O2/HO2
 

subproducts is crucial, since radical species generated by such 

products can attack fuel cells' components, compromising the 

durability of the system.[18] In this way, it is utterly important to 

have M-N-C catalysts highly selective for the four-electron ORR 

mechanism. 

Figure 4. Volcano plots for the two- and four-electron ORR on M-N-C (M=Mn, 
Fe, Co, Ni, or Cu) materials. Reprinted with permission from Ref.[33] Copyright 
2019, American Chemical Society. 

Considering the M-N-C (M=Fe, Co, or Ni) materials, it has been 

shown that Fe-N-C features a predominant four-electron process 

(Figure 4).[33] Additionally, Fe-N-C material is regarded as the 

most promising electrocatalyst due to its high activity towards 

ORR.[34] In this sense, we shall focus on mainly reviewing this 

material for ORR, first in acidic media and then in alkaline 

electrolytes. 

 

Fe metal centre – acidic electrolytes 

Considering first the preparation methods, many approaches 

have been considered, for example that involved Fe-N-C material 

obtained by one-step pyrolysis at temperatures near 1000 ℃, and 

employing a zeolitic imidazolate framework (ZIF) as a source of 

nitrogen and carbon, combined with an iron precursor 

reagent.[35,36] Biomass has also been considered as a source of 

nitrogen and carbon since it is an economical and abundant 

natural resource.[37] Additionally, biomass activation with 

phosphoric acidic was found to lead to a higher carbon corrosion 

resistance to the Fe-N-C catalysts, which is a major deleterious 

effect causing loss of active Fe-Nx sites.[38] 

Efforts have been extensively made to modulate the coordination 

environment of the active sites in Fe-N-C materials with SAC-

based structures. Prior to delving into this, it is important to note 

that there are several mainstream hypotheses about the nature of 

these active sites. As summarised in Figure 5, the active sites 

may include N-C groups, which have poor ORR electrocatalytic 

performance, as well as oxidised iron (FeOx(Cy) and iron particles 

embedded in N-doped carbon (Fe@N-C), being both prone to 

undergo degradation.[39] Other proposed SAC-type active sites 

may include Fe-Nx and Fe2Nx, and these two are highly regarded 

since they possess high stability and ORR electrocatalytic 

performance compared to the other mentioned active sites.[39] 
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Figure 5. Possible active sites in Fe-N-C catalysts for ORR. Reproduced from Ref.[39] under the terms of the Creative Commons Attribution CC BY License, 

https://creativecommons.org/licenses/by/4.0/. 

 

As also shown in Figure 5, the Fe-Nx sites may be present in at 

least five coordination modes, such as Fe-N2, Fe-N3, Fe-N4, Fe-

N5, and Fe-N6.[39] Among these modes, a study demonstrated that 

Fe-N5 moieties present increased ORR activity and stability (for 

up to 11.1 h), which is comparable to the benchmark Pt/C catalyst 

in acidic media.[40] In another study,[41] it was shown that the 

coordination number of the Fe-Nx (x=1, 3, 4) sites in Fe-N-C 

materials can be tailored via the pyrolysis temperature, so that at 

300 ℃ favour the formation of Fe-N, whereas temperatures of 500 

and 1000 ℃ enable the formation of Fe-N3 and Fe-N4, 

respectively. The authors also systematically evaluated the ORR 

performance of these catalysts and the results suggested that Fe-

N4 presents higher ORR activity compared to the Fe-Nx (x=1, 3). 

The effect of pyrolysis temperature above 1000 ℃ has also been 

assessed and it was shown that pyrolysis at 1100-1300 ℃ can 

serve the purpose of improving the stability of Fe-N-C materials 

in PEMFC.[42] This has been concluded on the basis of 57Fe 

Mößbauer analyses, which showed that materials treated at 

temperatures in the range of (1100-1300 ℃) can change the Fe-

N-C coordination structure, from less stable D1 (O-FeN4C12, 

featuring N-pyrrolic coordinated to Fe) to a more electrocatalytic 

and stable D2 (FeN4C10, having N-pyridinic coordinated to Fe) 

(see Figure 6a). 

As reported in another study, the coordination structure of the Fe-

Nx active sites in the Fe-N-C catalyst was also evaluated during 

ORR via in situ analyses of XAS measurements. Based on 

analyses of XANES and EXAFS, see Figure 6b-e, it was noted 

that the increase of potential (from 0.1 to 0.9 V vs. reversible 

hydrogen electrode (RHE)) may have led to different 

morphological changes in the Fe-N4 sites (i.e., Fe moving towards 

or away from the N4-plane) in the potential range of ORR (Figure 

6f). Moreover, it was shown that the ORR activity is essentially 

governed by the dynamics of the Fe2+/Fe3+ redox transition, rather 

than the static structure of the bare sites.[43]  
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Figure 6. (a) Schematic illustration of microstructure evolution at pyrolysis temperature above 1100 ℃ for ORR stability improvement of Fe-N-C catalyst. Reproduced 

(adapted) with permission.[42] Copyright 2022, Wiley. (b) XANES spectra at the Fe K-edge with concomitant first derivatives (insets) and (c) FT-EXAFS as a function 

of the applied potential for Fe-N-C catalysts. (d) coordination numbers and (e) bond distances as a function of the applied potential for Fe-N-C catalysts. (f) Schematic 

illustration of Fe-N switching behaviour designated by three structural models (Fe-N4-Cx) labelled as D2, D1, and D3, respectively, with/without axially bond O(H)(ads). 

The atom labelled as X represents the fifth ligand with its identity unknown. Reprinted (adapted) with permission from Ref.[43] Copyright 2015, American Chemical 

Society. 

 

Besides these presented studies about iron's coordination 

environment engineering, other strategies that enable the 

improvement of ORR performance and stability involve the 

modulation of the nitrogen functionality. As summarised in Figure 
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7a, the nitrogen functionality can be classified as pyridinic-N, 

pyrrolic-N, and graphitic-N. A recent study demonstrated that 

SAC-type Fe-N-C materials featuring Fe coordinated to pyridinic-

N enabled substantial improvement of ORR stability compared to 

that of Pt/C in acidic medium.[44] Moreover, theoretical analyses 

demonstrated that pyridinic-N has stronger binding energy (BE) 

with Fe single atoms compared to pyrrolic-N, meaning that high 

content of pyridinic-N can better stabilise the Fe-N-C catalysts. 

Nitrogen functionality also plays a role in the selectivity of the 

ORR. In this context, it has been demonstrated that Fe-N-C 

catalysts having pyridinic Fe-N4 present better selectivity for four-

electron ORR in acidic medium compared to the Fe-N-C catalyst 

coordinated with pyrrolic-N.[45] Another recent strategy that 

permitted the enhancement of stability and ORR electrocatalytic 

performance is the introduction of dopants, such as sulphur.[36,46] 

In this regard, a stepwise synthesis strategy (Figure 7b) has 

enabled to obtain Fe-N-C materials featuring sulphur doping of a 

rich carbon mesoporous structure, obtained by pyrolysis at 

temperatures in the range of 600-900 ℃ (Figure 7c-d). The 

catalyst pyrolyzed at 800 ℃ delivered a remarkable activity and 

impressive stability for the ORR compared to that of the Pt/C 

catalyst in acidic media.[47] 

 

Figure 7. (a) Types of nitrogen functionality. (b) Stepwise synthesis procedure of Fe-N-C catalyst. (c) Transmission electron microscopy images and (d) 

thermogravimetric analysis curves for the formation mechanism of rich mesoporous structures of Fe-N-C catalyst. Reprinted (adapted) from Ref.[47], Copyright 2021, 

with permission from Elsevier. 

 

Another recent study has provided an additional understanding of 

the nature of the active sites in Fe-N-C catalysts.[48] In this way, 

based on analyses of 57Fe Mößbauer spectra and density 

functional theory (DFT) calculations, the presence of Fe-Nx 

moieties as Fe(III)N4C12 in high-spin state and Fe(II)N4C10 in the 

low and medium spin state have been identified. It was also 

reported that the former is present as surface-exposed sites, 

whereas the latter is either at bulk sites (inaccessible for O2) or as 

surface sites (however leading to weaker O2 bindings compared 

to Fe(III)N4C12 site).[48] In addition to active site identification, 

another study has reported a methodology to accurately quantify 

the active site density and catalytic turnover frequency on Fe-N-

C catalyst. For such, the low-temperature (−80 ℃) CO pulse 

chemisorption technique was employed, followed by temperature-

programmed CO desorption.[27] This methodology is particularly 

important since it allows meaningful comparisons between 

catalysts, and could favour a more rational development of 

materials with enhanced electrocatalytic properties. 

Despite these substantial advances toward the synthesis of 

materials with improved electrocatalytic activity, the stability of Fe-

N-C material is still a major issue, particularly in acidic media. So 

far, the stability of Fe-N-C material most often spans only dozens 

of hours under acidic media, which is considerably inferior 

compared to the several thousands of hours required for 

commercial applications.[49] To meet commercial the stability 

target, it is pivotal to have a clear understanding of the 

degradation mechanisms of these materials, as it could pave the 

way for designing more durable catalysts in acidic media. 

However, the degradation mechanism of Fe-N-C in the course of 

ORR in acidic media is not yet entirely well understood. Currently, 

as summarised in Figure 8, it is understood that the main factors 

for the Fe-N-C degradation in acidic media are linked to (i) carbon 

matrix corrosion; (ii) Fe demetallation; (iii) protonation of N-
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groups; (iv) microporous flooding; and (v) conductance loss.[39] 

Among these possible degradation factors, carbon corrosion and 

Fe demetallation are considered the major causes that 

compromise catalysts' lifetime. Briefly, carbon corrosion refers to 

the chemical reaction of the carbon matrix of Fe-N-C with O2, 

H2O2, or other reactive oxygen species (i.e., a product of ORR 

side reaction) to produce CO or CO2.[39] The demetallation 

process is problematic because the dissolution of iron ions from 

the catalyst in the acidic medium can catalyse the conversion of 

H2O2 (a by-product of ORR) into radicals via the Fenton reaction 

(cf. Equations (1) and (2)).[39] 

Fe(aq)
2+ + H2O2(aq) → Fe(aq)

3+ + HO(aq)
• + OH(aq)

−                                     (1) 

Fe(aq)
3+ + H2O2(aq) + H2O(l) → Fe(aq)

2+ + HOO(aq)
• + H3O(aq)

+               (2) 

 

The formation of radical species, such as hydroxyl (HO•) and 

hydroperoxyl (HOO•), stands as a major issue as these radicals 

could cause degradation of the carbon matrix and Fe-N-C's active 

sites, which may progressively escalate the dementalization 

process and thus the Fenton reaction.[39] 

In view of the recurrent demetallation issue, it has been recently 

questioned whether the absence of iron sites in the Fe-N-C 

catalyst could affect the ORR performance in acidic media. 

Aiming to address this fundamental question, Kong et al.[50] 

demonstrated that N-doped carbon materials having trace 

amounts of iron (0-0.08 wt%) delivered excellent ORR activity and 

durability comparable to those of the Pt/C catalyst in both alkaline 

and acidic media without the major contribution of the iron sites. 

The authors claimed that the presence of noncovalently bonded 

N-deficient/N-rich interlayers served as active sites for the ORR. 

Despite this advancement, the question concerning the role of 

iron sites in Fe-N-C is still open, pending a full understanding of 

the active sites' nature in Fe-N-C or N-doped carbon materials. In 

another study that also aimed to minimise the degradation 

process, it was shown that the SAC iron sites, namely FeNxCy, 

seem to be more resistant to demetallization compared to the 

particulate iron Fe@N-C sites.[51] For the sake of minimising 

operando demetallation of Fe-N-C material in acidic media, other 

recent studies have shown that the employment of bimetallic M-

N-C catalysts, such as (Fe, Co)-N-C[52] and (Fe, Ni)-N-C,[53] can 

potentially increase catalyst's stability in acidic media. Additionally, 

the improved stability of bimetallic M-N-C systems may be due to 

the dual-metal sites that facilitate the dissociation of O-O bond in 

HOO*, suppressing the H2O2 production and consequently the 

degradation process.[49]

 

Figure 8. Probable degradation mechanisms for Fe-N-C catalyst. Reproduced from Ref.[39] under the terms of the Creative Commons Attribution CC BY License, 
https://creativecommons.org/licenses/by/4.0/.
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Fe metal centre – alkaline electrolytes 

The stability and electrocatalytic activity of Fe-N-C catalysts 

present a better scenario in alkaline, rather than acidic media. The 

increase in stability is mostly due to the Fenton reaction being 

hindered since the dissolved iron ions are precipitated into iron 

oxohydroxides and hydroxides. Additionally, alkaline media lead 

to an acceleration of H2O2 self-decomposition into O2 and H2O as 

well as a decrease of HO• oxidation potential (e.g., the oxidation 

potential of the redox couple HO•/H2O is 2.59 V vs. standard 

hydrogen electrode (SHE) at pH 0 and 1.64 V vs. SHE at pH 

14).[54]  

Recent studies of the activity and stability of Fe-N-C material as 

catalysts for the ORR in alkaline media were conducted by Sgarbi 

et al.[55], by assessing the electrochemical transformation of Fe-

N-C catalyst into iron oxide and its effect on the ORR 

electrocatalysis. Also, the authors were able to provide a 

comprehensive understanding of the iron dissolution/iron oxide 

reprecipitation mechanism occurring along an accelerated stress 

test (AST). The results suggested a possible synergic effect 

between the redeposited iron oxide particles and untransformed 

SAC Fe-NxCy moieties, that provided stability for the catalyst 

along the AST. Another way to improve chemical stability, 

electron mobility, mass-transfer rates, and consequently ORR 

activity on Fe-N-C catalyst is via the employment of a carbon-

based three-dimensional interpenetrating network structure, 

which enables the presence of increased at-edge Fe-Nx moieties 

located at the boundaries and interfaces of this kind of 

structure.[56]  

It has also been found that modifying Fe-N-C structures by the 

introduction of dopants, such as sulphur[57–59] and phosphorus,[60] 

can lead to improvement of stability and electrocatalytic activity of 

ORR in alkaline media. It is proposed that dopants introduce two 

possible changes in the SAC configurations: (i) sulphur atom 

might replace one of the nitrogen atoms in the Fe-N4 site thus 

bonding directly to the metal centre (forming FeSN3);[57] or (ii) 

sulphur atom might be bonded to carbon (i.e., thiophenic-S) 

neighbouring the Fe-N4 site (forming FeN4SC).[58] For phosphorus 

dopants, analyses of EXAFS spectra indicated that the 

phosphorus atom might be bonded to the Fe-N4 site in a penta-

coordination structure (i.e., FeN4P).[60] In general, these dopants 

can improve the stability and electrocatalytic performance of Fe-

N-C catalysts, since they favour the adsorption of key ORR 

intermediates.[57,58,60]  

Improvement of the activity towards ORR in alkaline media can 

also be achieved by using Fe-N-C catalysts prepared using highly 

aligned hierarchical porous carbon structures, combined with a 

sulphur dopant.[61],[62] Two factors have been assigned for 

explaining the improved activity provided by this approach: (i) the 

presence of densely distributed active sites provided by the high-

specific-surface-area of the hierarchical porous structures;[61,63,64] 

and (ii) the optimisation of the Fe-Nx centres promoted by sulphur 

dopant, that induces a charge enrichment of Fe-N leading to 

optimal O2 bindings that minimises the reaction barrier and favour 

ORR kinetics. In another illustrative study, Rauf et al.[65] designed 

a Fe-N-C catalyst with Fe-Nx and pyridinic-N embedded in a 

carbon-based mesoporous matrix (Figure 9a). As shown in Figure 

9g-l, Fe-N-C catalyst presented enhanced ORR performance as 

well as long-term stability compared to the Pt/C catalyst. The 

improved stability was associated with the low H2O2 yield (≤1.5%), 

see Figure 9j, whilst the enhanced ORR activity was related to the 

high content of pyridinic-N forming the SAC Fe-Nx active sites 

(Figure 9b-f). In another study, the performance and stability of 

the Fe-N-C catalyst were evaluated when this material was 

integrated into the cathode of an H2/O2 anion-exchange 

membrane fuel cell (AEMFC). It was shown that this material 

delivered good performance and stability in the AEMFC, similar to 

a system containing a Pt/C cathode.[66]

 

Figure 9. (a) Schematic representation for synthesis preparation of Fe-N-C catalysts. X-ray photoelectron spectroscopy spectra of (b) survey and high-resolution 

for (c) C 1s, (d) O 1s, (e) N 1s, and (f) Fe 2p of Fe-N-C catalysts. (g) ORR polarization curves before and after 10,000 cycles, and (h) Tafel plots for Fe-N-C and 

Pt/C catalysts in O2-saturated 0.1 mol L−1 NaOH solution. (i) Chronoamperometric curves at 0.8 V vs. RHE for Fe-N-C and Pt/C materials under the rotating rate of 
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900 rpm and in O2-saturated 0.1 mol L−1 NaOH solution. (j) H2O2 yield and electron transfer number during ORR on Fe-N-C and Pt/C catalysts. (k) ORR curves for 

Fe-N-C catalyst obtained under different rotation rates, and (l) the corresponding Koutecký-Levich plots at different potentials. Reprinted (adapted) from Ref.[65], 

Copyright 2021, with permission from Elsevier. 

 

The Fe demetallation process of Fe-N-C material may also take 

place in alkaline media. Employing a gas diffusion electrode 

(GDE) in a half-cell setup with liquid electrolyte, coupled to an 

online inductively coupled plasma mass spectrometry system, it 

was shown that the demetallation process can occur under 

conditions close to those in fuel cells operating conditions, i.e., at 

current densities (j) up to −125 mA cm−2 and with a porous Fe-N-

C catalyst layer.[67] It is proposed that a way to minimise Fe 

demetallation in alkaline media is via the generation of carbon 

vacancies in the SAC-based Fe-N-C material. From DFT 

calculations, it was shown that these vacancies can reduce the 

adsorption free energy of HO*, consequently hampering the Fe 

demetallation process.[68] Another strategy to improve the stability 

and electrocatalytic activity of ORR on Fe-N-C in alkaline media 

is via increasing the density of Fe-Nx active sites.[69–71] In this 

context, Wang et al.[69] employed a facile benzoate-assisted self-

template strategy to obtain an SAC-based Fe-N-C catalyst 

featuring a high density of easily accessible active sites. 

Compared to the state-of-the-art Pt/C catalyst, this material 

delivered excellent ORR performance in alkaline solution and 

good stability with 90% of the initial activity retained after 90 h of 

a continuous running experiment. It is worth mentioning that the 

use of sodium benzoate during the synthesis was essential to 

stabilise iron ions in the Fe-N-C structure, which favours the 

minimisation of ORR electrocatalytic loss arising from Fe 

demetallation. The benzoate-based chemical reagent also 

contributed to improving the ORR performance via the increase 

in the content of SAC-based structures that enlarge the surface-

active area. Another important observation is that, together with 

the increase of Fe-Nx active sites density, there is an increase of 

metal atom agglomerations (i.e., metal not coordinated with 

nitrogen atoms), which could be less active for ORR. As reported 

recently, this issue can be circumvented by adjusting the solvent 

during Fe-N-C synthesis.[70] For example, comparing methanol 

and water/methanol, the employment of the aqueous medium 

enabled to obtain a high density of Fe-Nx sites and hindered the 

formation of iron-based nanoparticles during the pyrolysis 

process. 

 

Metal centres other than Fe 

Studies in both acid and alkaline electrolytes denote that 

degradation of Fe-N-C structures remains a challenge, mostly 

because of the Fe demetallation process that could trigger the 

Fenton reaction under H2O2 presence in acidic media.[72] Thereby, 

M-N-C materials containing alternative metals that do not catalyse 

the Fenton reaction have been under consideration. Presently, Co 

is regarded as an alternative metal for M-N-C materials since this 

element is less catalytic compared to Fe to start off the Fenton 

reaction.[73] Nevertheless, ORR activity on Co-N-C material is 

generally lower than on Fe-N-C.[35,74] Another drawback is that 

Co-N-C catalysts have exhibited higher H2O2 yield (>5%) 

compared to Fe-N-C catalysts.[73] The stability of Co-N-C 

materials stands as another critical bottleneck that requires 

fundamental studies about their degradation mechanism. Several 

hypotheses have been proposed and one of the possible 

degradation pathways is the dissolution of Co ions from the Co-

Nx active sites during the ORR in acidic media.[73] Recent studies 

employing hierarchical porous structures for providing high-

specific-surface-area have demonstrated to improve the 

performance and stability of Co-N-C, either in acidic or alkaline 

electrolytes.[75,76] Another approach to improve electrocatalytic 

activity and stability is via immobilisation of Co-N4 moieties in ZIF-

8 micropores, which consists of doping ZIF-8 with Co using Co-

Zn ion exchange followed by pyrolysis. Such an approach 

enabled a significant increase in the density of Co-Nx active sites 

in the SAC-based Co-N-C structure. As a result, high catalytic 

activity for ORR was achieved, comparable to Fe-N-C in acidic 

medium, but with superior durability.[72] 

Besides cobalt, nickel is another alternative substitute for iron in 

M-N-C catalysts since it also has a poorer activity for the Fenton 

reaction.[77] Compared to Fe-N-C and Co-N-C materials, Ni-N-C 

has been less studied for ORR as its ORR electrocatalytic activity 

is deemed unsatisfactory both in acidic and alkaline media, which 

may be due to the Ni site in the Ni-Nx weakly binds with the ORR 

intermediates.[77,78] Another important aspect to bear in mind is 

that similar to Co-N-C material, Ni-N-C also features ORR 

selectivity towards H2O2 production. Albeit more studies are 

required, it has been suggested that H2O2 production on Ni-N-C 

materials may take place at graphene edge defects and in 

nonmetal nitrogen sites in the N-C matrix.[33] A theoretical study 

predicted that one way to favour the four-electron ORR activity is 

via coordinating boron to the NiN4-C system. Among different 

combinations of boron substitution in the NiN4-C system, NiN2B2-

C featured suitable adsorption energy for the ORR intermediates 

that favoured the improvement of four-electron catalytic activity.[77] 

Another recent study demonstrated that the employment of 

substrates with a high volume of mesopores enabled to obtain Ni-

N-C catalysts featuring high-specific-surface-area. This enlarged 

surface area favoured a great exposure of Ni-Nx active sites which 

consequently facilitated the ORR on the Ni-N-C material catalyst 

in alkaline medium.[79] 

 

DFT studies 

Until this point, we have mainly focused on reviewing 

experimental studies of ORR on M-N-C catalysts, but theoretical 

studies based on chiefly the DFT approach have also enabled 

advancement in the understanding of many aspects of different 

reduction reactions. In this regard, we shall present the following 

concepts assessed theoretically for ORR, which is the main 

reaction regarded for M-N-C systems. The d-band centre[80] and 

electronegativity of the nearest atoms[81] are usually considered 

as descriptors of the ORR activity of Fe-N4 active centres (ACs). 

However, these intrinsic characteristics do not explain the 

orientation dependence and differences in ORR activity at the 

same FeN4 site on different carbon supports. In this regard, a 

fundamental study of single-atom Fe-N-C[82] demonstrated that 

magnetic moments on Fe and O2, and the d-band centre gap of 

spin states correlate significantly better than the mentioned 

descriptors for ORR activity. Interestingly, in the same study, a 

poor correlation was mentioned between the adsorption energy of 

O2 and ORR activity at the Fe-N4, even though O2 adsorption is 

the first step of ORR on M-N-C materials. On the other hand, the 

O2 adsorption stability on the MN4/C surface was considered a 

prerequisite for the material to be able to catalyse the ORR.[29] In 
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another study, atomic oxygen BE was used to estimate the ORR 

activity of square-planar and square-pyramid ACs.[83] Specifically, 

it is believed that a too weak O binding catalyst usually has 

difficulty in the formation of *OOH intermediate on the surface, 

while too strong O binding may lead to slow rate-determining 

removal of *OH intermediate. Therefore, the question of a reliable 

ORR activity descriptor of M-N-C materials remains open and 

requires further theoretical and experimental investigation. 

It is also important to mention that the stability of various ORR 

intermediates on a catalyst's surface may have an impact on its 

catalytic activity. Adsorbate-substrate interaction, in its turn, is 

largely defined by the fundamental properties of both adsorbate 

and surface. Therefore, the electronic properties and geometry of 

the ACs play an important role, impacting the catalytic activity of 

M-N-C towards ORR. A study by Zheng et al.[83] revealed that 

most square-planar ACs, MNxC4−x (M=Fe, Co, or Ni), strongly 

adsorb the ORR intermediates, resulting in their lower catalytic 

activity. Additionally, Fe atoms in the Fe-N4 centres were found to 

be positively charged while the N atoms were negatively charged, 

which is beneficial for O2 adsorption.[29] The total net charge on 

the AC can also have an effect on the RDS: for Co and Ni, the 

reduction of adsorbed O2 to peroxide radicals is the RDS (Figure 

3b), whereas for, Fe, which has the lowest positive charge 

compared to the other metals, the RDS corresponds to the 

process of charging and desorption of the hydroxide ions.[30] 

 

Final remarks on ORR 

To summarise this topic, several remarks can be made. First, it is 

noted that the electrolyte pH plays a pivotal role in the stability and 

ORR electrocatalytic performance on M-N-C (M=Fe, Co, or Ni) 

materials, and alkaline media has been found to be the suitable 

condition to date. It should also be mentioned that the most 

successful strategies to improve ORR performance and stability 

of M-N-C (M=Fe, Co, or Ni) materials in alkaline media involve: 

using a substrate with hierarchical porous structures, forming 

high-density M-Nx active sites, introducing defects (e.g., carbon 

vacancies formation), and adding dopants. These strategies 

enabled electrocatalytic improvement due to the increased M-Nx 

active sites exposure, enhanced electrolyte penetration, 

stabilisation of metal centre in M-N-C structure, and moderate 

adsorption strength of intermediates. Regarding the stability of M-

N-C materials, among the reviewed M-N-C (M=Fe, Co, or Ni) 

materials, Fe-N-C and Co-N-C catalysts have stood out so far as 

the most durable materials and with the highest electrocatalytic 

activity for ORR. Additionally, it has been shown that these 

materials are stable for up to hundreds of hours under alkaline 

conditions. Despite the tremendous advancements, the stability 

times are not satisfactory compared to the thousands of hours 

target established by the US Department of Energy.[84] To fulfil 

such a long-term stability target, further studies are required to 

help design more suitable Fe-N-C and Co-N-C catalysts. 

3. M-N-C (M=Fe, Co, or Ni) catalysts for the 
CO2RR 

Prior to delving into the description of the latest studies about 

CO2RR on M-N-C (M=Fe, Co, or Ni) materials, it is worth 

mentioning that we have devoted our attention to the studies that 

featured electrocatalytic performance and stability, which are 

promising compared to benchmarking flat catalysts.[85] It should 

be noted that different from the previous section that was 

indicated the electrolyte pH, herein, however, such a distinction 

will not be made (unless specified) since the experiments of 

CO2RR are usually carried out in CO2-saturated bicarbonate-

based electrolytes at pH of ca. 7.0. 

Considering initially the CO2RR mechanism, a typical mechanism 

of CO2RR comprises a four-step process (Figure 10a) producing 

CO as the main product. Despite its apparent simplicity, this 

mechanism allows the understanding of the catalytic trends 

observed for MN4C10 clusters,[86] estimating the impact of 

theoretical model parameters on predictions of Fe-N-C 

poisoning,[87] and defining a potential RDS for CO2RR on the M-

Nx (x=1-4) ACs.[88] For systems, where further CO hydrogenation 

is possible, a more complex mechanism is often required in 

addition to the initial four-step process, as it has been observed 

for M-N-C systems, where M=Fe, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Cd, 

Os, Ir, Pt, or Au.[89] Also, the mechanism for CH4 generation has 

been proposed (Figure 10b), with the step formation of CH2OH* 

being thermodynamically the most favourable. However, this 

mechanism was only possible on (Ir or Rh)-N-C, since on other 

systems, such as Ni-N-C, further CO hydrogenation was hindered 

by weak CO BE and its fast desorption from the surface.
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Figure 10. Probable reaction pathways of CO2RR to (a) CO and (b) CH4 on M-N-C (M=Fe, Co, or Ni)[86] and (Ir or Rh)-N-C materials,[89] respectively. 

 

In this way, an important general aspect is that most M-N-C 

catalysts display high selectivity for CO2-to-CO conversion due to 

their moderate BE of the adsorbed reaction intermediate 

species.[90] Additionally, it is understood that the CO2RR 

selectivity highly depends upon the nature of the metal centre in 

M-N-C catalysts. Theoretical analyses assessed the product 

selectivity of M-N4 sites in M-N-C with different metal centres, 

namely Mn, Fe, Co, Ni, or Cu, for CO2RR and it was observed the 

following increasing trend of CO production: Co-N-C ≈ Cu-N-C < 

Mn-N-C < Fe-N-C < Ni-N-C. Overall, Ni-N-C and Fe-N-C catalysts 

are the most promising candidates for CO generation since they 

offer a better trade-off between CO selectivity and bias input. In 

other words, Ni-N-C features the highest CO selectivity at high 

overpotentials, whereas Fe-N-C provides relatively high CO 

selectivity at low overpotentials. It is also interesting to mention 

that Ni-N-C possesses weak binding to H* leading to an 

unfavourable HER, which often competes with the CO2RR at high 

overpotentials.[91] 

Aiming to improve selective CO generation on M-N-C catalysts, 

recent studies have focused on controlling the coordination 

environment of the metal centre.[92,93] As summarised in Figure 11, 

different coordination configurations can be found for the Ni-Nx 

active sites in Ni-N-C. In this context, a recent theoretical study 

has scrutinised several NiNxC4−x (x=1-4) sites, and it was found 

that pyrrolic-type Ni-N4 moiety (i.e., β-NiN4) has higher selective 

CO2-to-CO conversion in contrast to the HER.[94] Based on free 

energy diagram analyses, it was also further learnt that CO2-to-

CO conversion on β-NiN4 can be favoured, since this moiety type 

features a moderate energy barrier for the intermediate species 

of the CO2RR and a high barrier for H* formation (Volmer reaction). 

Another study has shown that the employment of a pyrolysis 

temperature of 1000 ℃ favoured the formation of Ni-N-C catalyst 

featuring coordination numbers of two N and two C atoms (i.e., 

Ni-N2C2). Compared to the other N/C coordination numbers, the 

Ni-N2C2 catalyst delivered the highest CO faradaic efficiency 

(FECO) of 98.7% at −0.7 V vs. RHE. In addition to the coordination 

environment effect, another important aspect to mention is the 

interference on the CO2RR performance caused by extra 

uncoordinated N atoms coexisting with M-Nx sites in the M-N-C 

catalysts. Regarding this, Wang et al.[95] greatly improved CO2RR 

on Co-N-C with diminished uncoordinated N species. This 

catalyst delivered an outstanding FECO of 99.4% at −0.60 V vs. 

RHE.
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Figure 11. Schematic representation of the different Ni-Nx active sites and CO2RR free energy diagram over these active sites. Reprinted (adapted) with permission 

from Ref.[96] Copyright 2019, American Chemical Society. 

 

In an effort to further improve the CO2-to-CO conversion on M-N-

C catalysts, recent studies have also been dedicated to modifying 

the active sites (i.e., M-Nx) with dopants, such as sulphur.[97,98] In 

this context, Lu et al.[99] obtained sulphur-doped Ni-N-C catalyst 

via ion-adsorption and pyrolysis treatment. Compared to S-free 

Ni-N-C material, the Ni-NS-C catalyst displayed outstanding FECO 

of nearly 100% and stability with negligible activity decay after 19 

h. Based on DFT calculations, the high activity and selectivity 

toward CO formation were assigned to the synergetic effect of the 

S and Ni-Nx moieties. Still, in connection with the dopants 

approach, it was reported that bonding phosphorus dopant to the 

metal centre (Fe-Nx) had enabled improvement of the CO2-to-CO 

reaction.[100] 

Other illustrative studies have described Ni-N-C as a superior 

catalyst for  syngas generation (mixture of H2 and CO) due to its 

higher j/FECO ratio.[101] Unlike Ni-N-C catalyst, Fe-N-C material 

often displays lower j for CO2RR, but it shows high selectivity for 

CO generation. Another way to enhance the M-N-C catalysts' 

performance is the confinement of ionic liquids (ILs) into their 

porous structure. The employment of ultrasonication-

centrifugation methodology for the nanoconfinement of ILs into 

porous Ni-N-C proved to increase the j (about 2.7-fold) and the 

FECO (99.6%), compared to the bare catalyst (Figure 12a-b).[102] 

This superb activity was assigned to the IL role as CO2 

concentrator, and/or co-catalyst, and/or HER suppressor. 

Furthermore, it has also been shown that during the CO2RR the 

imidazolium-based ILs, namely [Bmim]+, can stabilise the 

intermediate CO2
∗−  via the formation of [Bmim]-CO2 complex 

(Figure 12c), that increases the local CO2 concentration near the 

catalyst surface, and lowers the energy barrier for CO2-to-CO 

conversion.[102] Besides the ILs approach, a strategy based on 

proton capture is another way to improve selective CO generation 

on Ni-N-C materials containing Ni nanoparticles adjacent to the 

Ni-Nx active sites. Joint experimental and theoretical analyses 

demonstrated that the Ni nanoparticles accelerate the adsorbed 

hydrogen generation to be transferred to the adjacent Ni-Nx active 

sites for improving the protonation of the intermediate and the 

overall CO2-to-CO conversion.[103] In addition to the CO2-to-CO 

conversion on M-N-C materials, the formation of methane (CH4) 

has also been shown to be possible on Fe-N-C catalysts.[104] It 

has also been shown that the CH4 production rate on Fe-N-C 

catalyst can be improved at low electrolyte pH (i.e., pH 2), 

nevertheless, the CH4 faradaic efficiency was low due to the 

predominance of the HER at such a pH condition.[105] For CO2-to-

CO conversion, it has been demonstrated that the electrolyte pH 

does not affect the CO production rate on Fe-N-C catalysts, thus 

suggesting that alkaline media could be an ideal condition to 

favour CO selectivity over H2 generation. However, this electrolyte 

condition leads to the conversion of CO2 into carbonic acid, which 

results in lowering the electrolyte pH. The occurrence of this 

phenomenon constraints the pH range of CO2-saturated solution 

to work with CO2RR, i.e., it is limited to the acidic and neutral 

conditions.[96]  
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Figure 12. (a) FECO for Ni-N-C catalyst and Ni-N-C/[Bmim][PF6] composite catalyst. (b) jCO values for Ni-N-C catalyst and Ni-N-C/[ILs] composite catalysts. (c) 

CO2RR mechanism on Ni-N-C/[Bmim][PF6] composite catalyst. Reprinted from Ref.[102], Copyright 2021, with permission from Elsevier. 

 

Besides catalytic activity, the long-term stability of M-N-C 

materials for industrial CO2 electrolysers (up to 50,000 h)[85] is 

another important feature to be considered, yet it still lacks an in-

depth fundamental understanding of M-N-C materials' 

degradation mechanism under harsh operation conditions of 

CO2RR. Nevertheless, DFT-based screening analyses have 

demonstrated that the M-N-C (M=Fe, Co, or Ni) materials are 

among the most structurally stable and experimentally operable 

(see Figure 13a).[106] In a recent study, it has been achieved good 

stability over 50 h for CO2-to-CO conversion on an SAC-based Ni-

N-C catalyst featuring a pyrrole-type Ni-N4 structure. Additionally, 

a slight attenuation in both j and FECO was observed, which 

resulted in ca. −3.6 mA cm−2 and 80% at −0.7 V vs. RHE, 

respectively.[107] Despite these results being promising, the j value 

was not  high enough to meet the target for industrial levels (i.e., 

>200 mA cm−2).[85] As recently reported, one way to improve both 

j and stability time is via using Ni-single atom self-supported on 

porous carbon fibre membrane (NiSA/PCFM) catalysts, which 

was prepared by an electrospinning method (cf. Figure 13b).[108] 

Such a membrane catalyst employed in a GDE cell setup 

delivered outstanding CO partial current density (jCO) of −308.4 

mA cm−2 as well as FECO of 88% at −1.0 V vs. RHE, and stability 

time up to 120 h. It is also interesting to mention that running the 

CO2RR experiments in a GDE device enabled substantial 

improvement of jCO and stability time compared to the 

conventional H-type cell (see Figure 13c-e). The effect of flow cell 

setup on the CO2RR performance was also demonstrated by 

Wang et al.[109] Employing a SAC-based Ni-N-C coupled with 

nanostructured zirconium oxide in such a cell resulted in a j of 

−200 mA cm−2, which is suitable for commercial application, as 

well as a high FECO of 96.8% at −1.58 V vs. RHE. In another study, 

Wang and co-workers[110] have recently demonstrated that SAC-

based Co-N-C has better stability than SAC-based Ni-N-C and 

this may be due to its good resistance to demetallation. Besides 

Ni-N-C and Co-N-C materials, combined experimental and 

theoretical studies have demonstrated that the introduction of 

axial chlorine (Cl) in the Fe-N4 active sites can improve the 

selectivity of CO2RR over HER as well as the catalyst stability. 

The FeN4ClNC exhibited a maximum FECO of 90.5% and jCO of 

−9.78 mA cm−2 at −0.6 V vs. RHE as well as stability time over 18 

h in a conventional H-cell. Based on DFT calculations, the 

presence of axial Cl coordination on single Fe of FeN4ClNC 
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catalyst favoured CO* desorption and hindered H* adsorption, 

thus enabling improvement of activity and selectivity for CO2-to-

CO conversion.[111] Another study has demonstrated that SAC-

based Fe-N-C featuring uniformly dispersed Fe-N4 sites with 

adjacent Fe3C nanoparticles enabled achieving good stability (up 

to 30 h) and high FECO of 94.6% at −0.5 V vs. RHE. Based on 

additional characterisation analyses and theoretical calculations, 

it is proposed that the improved CO2-to-CO conversion may have 

been due to the presence of Fe3C nanoparticles that strengthen 

the adsorption of CO2 on the isolated Fe-N4 sites to ultimately 

accelerate the formation of COOH*.[112]  

 

Figure 13. (a) Structure stability of M-N-C (M=Ag, Au, Zn, Cu, Mg, Pd, Ca, Mn, Cr, Fe, Co, Pt, and Ni) materials based on the formation energy. Reproduced 

(adapted) with permission.[106] Copyright 2021, Wiley. (b) Representation of synthesis approach of NiSA/PCFM catalyst. (c) jCO values for NiSA/PCFM catalyst in 

different cells set-up. Stability tests in (d) GDE cell and (e) H-type cell at −1.0 V vs. RHE. Reproduced from Ref.[108] under the terms of the Creative Commons 

Attribution CC BY License, https://creativecommons.org/licenses/by/4.0/. 

 

DFT studies 

In addition to the mainly considered experimental studies, the 

theoretical investigation also greatly contributed to the 

understanding of the electrocatalytic behaviour of M-N-C 

materials for CO2RR. According to DFT studies, the BE of the 

COOH* intermediate generated during CO2RR (Figure 10) is one 

of the most common choices as a CO2RR activity descriptor. The 

HBE (a well-known descriptor for catalytic activity towards HER) 

has also been used to understand the competition between the 

CO2RR and HER on metals and M-N-C catalysts.[113] Moreover, it 

has been shown that one of the key advantages of the M-N-C 

family compared to metallic surfaces, is that M-N-C materials do 

not have hollow sites – preferable location for H adsorption. Lately, 

COOH and CO BEs have been employed as descriptors for CO 

generation over M-Nx ACs,[88] and Ni-N4 was found to be the site 

with the most optimal properties for CO production. Fe- and Ni-

based M-N-C were also predicted to be optimal catalysts for 

CO2RR to CO, as indicated by the combination of activity (CO BE) 

and selectivity descriptors (difference between the BE for CO2
∗− 

and HBE).[86] Another study explained good CO selectivity on Ni-

N-C by the low HBE and weak CO binding, which facilitated CO 

removal from its surface.[89] This, however, made Ni-N-C systems 

unfit for CO conversion to hydrocarbons. In agreement, the ability 

of the AC in M-N-C to strongly bind CO is a crucial factor for 

defining its activity towards CO2 hydrogenation.[114] 

Concerning the nature of the metal in the active sites, the better 

activity of the C-C coupling reaction (i.e., for C2H2 or CH3CH2OH 

generation) on Fe5NC compared to Co5NC has been attributed to 

the bigger discrepancy of the d electrons of the two CO-adsorbing 

Fe atoms.[114] A more general conclusion reported that M-N-C 

materials, with discrete and narrow metal d-states on their ACs, 

could be active CO2RR catalysts, under the condition that HER is 

not competitive.[90] In addition to the optimum BE of CO2RR 

intermediates, the electronic structure of the AC can also affect 

the selectivity of the M-N-C materials. For example, the better CO 

selectivity on Ni-N-C compared to Cu-N-C is explained by the 

electronic structure of the Cu-Nx sites, which, under cathodic 

conditions, the d-orbital of Cu/Cu1+/Cu2+ is filled by 9 or 10 

electrons. This condition leads to the poor chemical stability of the 

Cu-Nx sites as the Cu-N coordination covalent bonds are 

compromised.[96] The selectivity of the M-N-C materials can also 

be affected by the coordination environment of metal at the AC.[88] 

In this context, DFT calculations demonstrated that the Ni-N4 site 

is more selective for CO generation over HER compared to Ni-N. 

 

Final remarks on CO2RR 

The present discussion makes clear that the nature of the metal 

centre in the M-Nx active sites plays a crucial role in defining the 

activity for the CO2RR. Among the reviewed M-N-C (M=Fe, Co, 

or Ni) materials, Ni-N-C and Fe-N-C materials have hitherto been 

the most promising catalysts for CO2RR. Regarding CO2RR 

selectivity, the M-N-C catalysts highly favour CO production due 

to the moderate binding of CO2RR intermediates at the M-Nx 

active sites. Furthermore, a variety of strategies have been 

reported to improve the selectivity and activity of CO2RR on M-N-

C catalysts. To mention a few these are: modulation of metal's 
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coordination environment, control of nitrogen functionalities, the 

introduction of dopants, and surface modification (e.g., 

nanoconfined ILs) are among the strategies that led to substantial 

enhancement of the electrocatalytic activity of M-N-C materials for 

this reaction. Regarding the stability during CO2RR, so far, the 

stability time of these materials spans at maximum hundreds of 

hours, which, unfortunately, does not suffice the stability target of 

several thousands of hours for industrial CO2 electrolysers.[85] The 

reasons for the deactivation of M-N-C catalysts after such 

operation times still lack a fundamental understanding of the 

degradation mechanism of M-N-C materials during CO2RR. 

Comprehension of the deactivation process may only be 

accomplished after additional studies involving other better 

designed catalysts. 

4. M-N-C (M=Fe, Co, or Ni) electrocatalysts for 
the HER 

Although less frequent compared to ORR and CO2RR, there are 

also works dealing with the investigation of M-N-C (M=Fe, Co, or 

Ni) catalysts for HER. Here we aim to describe the most promising 

strategies reported so far to enhance stability and HER activity on 

these types of materials. 

In aqueous solutions, HER comprises three steps, as shown in 

Figure 14. The first step is the electrochemical reduction of 

hydronium (H3O+) or water (Volmer reaction), depending on the 

electrolyte pH, to produce adsorbed hydrogen atoms (H(ads)). 

Following this, the adsorbed species react with another H(ads) that 

arises from the electrolytic H3O+/water reduction by the so-called 

Heyrovský reaction, and/or via the H(ads) combination through the 

Tafel reaction.[115,116]

 

Figure 14. HER mechanisms in (a) acidic and (b) alkaline media.[117] (c) Schematic representation of HER mechanisms. Reprinted (adapted) with permission from 

Ref.[118] Copyright 2020, American Chemical Society. 

 

M-N-C catalysts containing Co 

Similar to the ORR and CO2RR, the electrocatalytic performance 

of M-N-C materials for the HER relies heavily on the nature of the 

metal centre. Aiming to screen the most electrocatalytic M-N-C 

material for HER, a theoretical study systematically evaluated 

different transition metal elements in a SAC-based M-N-C 

structure, i.e., each metal was coordinated with four pyridinic 

nitrogen atoms embedded in a graphene sheet (see Figure 

15a).[119] The theoretical results suggested that Co-N-C material 

is the most promising candidate for HER since the Gibbs free 

energy for hydrogen adsorption reaction (∆𝐺H∗) on this catalyst 

was closer to zero (i.e., ∆𝐺H∗ = 0.13 eV), as compared to those of 

the other M-N-C materials (cf. Figure 15b). It was also learnt that 

the more adequate adsorption strength of hydrogen on Co-N-C is 

related to a more adequate energy level of the active valence Co 

3dz2 orbital together with the partial occupation of the antibonding 

orbitals (cf. Figure 15c).[119,120] For M-N-C (M = Fe, Co, or Ni) 

materials, this screening study revealed the following increasing 

trend of HER activity: Ni-N-C << Fe-N-C < Co-N-C. This trend was 

confirmed experimentally by the overpotential at a current density 

of −10 mA cm−2 for HER, which revealed a smaller value for Co-

N-C (−230 mV vs. RHE) compared to Ni-N-C (−590 mV vs. RHE) 

in an acid medium (cf. Figure 15d).[119] Theoretical studies have 

also focused on assessing the N-based sites (Figure 15e), which 

could be active for HER. DFT calculations suggested that terminal 

graphitic-N and Co-N are the possible active sites, as observed 
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by the descriptor for HER activity, i.e., the ∆𝐺H∗ values closer to 

zero (Figure 15f). In addition, the theoretical analyses indicated 

the occurrence of the Volmer-Heyrovský mechanism for the HER 

on these sites (Figure 15g).[121] As also shown in Figure 15g, the 

activation energy barrier for the Volmer step at the Co-N site is 

negligible, whereas for the graphitic-N site, it is 0.24 eV. Such 

results suggest that the electrochemical hydrogen adsorption 

reaction (Volmer step) is very fast at the Co-N site. Additionally, 

the activation energy barrier for the Heyrovský step was much 

higher at the graphitic-N site compared to the Co-N site, implying 

that Co-N is a more active site for HER.
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Figure 15. (a) SAC-based M-N-C model. (b) ∆𝐺H∗ (Volmer reaction) for SAC-based M-N-C material with different transition metal elements. (c) Projected density of 

states for 3dz2 active orbital (Ep, spin-up, and spin down) of SAC-based Co-N-C material which interacts with hydrogen and produces bonding (σ) and antibonding 

(σ*) orbitals. (d) Linear sweep voltammograms at a scan rate of 10 mV s−1 for SAC-based M-N-C (M=Ni, W, or Co) materials and the control sample (N-doped 

graphene (NG)) in 0.5 mol L−1 H2SO4. Reproduced (adapted) with permission.[119] Copyright 2019, Wiley. (e) N-based sites on a graphene sheet, (f) ∆𝐺H∗ in a three-

state-diagram for N-based sites, and (g) reaction barriers for Volmer-Heyrovský mechanism at the terminal graphitic-N and Co-N sites. Reprinted (adapted) with 

permission from Ref.[121] Copyright 2016, American Chemical Society. 

 

Another promising strategy to improve (Co-N4)-based catalysts is 

to modify the coordination environment of the metal centre by 

introducing other heteroatoms, e.g., phosphorus (i.e., Co-PN3) via 

in situ phosphatisation. Compared to the Pt/C catalyst, this 

system delivered large HER activity and durability (for up to 15 h) 

in acidic medium, which was assigned to the increased length of 

the Co-N and Co-P bonds, and the high valence state of Co 

element in the Co-PN3 moieties, as evidenced by combined DFT 

calculations and in situ XAS analyses.[122] Recently, a synthesis 

approach based on wet impregnation/pyrolysis was used to 

obtain Co-N-C featuring Co*-/N-C* bi-active sites supported on a 

hierarchical porous carbon structure,[123] and this system showed 

good performance and stability (up to 60 h) for HER in alkaline 

electrolyte. DFT calculations and in-situ Raman analyses 

indicated that positively charged Co nanoparticles in contact with 

the Co-N-C may have favoured water adsorption and activation, 

whilst the negatively charged carbon atoms next to N atoms could 

have accelerated the dissociation of H(ads)-OH bonds in the 

Volmer-Heyrovský mechanism for the HER. 

As mentioned previously, the typical pyrolysis step may lead to a 

heterogeneous distribution of sites in the M-N-C catalysts, which 

is deleterious to identify the active site responsible for promoting 

a particular electrocatalytic process. For Co-N-C material, such 

distribution may comprise of atomically dispersed Co-Nx sites and 

metallic Co nanoparticles encapsulated in graphitic carbon shells 

(Co@C).[124] Aiming to define the genuine active sites for the HER, 

Sa et al.[124] synthesised (see Figure 16a) a series of Co-N-C 

materials with controlled Co-Nx and Co@C site densities. On the 

basis of HER electrocatalytic performance, it was found that the 

Co-Nx sites, played a major role in the HER activity in both acidic 

and alkaline media, whereas the Co@C sites only exhibited minor 

catalytic effects. The contribution of the Co-Nx and Co@C sites 

for the HER activity was also assessed theoretically by DFT 

calculations. As shown in Figure 16b, the theoretical analyses 

indicated that CoN4C10 model sites are the most plausible 

structure for promoting the HER as it results in near-thermoneutral 

H* adsorption energy (i.e., ∆𝐺H∗ = −0.04 eV ). The Co@C sites 

were found to be very inactive for the HER regardless the nitrogen 

coordination type, as expected for obtained ∆𝐺H∗ > 0.5 eV  (see 

Figure 16c). Regarding stability, the Co-N-C catalyst with Co-Nx 

sites exhibited a stability time up to 25 h in alkaline medium, which 

was superior to that of a Pt/C catalyst (see Figure 16d).  

Besides optimisation of Co-Nx active site densities, it is also 

critical to note that industrial applications, such as commercial 

electrolysers, require catalysts that could reach j from 1 to 3 A 

cm−2.[125] Aiming to attain such magnitudes of j, it has been 

recently reported the use of carbon film with vertically aligned 

microchannels (see the centre of Figure 16g) containing the SAC-

based Co-N-C catalyst.[126] In terms of HER electrocatalytic 

performance, the Co-N-C catalyst exhibited outstanding j values 

of −500 and −1,000 mA cm−2 in acidic medium at overpotentials 

of −272 and −343 mV vs. RHE, respectively (cf. Figure 16e). 

Additionally, this material operated uninterruptedly and stably at 

−1,000 mA cm−2 for 32 h (see Figure 16f). Also, as summarised 

in Figure 16g, such improvements were assigned to combined 

effects of (i) high intrinsic activity of Co-Nx active sites; (ii) mass 

transfer facilitation by the aligned open microchannels and the 

multiscale porosity of the carbon; (iii) superhydrophilicity of the 

material; and (iv) fast detachment of H2 bubbles due to 

superaerophobicity effects.
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Figure 16. (a) Representation of synthesis approach of Co(II) phthalocyanine (CoIIPc) on the surface of carbon nanotubes (CNT) with controlled Co-Nx and Co@C 

site densities. Blue and red spheres denote Co and N atoms, respectively. (b) ∆𝐺H∗ diagram for Co-N-C clusters. (c) Comparison of calculated ∆𝐺H∗ values for Co-

Nx and Co@C sites. (d) Chronoamperometric curves for CNT/Co-Pc and Pt/C catalysts in 1 mol L−1 KOH. Reprinted (adapted) with permission from Ref.[124] 

Copyright 2019, American Chemical Society. (e) Linear sweep voltammograms at a scan rate of 5 mV s−1 for Co-N-C and Pt-based catalysts in 0.5 mol L−1 H2SO4. 

(f) Chronoamperometric curve at −1,000 mA cm−2. (g) Design strategy of Co-N-C catalyst towards high j for HER. Reproduced (adapted) with permission.[126] 

Copyright 2021, Wiley. 

  

M-N-C catalysts containing Fe 

Many efforts have also been devoted to developing highly active 

Fe-N-C materials for HER. For example, it was achieved a good 

HER performance in alkaline medium for this material prepared 

via wet impregnation followed by pyrolysis.[127] In this study, Tafel 

slope analysis indicated the Volmer-Heyrovský mechanism for the 

HER, with the Heyrovský reaction being the RDS. In another study, 

Wang et al.[128] employed operando XAS to investigate a SAC-

based Fe-N-C catalyst in alkaline media, which was previously 

characterised via the HAADF-STEM (Figure 17a-b). The K-edge 

XANES spectra (Figure 17c) indicated that the oxidation number 

is situated between +2 and +3 for the Fe atoms, while the L3-edge 

XAS Fe spectra (Figure 17d) and the Fe-edge FT-EXAFS spectra 

(Figure 17e) demonstrated the presence of Fe-N coordination and 

absence of Fe-Fe bonds, thus indicating the presence of SAC-

based structure for Fe-N-C catalyst. Based on EXAFS fitting 

analyses (Figure 17f), the authors also demonstrated that the 

coordination number was nearly four, suggesting that the Fe atom 

was atomically coordinated by nearly four nitrogen atoms of the 

N-C matrix. From studies involving operando analyses at different 

overpotentials, the authors reported that under these conditions 

the Fe-support interaction is weak and both the Fe-N coordination 

number and Fe oxidation state underwent a decrease of their 

values at the conditions of more negative overpotential values 

(Figure 17g-i). The occurrence of such structural modifications for 

the Fe-N-C catalyst was demonstrated to favour the HER in 

alkaline medium. Also from the electrochemical results, it was 

proposed the occurrence of the Volmer-Heyrovský pathway 

(Figure 17j) and water dissociation was the RDS for the HER on 

the SAC-based Fe-Nx active sites.
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Figure 17. (a) HAADF-STEM image and (b) intensity profile along the lines X-Y in panel (a) for Fe-N-C catalyst. (c) XANES spectra at the Fe K-edge for Fe-N-C 

catalyst, Fe phthalocyanine (FePc), Fe foil, and Fe3O4. (d) Fe L3-edge curves for Fe-N-C catalyst, FePc, and Fe2O3. (e) FT-EXAFS spectra at the Fe K-edge for Fe-

N-C catalyst, FePc, Fe foil, and Fe3O4. (f) The R-space curve-fitting for Fe-N-C catalyst and the proposed Fe-N4 configuration. (g) Operando XANES spectra at the 

Fe K-edge, (h) corresponding Re(k3(χ(k)) and (i) k3-weight FT-EXAFS curves for Fe-N-C catalyst. (j) Proposed HER mechanism on Fe-N-C catalyst in alkaline 

medium. All potentials are quoted with respect to the RHE. Reprinted (adapted) with permission from Ref.[128] Copyright 2020, American Chemical Society. 

 

M-N-C catalysts containing Ni 

The nitrogenation/exfoliation process has been employed to 

obtain chemically stable Ni-N-C nanosheets with thickness of <2 

nm and this catalyst showed good catalytic activity for HER in a 

broad variety of pH.[129] For example, in acidic medium, this 

catalyst delivered an activity near to that of Pt/C catalyst, and also 

good stability (up to 70 h). Another illustrative study demonstrated 

that in alkaline media the HER activity is considerably high for Ni-

N-C catalyst containing Ni-N2+2-S active sites, anchored on a 

hierarchical porous carbon structure. Based on DFT calculations, 

it was shown that the introduction of sulphur atoms in the Ni-Nx 

sites (i.e., Ni-N2+2-S) resulted in a substantial d-band centre 

upshift compared to the pristine Ni-N4, and this led to a more 

stabilised OH adsorption. Additionally, the synergetic duas-site (Ni 

and S atoms) favoured a suitable adsorption strength of the 

intermediate species (OH(ads) and H(ads)), which reflected in an 

improved water dissociation kinetics and high stability of the 

material (up to 25 h) in alkaline medium.[130] 

 

Final remarks on HER 

Albeit considerable advancements have been achieved over the 

years for HER on M-N-C catalysts, understanding the 

electrocatalytic properties of these materials for HER is still in the 

early stage. The stability of M-N-C materials also stands as a 

critical factor, as the M-N-C materials' stability time spans at 

maximum tens of hours, which, is considerably inferior to the 

60,000-90,000 h required for practical water electrolysers.[131] 

Considering the nature of the metal centre, a screening study 

proposed the following trend of increasing HER activity: Ni-N-C 

<< Fe-N-C < Co-N-C.[119] Additionally, the few studies regarding 

the HER mechanism seem to confirm that this reaction is 

composed of the Volmer and Heyrovský steps, being the latter the 

possible RDS. Also, the present understanding indicates that 

further efforts are required to optimise HER electrocatalysis and 

the long-term stability of M-N-C materials. 

5. Summary 

Compared to the conventional precious metal catalysts (i.e., 

platinum-group metals as well as Au and Ag metals), M-N-C 

(M=Fe, Co, or Ni) catalysts have reached a stage of good 

electrocatalytic activity and durability for ORR, CO2RR, and HER, 

particularly the first two reactions. The nature of the metal centre 

in the M-N-C catalysts is proved to be critically important for the 

occurrence of a given electrochemical reduction reaction. 

Currently, Fe-N-C material is the most suitable candidate to 

substitute noble metal catalysts for ORR, whilst Ni-N-C often 

displays better performance than Fe-N-C and Co-N-C materials 

for CO2-to-CO conversion. For the HER, the M-N-C catalysts 

have not yet reached satisfactory electrocatalytic performance. 

Nevertheless, Co-N-C stands as a possible candidate, for HER 

compared to Fe-N-C and Ni-N-C materials. Concerning the 

strategies that effectively enabled the improvement of 

electrocatalytic properties of the M-N-C materials, those related 

to modification of the surface and bulk regions via the introduction 

of ILs and dopants (mainly phosphorus and sulphur) seem to be 

most effective. Enlargement of specific-surface-area and increase 
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of active sites density, as well as control of the coordination 

environment have provided improvement of electrocatalytic 

performance. Efforts have also been spent to understand and 

mitigate the degradation process of M-N-C materials, yet further 

studies are still required. It is worth noting that bimetallic M-N-C 

systems as well as dopants bonded to the metal centre are 

considered promising strategies to minimise the demetallation 

process. Last but not least, theoretical knowledge on M-N-C 

materials is in the state of gathering momentum to become a 

viable tool for optimising and improving their application in 

electrocatalysis. So far, theoretical activity descriptors should be 

used carefully, as they could oversimplify highly complex 

processes. There is still a big gap in the theoretical understanding 

of the ORR, CO2RR, and HER on M-N-C catalysts compared with 

other conventional catalysts.  

6. Outlook 

Examining how much we have learnt about M-N-C (M=Fe, Co, or 

Ni) materials towards ORR, CO2RR, and HER, it comes apparent 

that enormous advances have been accomplished in terms of 

fundamental science thus far. But many questions remain 

unanswered and clarifying them is pivotal for practical 

applications. One of these questions concerns the typical 

synthetic routes to produce M-N-C materials which often lead to 

a poor number of metal atoms bonded to the nitrogen atoms, thus 

compromising the maximisation of M-Nx active sites density. 

Current works that produce M-N-C materials by pyrolysis often 

investigate the role of pyrolysis temperature on the textural, 

structural, and electrochemical performance. However, it is 

difficult to find studies to elucidate the impact of heating and 

cooling rates. Fast heating rates often result in high gas outflux, 

which can introduce defects in the M-N-C materials. Also, for Zn-

N-C material, low heating rates effectively increased the metal site 

content in the material.[132] Thus, the heating rate for pyrolyzing 

M-N-C precursors seems to be an important factor and deserves 

to be carefully evaluated. 

Finding novel strategies for improving catalytic activity and 

understanding the electronic structure of these materials may be 

a coherent way to envisage a rational synthesis route for M-N-C 

materials featuring better electrocatalytic performances. 

Additionally, modern characterisation methods can help 

researchers to elucidate the origins of the catalytic activity and 

their deactivation process. In situ and operando methods are 

powerful tools for correlating the electronic structure and 

electrochemical responses,[133–135] but this approach lacks studies 

for investigating the loss of catalytic activity. A promising 

procedure to investigate the nature of the deactivation process 

can be via the employment of advanced characterisation 

techniques, such as identical location high-resolution 

transmission electron microscopy. Such investigations are pivotal 

for proposing a rational design of stable catalysts. 

In addition to the electrochemical measurements in a three-

electrode setup, the evaluation of devices (i.e., two-electrode 

configuration), such as fuel cells, stands as an interesting 

approach to accessing the performance of M-N-C materials. For 

application in devices, regularly, porous carbon-based M-N-C 

materials are prone to pore flooding during operando conditions, 

and this is hypothesised as one of the degradation mechanisms 

due to the reduction of the number of active sites.[136] Tuning the 

surface with hydrophobic groups is a promising strategy for 

controlling water penetration. 

In view of what has been presented, the development of 

alternative strategies to overcome the present challenges 

(especially stability) is the key to shifting the employment of M-N-

C catalysts from laboratory scale to commercial devices. 
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Strategies based on metal centre choice, introduction of dopants (e.g., phosphorus, and sulphur), coordination number control, 

modulation of nitrogen functionality, increase of M-Nx active sites density, and DFT-based theoretical models have recently been 

employed to further improve electrocatalytic performance and durability of M-N-C (M=Fe, Co, or Ni) catalysts for ORR, CO2RR, and 

HER. 
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