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1. Introduction

Confronted with the energy dilemma, 
the fast depletion of fossil fuels, envi-
ronmental deteriorations speed up the 
human race to seek futuristic technologies 
for renewable energy from nonhazardous 
sources.[1] These technologies belong to 
clean energy generation with more sus-
tainability, such as, polymer electrolyte 
membrane fuel cells and metal–air bat-
teries (MABs) have gained importance due 
to high power densities and zero-carbon 
emission.[2–6] Among them, the proton 
exchange membrane fuel cells (PEMFCs) 
are weighed as an emerging technology 
for a sustainable future.

Greater energy densities, improved effi-
ciencies, fast oxidation kinetics, and less 
impact of hydrogen fuel on the environ-
ment make PEMFC one of the emerging 
technologies related to energy conver-
sion systems.[7–9] Nevertheless, the inclu-
sion of the PEMFC into automotive and 
fixed energy applications needs to reduce 
the total cost of fuel cell and long-term 

Recent progress in synthetic strategies, analysis techniques, and com-
putational modeling assist researchers to develop more active catalysts 
including metallic clusters to single-atom active sites (SACs). Metal 
coordinated N-doped carbons (M-N-C) are the most auspicious, with a 
large number of atomic sites, markedly performing for a series of electro-
chemical reactions. This perspective sums up the latest innovative and 
computational comprehension, while giving credit to earlier/pioneering 
work in carbonaceous assembly materials towards robust electrocatalytic 
activity for proton exchange membrane fuel cells via inclusive perfor-
mance assessment of the oxygen reduction reaction (ORR). M-Nx-Cy are 
exclusively defined active sites for ORR, so there is a unique possibility 
to intellectually design the relatively new catalysts with much improved 
activity, selectivity, and durability. Moreover, some SACs structures 
provide better performance in fuel cells testing with long-term dura-
bility. The efforts to understand the connection in SACs based M-Nx-Cy 
moieties and how these relate to catalytic ORR performance are also 
conveyed. Owing to comprehensive practical application in the field, 
this study has covered very encouraging aspects to the current durability 
status of M-N-C based catalysts for fuel cells followed by degradation 
mechanisms such as macro-, microdegradation, catalytic poisoning, and 
future challenges.
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durability, primarily attributed to platinum (Pt)-based catalysts  
required for relevant electrochemical reactions, i.e., the cathodic 
and anodic reactions. Conversely, the overall cost and energy 
performance of a fuel cell is determined by the slow kinetics 
of electrochemical reduction of oxygen, which is six orders less 
speedy than that of hydrogen oxidation reaction (HOR).[10,11] 
Thus, ORR is one of the main barriers to the extensive use of 
PEMFC due to the decelerated ORR along with the utilization 
of costly Pt-based catalysts. It is therefore critically important 
to create active but cost-effective catalytic materials to replace 
platinum catalysts. To decrease Pt consumption, electrocata-
lysts with economic loading of Pt have been developed.[12–14] For 
example, the Pt3Ni nanoframes/C and FePt/C with Pt-skin[13,15] 
and jagged Pt nanowires[16] are synthesized, which demon-
strated a better activity with minimum Pt stuffing as compared 
to the traditional Pt/C.[8,17,18] However, this lowest Pt stuffs are 
leaning to accumulate or collapse during ORR progression due 
to their high energy, leading to deactivation of catalysts.[19,20] 
Combined with low stability, the slightly complex synthesis pro-
cess and the insertion of toxic reagents have collectively with-
drawn the considerable interest to use these low or extremely 
low Pt catalysts for oxygen reduction reaction (ORR) in 
PEMFCs. To overcome these bottleneck issues, recent research 
has aimed to rationally design the non-noble/ Pt-free electro-
catalysts to substitute commercial Pt/C. Regarding this, carbon-
based heterogeneous materials are often studied due to their 
lower cost, simple features, and ease of processing capabilities.

In recent decades, outstanding advancement has been  
carried out in PGM-free catalysts through material innovation, 
nano-engineering, and the effect of advanced tools for acquiring 
scientific understanding.[21–33] Among the various catalysts 
studied, the metal-N-doped carbons (M-N-C) are categorically 
active catalysts for ORR for PEM fuel cells (PEMFCs).[34,35] New 
unanimity in this arena is that ORR active sites must be made 
up of fully exposed N-coordinated transition metal centers with 
an improved density of dispersed active sites.[36–39] The consti-
tution of undesired agglomerated metal clusters thus remains 
the main barrier to further improve the ORR performance. 
Suitable precursor materials indicate a high surface area, 
porosity, molecular level integration of M-N-C along with har-
monized morphology.[7,40,41] Today, the power density of PGM-
free catalysts assembled in the membrane electrode assembly 
(MEA) is approaching nearly half of commercial PGM-based 
ones.[42,43] However, countless challenges still remain with 
PGM-free catalysts to become viable for acidic fuel cells, though 
the catalytic instability seems to be the major problem. The 
catalytic poisoning is another drawback of catalysts that is  
usually ignored. To recognize the capability of carbon-based 
electrocatalysts in fuel cell applications, it is important to figure 
out the long-term chemical and structural stability of the cata-
lytic materials under the harsh electrochemical environment 
present in fuel cell cathodes. Despite increasing interest in 
M-N-C electrocatalysts, few studies reported the long-term sus-
tainability while most of the reports focus only on the initial 
performance.[44] The initial progress is almost and/or relatively 

better than that of commercially available Pt/C. By using the 
M-N-C cathodes in PEMFCs, it was observed that micropores 
(<2 nm in diameter) have a major role in the activity and as well 
as in degradation at an initial stage. The surface area having a 
large number of micropores often led to both high primary per-
formance and a quick rate of degradation.[45] Because the active 
sites, for example, M-N4, are most likely appealing with micro- 
and mesopores in the carbon.[43,46,47] The performance of a fuel 
cell with PGM-free cathodes representatively degrades from 
40 to 80% in the first 100 h of testing. The PGM-free catalysts 
with higher initial activity usually degrade faster.[43] Therefore, 
studying the degradation mechanisms of PGM-free catalysts/
cathodes has become critically essential.

The instability and activity problems can be resolved by iden-
tification/ quantification of active sites and tuning the intrinsic/ 
extrinsic performance of the catalysts. Double or triple doping 
of heteroatoms in carbon with metal-Nx regulates the elec-
trical properties,[48] and improves the inherent features of the 
active sites.[49] In the meantime, the physical characteristics, 
for example, conductivity, density/ distribution of active sites,  
specific surface area, porosity, and morphology, have a high 
impact on their ORR performance. Several new strategies, such 
as the construction of electron pathways, single-atom catalysts, 
and hierarchical structures with different stencils or fine pre-
cursors, remain advantageous to exploit the activity of catalysts.

On the basis of above mention data, we present a brief sum-
mary of the latest advances of efficient M-N-C catalysts for ORR 
in PEMFC while giving credit to the previous pioneering works. 
First, the identification and quantification of active sites are 
discussed at the atomic level via spectroscopic, experimental 
(probing), and theoretical evidences. Then, the emphasis is 
given on the mechanism of ORR on M-N-C catalysts, followed 
by recent efforts in manipulating the electronic structures of 
M-N-C catalysts. Ensuing, novel, exciting concepts of design 
and preparation methods to adapt the structure, density/disper-
sion and conductivity of M-N-C catalysts are summarized. 
Important progress of M-N-C electrocatalysts for PEMFCs is 
also summarized based on their high power densities and more 
extended stability for real applications. Furthermore, a thor-
ough discussion based on understanding the current instability 
mechanisms of PGM-free ORR catalysts in an acidic environ-
ment is presented. Finally, a brief clarification of the ultimatum 
and future prospects of carbon-based heterogeneous catalysts 
are explored.

2. Structure of M-N-C Active Sites and ORR 
Mechanism
A low-cost, excellent electronic conductivity, structural flex-
ibility on the atomic scale, high specific surface area, and sta-
bility throughout the entire pH range with several unique 
advantages of carbon-based nonprecious nanomaterials have 
emerged as a replacement of precious-metal-based electro-
catalysts. Heteroatom (e.g., N, S, B, P, etc.) doped carbon with 
transition metal (M = Fe, Co, Ni, Mn, etc.), such as single atom 
M-N-C catalysts, M-based particles with carbon materials (e.g., 
core@shell M@C) are extensively investigated for ORR elec-
trocatalysis. However, M-N-C materials synthesized by the 
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high-temperature treatment of different precursors (metal 
source + N source + C source) and/or one precursor, e.g., metal 
organic frameworks (MOFs), are regarded as auspicious candi-
dates for ORR. During the pyrolysis process, the C and N atoms 
reorganized to transform into N-doped conductive matrix with 
the simultaneous existence of atomically dispersed M-N-C 
active sites; however, alteration in pyrolysis conditions (tem-
perature, time, and atmosphere) can provide metallic nanopar-
ticles and/or metal oxides/carbides decorated on N-C (N-doped 
carbon) surface.[50–52] It is anticipated that the attached metal 
species altered the electronic properties of N-C, leading to the 
improvement in ORR activity. Therefore, it is now a firmed 
belief that M-NxCy sites in catalysts are mainly responsible 
for the enhanced ORR catalysis. Further, M-NxCy moieties 
are now spotted by atomic resolution (scanning transmission 
electron microscopy (STEM) and electron energy loss spectros-
copy (EELS)), which is in line with previous evidence identi-
fied by a secondary ion mass spectrometry, X-ray absorption  
spectroscopy (XAS), and Mossbauer spectroscopy. In addition,  
M-N-C catalysts have recently been reported, which only  
contain active M-NxCy sites, giving an attractive way-out to 
solve this puzzle through combined XAS and[57] Fe Mossbauer 
spectroscopy.[53–55] Advanced in situ methods, and theoretical  
calculations have been used to propose new directions of 
active sites, which shows that the level of development of these  
catalysts is slowly shifting from traditional hit and trial methods 
to accurate design for production of catalysts at the molecular 
or atomic level.

2.1. Identification and Location of Atomically 
Dispersed M-Nx-Cy Active Site

The sluggish ORR is dependent on the specific active sites in 
the catalyst; however, the configuration of the active site in 
case of pyrolyzed M-N-C catalysts remains unclear.[56] From 
theoretical and experimental results, several types of active sites 

are proposed (Figure 1). The majority of the results suggest 
that metal-coordinated pyridinic N are the main active sites.  
However, some alternate coordination structures for active sites 
have also been suggested, including; M-N4/C species, M-N2/C-
edge, macrocyclic M-N4/C species, and graphitic nitrogen N-C 
species. Nonetheless, the current data could not provide suffi-
cient evidence for the overall picture.[57] Additionally, Jia et al.[58] 
designed 3 types of active sites containing Fe-N4/C moieties 
(Figure 2) and proposed that during ORR in acidic media there 
were different switching behaviors of Fe-N4 and were associated 
with a dynamic structure of FeIII/FeII redox transition.[59] The 
higher ORR performance of pyrolyzed Fe-N4/C may be related 
to electron-deficient environment around the Fe–N coordi-
nation structure, resulting in a positive displacement of the  
FeIII/FeII redox potential.

Recently, spectroscopic technologies based on synchrotron 
radiation light spectroscopy technologies, such as synchrotron 
radiation (SR) methods, SR-X-ray photoelectron spectroscopy 
(XPS), and XAS usually incorporated to look into the atomic 
structures of catalysts. More specifically, a lot of interests 
have been committed to the use of XAS in characterizing the 
atomic/electronic structure of catalysts for understanding the 
structure–activity relationship via joining with first-principle 
simulations.

2.1.1. Structure of Active Sites

Several structures of active sites in the M-N-C based catalysts 
have been proposed; however, M-NxCy moieties have two com-
monly accepted structures such as, metal ion interconnected 
by 4 pyridinic-N (containing two C atoms defect inside a single 
graphene sheet M-N4C10)[60–64] or combining two phenanthro-
line groups (M-N2+2C4+4) placed on two armchair borders of two 
different graphene planes.[46,65] These active sites (M-N4C10 and 
M-N2+2C4+4) are further confirmed by density functional theory 
(DFT) studies for stability and chemisorption of oxygen.[65–70] 
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Figure 1.  Schematic presentation of various reported metal-based active sites for ORR.
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Until now, numerous M-N-C-based (M = Fe, Co, Mn, Ni, Zn, 
etc.) electrocatalysts have been prepared with these types of 
active sites. For example, Huang and co-workers experimentally 
reproduced the simulated XANES spectra of M-N4C10 moieties 
in a 2D graphene lattice and further verified these M-N4C10 
sites by STEM images.[71] In contrast, some studies on M-N-C  
(M = Fe, Co) materials concluded that experimental XANES 
spectra of M-NxCy moieties could be further prepared with por-
phyrinic M-N4C12 or M-N2+2C12 clusters.[72] Such porphyrinic  
moieties can be placed at in-plane defects or the zig-zag  
borders, consisting of highly perplexed fraction of 5 membered 
and higher rings.[62] This phenomenon is normally observed in 
disorder carbon matrix and recently also confirmed by STEM 
images in Fe-N-C and Co-N-C catalysts.[73] It is also further 
observed that amorphous carbons have a higher ability to host 
the sufficient number of Fe-NxCy active sites.

Recently, the ORR activities of Fe-N4,[74,75] Co-N4,
[76,77] and 

Mn-N4 sites[78,79] to approach the PGM level have been signifi-
cantly improved.[80] Yet, volcano relation explains the dependency  
of ORR activities on the linking capabilities of reaction interme-
diates with numerous M-Nx sites suggested by Zagal’s group,[59] 
Mn-N4 and Fe-N4 with the strong joining site give water, Co-N4 
with weak joining site gives hydrogen peroxide, following 2-elec-
tron ORR-pathway. Precisely, Fe-N-C displays good enactment 
for ORR as compared to other transition metals. Hence, Fe-N-C 
has been widely studied in advanced in-situ experiments along 
with several theoretical calculations to investigate the actual 
active sites and their structure in Fe-N-C catalysts. Dodelet 
and co-workers studied an efficient Fe-based electrocatalyst, 
encapsulated iron cations inter-connected with pyridinic-N 
(Fe-N4).[46] Further, studied by Wang’s group via DFT calcula-
tions and reported *OOH linked with Fe-N4 sites same as that 
of Pt.[69] In combination with theoretical studies, the N-FeN4C10 

moiety is proved as a major active site for ORR. Moreover, 
the potential-relevant dynamic cycles of both geometric struc-
ture and electronic configuration of single-Fe-atom sites are  
evidenced via capturing the peroxide (∗O2−) and hydroxyl (∗OH−) 
intermediates under in situ ORR conditions.[81] As of Fe-N4, the 
Mn-N4 sites give firmer bonding to oxygen and sluggish O–O 
affinity during the oxygen dissociation step,[82] which may take 
to a complete tract of four electrons and improved efficiency for 
ORR catalysis.[70,83] Although, there present significant perfor-
mance, such as Mn-N4 based catalysts and the Fe-N4 sites[84] or 
the traditional Pt/C catalysts. Orellana[85] reported that Mn-N4 
grafted into graphitic defects gives declined activation barriers 
in the dissociation step of oxygen. Apart from that, the poor 
ORR catalysis may be further ascribed to two major factors: 
first is the less conduction ability of electron[85] to molecules 
based on Mn-N4 and the other is the hassle in defecting and 
omitting of strongly adhered *OH intermediate[59,86,87] from the 
resulting metal sites.[88] However, the current experimental and 
theoretical studies toward ORR performance of the Mn-N4 site 
remain challenging due to the absence of systematic investiga-
tion of different effects of coordination of N, C structure toward 
ORR performance and the working mechanism behind the 
various Mn-Nx sites. We can conclude that STEM is a good tool 
for visualizing atomically (single) dispersed atoms and XANES 
analysis can identify the M-NxCy cluster in the nitrogen-doped 
carbon matrix. However, it is not an easy task to explain the 
structure–activity relationship in M-N-C catalyst based on sole 
M-NxCy moieties.

2.1.2. Site Location

The exact location of M-NxCy active sites in the M-N-C catalysts  
is debatable, whether these are settled in-plane or edge defects; 
in this aspect, different views have been reported. Usually,  
the knowledge of active sites’ position would give benefi-
cial perceptions for the rational synthesis of the many active  
catalysts. First, it was described by DFT studies that the iron-
atoms favorably joined with pyridinic nitrogen located at the 
borders.[89] This expectation was experimentally confirmed by 
Dai’s[90] and Zelenay’s group[47]; they found that in Fe-N-C cata-
lyst, iron-atoms are bounded at the borders of graphene sheets 
with a highly graphitized matrix. In contrast, Workman et al.[91] 
reported the in-plane location of M-NxCy moieties and further 
described the negative relation between the kinetic activity of 
Fe-N-C catalyst and the number of graphitic sheets. If the main-
stream of M-NxCy moieties exists at the border, the number 
of available electrochemical sites per unit weight of the cata-
lyst may be augmented by decreasing the adjacent size of the  
graphene sheets, although the vertically aligned graphene 
sheets will not show any participation in this case. In contrast, 
if more active sites are situated in-plane of graphene sheets, 
then the electrochemically reachable active sites could be 
maximized by improving the defects and reducing the mean 
number of stacked graphene sheets (Figure 3a).[91]

Several M-N-C electrocatalysts were synthesized with dif-
ferent techniques, including pyrolysis of metal porphyrine 
support on carbon, by using MOFs as sacrificial precursors 
and hard-templating (SiO2) approach. These materials were 
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Figure 2.  Three different FeIIN4 and FeIIIN4 structures of Fe-N-C-based 
catalysts. Reproduced with permission.[58] Copyright 2015, Elsevier.
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examined for M-NxCy active sites through joined[57] Fe Moss-
bauer and XAS spectroscopy. Noticeably, the same quadrupole 
doublets (D1 and D2) have been seen in Fe-N-C, with different 
ratios.[72,93,94] Li et al.[93] showed the morphology of active sites 
in such catalysts (measured ex situ) drastically varies from that 
in operando conditions. The proposed active sites for ORR are 
the Fe-N4 moieties with nonplanar configuration implanted 
in the defective carbon host, which was therefore analyzed by 
the high redox potential of Fe2+/3+, which is contrary to what 
has previously been proposed by ex situ characterizations. The 
active site is indirectly changed to the in-plane Fe-N4 ferric site 
in redox transition, which was poisoned by oxygen adsorb-
ates, and redox potential (Fe2+/3+) controls the number of active 
sites. The reversible structural alterations in M-NxCy active 
sites identified by XAS are caused by the removal/addition of 
oxygen-containing species and/or electrochemical potentials.[93] 
XANES characterization of Fe-NxCy moieties demonstrated 
minute but a tangible difference in these catalysts. As a result 
of both techniques, it was confirmed that the pyridinic and 
prophyridinic Fe-N4 (active sites) are present. However, it was 
observed that Fe-N-C catalysts with almost the same XANES 
and Mossbauer spectra did not show the same ORR perfor-
mance. For example, the Fe-N-C catalysts synthesized from the 
same materials (iron acetate, phenanthroline, and ZIF-8) but in 
different pyrolysis treatments, i.e., precursors were first pyro-
lyzed at 1050 °C in Ar for 1 h and named as Fe0.5.[72] The second 
catalyst of Fe0.5 was prepared by pyrolysis at 950 °C under NH3 
atmosphere for 5 min and named as Fe0.5-950. The XANES 
and[57] Fe Mossbauer spectra of both catalysts were almost iden-
tical. Still, the ORR performance of Fe0.5 was 30 times lower 
than Fe0.5-950 in PEMFC at 0.9  V. The twice the surface area 
of Fe0.5-950 is not enough to ultimately justify the performance 
difference in both catalysts. There must be an effect of chem-
ical state in the nitrogen-doped carbon matrix, which increased 
the turn-over frequency (TOF) of Fe-NxCy active sites in Fe0.5-
950.[72] The supply of ammonia gas during pyrolysis is famous 
for introducing the N-group, leading to enhanced the basicity 
of the catalysts. However, the DFT studies revealed that the pKa 
<  5 value of pyridinic-N could not create considerable altera-
tion with augmented cluster size.[95] Therefore, the higher pKa 

value > 8 can be justified because of other existing groups such 
as amide/amine with high pKa in ammonia-treated samples; 
however, the manifestation of such functional groups after heat 
treatment is also debatable. By disturbing the π-electrons of  
graphene sheets, these highly basic nitrogen groups may 
alter the electron density at iron centers.[96] This concept was 
disclosed through experimental parameters confirming the 
straight relation between the ORR performance of Fe-N4 on 
carbon and the Levis alkalinity of the carbon support. From the 
above discussion, we can conclude that Fe-N-C catalysts may 
have different ORR performance while having similar spectro-
scopic signatures for Fe. Thus ORR performance depends not 
only on the TOF of Fe centers but also long-distance conse-
quences from the nitrogen-doped carbon, suggesting the vital  
role of basicity in nitrogen-doped carbon structure. Never-
theless, the lower stability of these ammonia-treated Fe-N-C  
catalysts was unexpected, normally 50% reduction in power 
enactment after 10–20 h of operation.[43,72] Zhai et al.[92] reported 
cobalt and nitrogen co-doping on the reduced graphene oxide 
(Co-N-rGO) with enhanced ORR performance. They explored 
some possible active sites in Co-N-rGO through DFT calcula-
tions, comprising Co-N2/C, Co-N4/C with edge plane, and some 
basal plane macrocyclic Co-N4/C (Figure 3b). Very recently, Wu 
et al.[97] reported the in situ XAS analysis, which evidenced the 
conversion of inactive Co-OH and Co-O species into preferable 
active Co-N4 sites for ORR.

2.1.3. Operando/In Situ Identification of M-NxCy Active Sites

The key advancement in exposing the local geometry of M-NxCy 
centers by using ex situ techniques swapped to the forma-
tion of reaction intermediates and tempted in exploration 
with real-time measurements. In this regard, in situ spectros-
copy is being used to explore the M-N-C catalysts.[93,94,98,99] For 
example, XANES analysis carried out for ZIF-8 derived Fe-N-C 
and Co-N-C samples demonstrated that the Fe-N-C presented 
a possible-dependent shift of porphyrin clusters in Fe K-edge 
XANES spectrum, while the XANES Co-Edge spectrum stayed 
unchanged throughout the dynamic ORR potential range. 

Small 2022, 18, 2106279

Figure 3.  a) The graphitic crystallites showing the several positions of active sites, particular Fe-N2+2 or Fe-N2+1 edge structures. Reproduced with 
permission.[91] Copyright 2017, ACS. b) Possible catalytic active sites on Co-N-rGO catalyst. Reproduced with permission.[92] Copyright 2019, Elsevier.
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These results are achieved by repetitive Fe2+/3+ switching at 
approximately 0.7–0.8 V versus RHE, but this phenomenon was 
not observed in cobalt,[99] further emphasizing that the active 
sites may be changed during the reaction, and in situ characteri-
zation are important tool to elucidate the active sites. There may 
be some drawbacks due to the bulkiness of XAS; however, these 
disadvantages would be controlled via Δμ XANES analysis. Li 
et al.[93] reported that in situ morphology of Fe-N-C catalysts is 
different as compared to ex situ measurements; a non-planar 
ferrous Fe-N4 active site with out-of-plane shift with a stretched 
bond length of Fe-N was allocated as the operando active site. 
Further, operando Fe K-edge XANES measurements also 
revealed the possible dependent shift of Fe3+/2+ transition of the 
redox potential traced by square-wave voltammetry.[93,98,99] Along 
with cyanide probe, this transition proved the direct contribu-
tion of Fe in ORR. In contrast, Co-N-C catalyst did not show this 
type of Co K-edge shift or Co-N4 structural variation in operando 
XANES measurement, might be accredited to the varying redox 
potential of Fe3+/2+N and Co3+/2+N. The redox potential of M3+/2+ 
and M–O binding energy has the inverse relation. Via regulating 
d-electrons of metal ions, the M–N bond distance and obviously 
the redox potential can be modified.[59,62,100,101]

Recently, Huang and co-workers[81] developed operando 
Mossbauer spectroscopy to recognize the actual composition 

(structure/spin state) of atomically dispersed Fe active sites 
and further studied by linking the operando Raman and X-ray 
absorption spectroscopy (XAS) measurements (Figure 4) with 
DFT calculations. The researchers proved the electronic and 
structural dynamics of single-Fe-atom moieties under in situ 
ORR conditions via directly capturing the *O2– and *OH– inter-
mediates. This study may open new doors for the application of 
operando techniques to study the reaction kinetics directly.

In short, ORR performance of Fe-N-C catalyst with extraor-
dinary M–O binding energy (low redox potential) is restricted 
by the TOF of Fe ion at relatively less potential. In contrast, the 
Co-N-C catalysts with less M–O binding energy (high redox 
potential) are restricted by less TOF.

2.2. Quantification of Active Sites

The turnover frequency (TOF) is used to measure the intrinsic 
activity and also used for comparison between different active 
sites.[102] The measurement of active sites is considered as the 
key of TOF calculations; however, the widely used methods for 
precious-metal-based catalysts,[103,104,] i.e., titration by under 
potential deposition (UPD) of Cu, H2, and/ or CO stripping are 
inactive for M-N-C based catalysts. Though, some important 
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Figure 4.  Structural and dynamics of N-FeN4C10 moiety in ORR with optimized geometries and application of operando spectroscopy for identification 
of active sites. Reproduced with permission.[81] Copyright 2020, Elsevier Inc.
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developments were reported for the quantification of Fe-N-C 
based active sites, assembling it as an example for future devel-
opment and rational design of M-N-C based materials. TOF of 
a single site is considered as a ratio between the kinetic current 
density (Ik) of electrocatalyst at the specific potential to the site 
density (SD).[105]

( )( ) ( ) ( )( )= × ×− − −Ag C mol TOF electrons/site /s SD mol gk
1 1 1I F 	 (1)

More importantly, an exact understanding of SD values of the 
M-N-C materials is necessary for conveying the entire ORR 
process into SD and TOF. Evidence could assist in promoting 
exertions to develop the catalysts with enhanced performance. 
The density of perfect M-Nx-Cy moieties in materials can be 
quantified by updating M or N amounts. Therefore, XPS and 
EXAFS are widely used to determine the ratio of M and N, thus 
justified the active site density. For the very low M concentra-
tions, inductively coupled plasma optical emission spectroscopy 
(ICP-OES) is used by digesting the M-N-C sample in nitric acid 
and hydrochloric acid (5:1). Moreover, the total reflective X-ray 
fluorescence spectroscopy (TXRF) is a trustworthy source antic-
ipated for determining the elemental level in M-N-C catalysts.

Kramm et  al.[106] also used neutron activation analysis 
(NAA) for the determination of mononuclear Fe-N4 moieties.  
Furthermore,[57] Fe Mossbauer, along with XAS, are the domi-
nant tools to survey the volume of active sites. Nevertheless, 
it is not a wise decision to consider all the metal contents as 
active sites for ORR within M-N-C-based catalysts. Therefore, 
in-depth understanding can be achieved by using some mole-
cular probe to precisely occupied the ORR active sites (M-NxCy) 
on the surface of catalysts. Though CO electrochemical strip-
ping and/ or chemisorption is considered as an effective probe 
for the quantification of Pt-based active sites,[107,108] on the other 
hand certainly not or fragile CO poisoning was detected on the 
surface of Fe-N-C catalysts during ORR.[109,110] In addition, DFT 
calculations showed that many Fe-NxCy moieties attach strongly 
to O2 than CO, unlike in the case of Pt sites. Furthermore, 
the temperature-programmed desorption (TPD) technique  
was used to study the chemisorption of CO, to explore the 
add up of gas-phase nearby sites in M-N-C catalysts.[111,112] 
The TOF value can be obtained through SD information and 
the number of active sites by less-temperature adsorption 
of carbon monooxide based on the statement that sites with  
CO-adsorption resemble to O2-adsorption sites.[112] Neverthe-
less, few CO-adsorption sites perhaps are less active for ORR; 
conversely, various sites that are active for ORR cannot link CO. 
As a result, there may be a difference between the actual SD of 
the metal contents for the ORR and the SD estimated through 
adsorption of carbon monoxide at low temperature. However, 
the confirmatory connection of CO consumption and ORR per-
formance was found in acidic electrolytes. Further, NO(g) was 
studied as a probing agent for the detection of ORR-active sites 
through strong Fe-NO formation, which appeals to a variety of 
oxygen-activating systems.[113,114] The Mössbauer spectrum was 
drawn before and after the reduction of ferric in Fe-NxCy at 
-0.1 V RHE and confirmed the spectroscopic changes in some 
duplicates (referred as D2, D3, and D4), but not in the com-
ponents of sextet (iron clusters). At the next stage, the reduced 
catalyst came into contact with NO(g) and found that certain 

doublet (D4) changed dramatically, with isomer swing varying 
from 1.54 to 0.60 mm s–1 and quadrupole splitting varying from 
2.72 to 0.56 mm s–1.[93,94,106,115,116]

In short, for CO, yet there exists no guarantee that the 
binding ability of CO moiety is the same as that of O2. However, 
for NO, experimental and theoretical links between SD calcula-
tion from the adsorbed NO(g) and ORR activity in acid medium 
for numerous M-N-C catalysts, are required. Other anionic 
probes sturdily combine to M-NxCy, such as; thio/-cyanides, 
are considered promising poisons for M-NxCy moieties, mostly 
reported for Fe-NxCy sites.[117] Very recently, in situ SD quanti-
fication method is proposed by using cyanide anion as a probe 
molecule. The adsorption of cyanides on the active sites was 
determined by spectrophotometry and correlated with Fe-N-C 
active sites. The linear correlation verifies the surface-sensitive 
and metal-specific adsorption of cyanide on Fe-Nx  sites, based 
on which the values of SD and TOF can be determined.[118] 
Interestingly, nitrite ions (NO2

–) can strongly interact with  
Fe-NxCy active sites, but the poisoned active sites can success-
fully get back by reductive nitrite stripping.[105] In adsorbed 
NO2

–, the stripping charge was used to evaluate the number 
of reactive sites, but the capability of this probe is questionable 
since NO2

– anions only specifically decrease the activity of the 
ORR catalysts. This indicates that a few Fe-NxCy sites that are 
ORR active may not be fully linked to NO2

– or these anions and 
O2 absorb on the surface. In the first hypothesis, based on the 
charge stripping the calculated value of absorbed NO2 would be 
less than that of the actual SD value of the active ORR sites 
in Fe-N-C catalysts and vice versa in the second case. Further, 
Zhang et al.[119] determined the SD of Fe-N-C electrocatalysts 
by measuring the FeNx component at 399.7  eV in the N1s 
XPS spectrum of the catalyst via assuming that Fe-Nx are the 
only active sites. In summary, recent research reports in this 
area are attractive but must be gone through some practical 
phases for the wide range implementation of M-N-C materials. 
Because, there is no exact and accurate method to quantify the 
SD values, the achieved values, via different methods, should 
be compared to each other and with the ORR activity of other 
materials.

2.3. Mechanism of ORR on M-N-C Catalysts

To define the reduction of oxygen molecule and water forma-
tion by atomic active sites (M-NxCy) in ORR catalysis, three 
mechanisms have been suggested, such as; dissociation of  
1) oxygen, 2) peroxyl, and 3) hydrogen peroxide, where dissocia-
tion of peroxyl is a potential mechanism with the least energy 
path to depict ORR.[120,121] Inside a pure thermodynamic model, 
Nørskov et  al.[122] determined the reaction free energy (∆G) 
with the expression: ∆G = ∆E + ∆ZPE -T∆S + ∆Esolvation, where 
∆E is the reaction energy of basic chemical reaction and can 
be calculated by the DFT, ∆ZPE is the change in the zero-point 
energy, ∆S is a difference in entropy and ∆Esolvation is associ-
ated to the energy of solvation. Here, the zero-point energy 
derives from the vibration frequency analysis (Figure 5a). 
Fe-N-C catalysts with atomically dispersed Fe-Nx-Cy active sites 
have higher activity for ORR than others. Nevertheless, it stays 
debatable how the active sites facilitate catalysis and deviations 
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of the expected possibility in observed results, which hinders 
the development of ultimate catalysts. For example, Mukerjee 
and co-workers proposed dual active sites (Fe-N/C and FeNPs/C) 
that synergistically enhanced the ORR performance on the 
surface-bound metallic nanoparticles with faradaic reduction 
of peroxide intermediate (2 e′  + 2e′ mechanism) in an acidic 
electrolyte (Figure  5b).[123] Further, it was claimed that Fe-N4 
having -N4 would tightly adsorb O* at the high potential to 
achieve one electron deficient penta-coordinated Ox-Fe3+-N4 site 
to complete molecular oxygen adsorption on this site.[124] The 
similar phenomenon was further explored by DFT calculations, 
and they presented a four-electron OOH* separation corridor 
linked with Fe-N4 sites same as of Pt.[69] Further, Wang et al.[125] 
used first principal calculations to create a microkinetic model 
on iron-based single-atom electrocatalysts, and results showed 
the actual active site of Fe-N-C atom are the Fe(OH)N4 group 
instead of the inactive center Fe-N4, since it is contained in the 

central OH*, which is associated to the active substance, and 
the values of the ΔG along the linked path of Fe(OH)N4 active 
sites are more advantageous for catalysis as compared to that of 
the Fe-N4 center. This conclusion was used to interpret the pro-
cess of ORR catalyzed by a single Fe-N-C atom, and the result 
was endemic to previous experimental results. Holby et  al.[126] 
studied Fe-atoms positioned on the terminal N and found that 
the structure of the Fe-N3 cluster (Fe2N5 sites) able to create a 
barrier for small distribution of O–O bonds over the dissocia-
tive ORR path, preventing the formation of H2O2.

In the case of Co-Nx-C catalysts, numerous research reports 
have demonstrated two regions (Co-N4, Co-N2), and both 
regions have perfect catalytic performance to ORR, while Co-N4 
may be transformed to Co-N2, which has a stronger interac-
tion with hydrogen peroxide at elevated temperature, evidently 
supporting the 4 e– ORR pathway.[92,120,128–130] Xiao et  al.[120] 
testified a new binary active structure of the Co2N5 range with 
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Figure 5.  a) The proposed ORR mechanism, Reproduced with permission.[127] Copyright 2014, Elsevier. b) Reaction mechanism on Fe-N4/C active sites 
in acidic and alkaline media, Reproduced with permission.[123] Copyright 2014, ACS.
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a binuclear distance of 2.1–2.2 Å (Co–Co), confirming the for-
mation of binuclear sites. The proposed ORR mechanism on 
the Co2N5 active sites is shown in Figure 6a,b; Co2N5 activity is 
reported to be higher than CoN4 activity, which open new doors 
for the production of highly efficient ORR electrocatalysts.

The DFT calculations were further applied at two binary 
metallic structures, such as Co2N5, CoN2–CoN2, and conven-
tional CoN4 structures. The minimum energy pathways (MEPs) 
for ORR for these metallic clusters were computed as; O2  → 
*O2  → *OOH → *O → *OH → H2O. The Co2N5 and CoN2-
CoN2 structures, i.e., *OH + H+ + e– → H2O, exhibits positive 
reaction free energies even at a potential of 0.0 V (Figure  6c). 
The free energy profiles were estimated for the MEP at the 
Co2N5(OH) and CoN2-CoN2(OH) structures, i.e., the Co2N5 and 
CoN2–CoN2 structures each bearing a *OH, respectively. The 
Co2N5(OH) exhibits a free energy profile with no uphill step in 
the MEP at the potential of 0.52 V; whereas both CoN4 and CoN2–
CoN2(OH) structures represent one uphill step at the same 
potential (Figure 6d). While the step *O2 + H+ + e– → *OOH  
becomes up-hilled for the CoN4 structure, the *OH + H+ + e– → 
* + H2O step requires a substantial thermodynamic obstacle for 
CoN2–CoN2(OH) structure. The DFT calculation results suggest 
that the Co2N5(OH) sites act better for ORR between different 

structures, endorsing the experiential results.[120] The process of 
ORR on the binuclear active site was concise in Figure 6.[120]

3. Strategies for Structural Design of ORR 
Electrocatalysts
Electrocatalysis is a surface-dominated multistep process; 
there are several factors that may affect the performance of 
ORR electrocatalysts. The activity of the catalyst is mostly con-
trolled by the adsorption/ desorption capacity of the key reac-
tion intermediates at the active sites.[131] Therefore, the activity 
of the catalysts can be increased by controlling the adsorption/ 
desorption capacity of these reactive species. And the surface 
chemical properties will influence the adsorption and desorp-
tion capacity of the active sites towards different molecules, 
affecting the selectivity and stability of the electrocatalyst.[132] 
The crucial components to design high-efficiency electrocata-
lysts are the structure and the density of the active sites, the 
pore structure and surface chemical properties of the catalyst. 
Which surface structure has the best electrocatalytic activity 
or what is the active site; are the most concerned issues. The 
adsorption behavior of the reactants and the catalytic activity 
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Figure 6.  a,b) ORR energy pathway profiles on various CoxNy moieties in acidic electrolyte. c) Anticipated reaction scheme of associative mechanism 
on the Co2N5. Reproduced with permission.[120] Copyright 2018, Elsevier.
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of catalysts can be modulated by modifying the electronic 
properties. Undoubtedly, abundant active sites are essential for 
high-performance electrocatalysts.[133] Thus, a highly active elec-
trocatalyst can be obtained by constructing a suitable electronic 
structure (or charge state) and a physical structure, by which 
the activity of a single active site and the number of active sites 
can be increased.[134,135]

The scientists have been able to accurately tune the  
electronic structure (including charge status, spin density, and 
coordination state) of carbon via various approaches, such as 
precisely double/trinary-doping of reasonably selected heter-
oatoms in carbon, the introduction of new forms of nitrogen 
atoms in certain carbon regions, and the coordination of key 
metal atoms other than Fe and Co in the M-N-C structure.[39] 
These strategies lead to boost the specific activity of carbon sites 
(Figure 7). In addition to the intrinsic activity and density of 
active sites, the ORR performance of carbon-based catalysts 
can be improved via tuning some crucial physical properties, 
such as the dispersion of active sites, conductivity, morphology, 
specific surface area, and porous structure. At present, several 
niches have been reported focusing on synthetic concepts, such 
as the production of catalysts with exposed single active sites, 
the synthesis of efficient electron pathways in catalysts, and the 
construction of hierarchically porous structures from different 
templates or subtle precursors. These synthetic strategies are 
helpful in maximizing the use of active sites for electrochem-
ical reduction of oxygen in PEM fuel cells.

3.1. Improving Intrinsic Activity of M-N-C

The universal understanding of inherent ORR pathways is a 
basic step to get high-performance electrocatalysts. The output 
of catalysts is mainly linked with active sites and the activation 
of O2 molecules by the active site. If we consider the example 
of Fe-N-C active site, the DFT measurements based on the 

spin-polarized demonstrated that the outer shells of oxygen 
(2p) are hybridized with 3d orbitals of Fe in both spin channels 
(up/down spin), the O2–2p* function partly involved in the 
spin-down channel owing to the charge transfer from Fe-N-C 
monolayer to the oxygen.[136] The controlled dz

2 orbital of iron 
by the engagement of functional groups may be subdivided 
into bonding and antibonding states before and after adsorp-
tion of oxygen. In comparison, dz

2 (orbital) energy position to 
the Fermi level may generate a possible Fe-redox potential shift 
and perform an enhanced catalytic activity towards ORR.[137] 
Hence, the inherent activity of Fe-N-C relied on interconnecting 
environments with iron, such as N coordination number, the 
function of coordinated N, and microenvironment of metallic 
center. For example, the M-N4, a stable structure with dif-
ferent N-coordination, shows varying performance for ORR, 
contingent on the different coordination configurations of 
active M-Nx sites besides the M-N4, such as M-N2 moieties.[138] 
Most specifically, present experimental and theoretical results 
have shown that individually dispersed M-N2 moieties showed 
enhanced performance than M-N4 and even better than Pt/C 
catalysts.[139–141] This outstanding performance has been attrib-
uted to the poor interfaces among the M-N2 and *O2/*OH by-
products compared to the M-N4 moieties, which can increase 
the electron transport phenomena.[142] Further, according to 
DFT calculations, M-N2 moieties also have stronger peroxide 
interactions compared to M-N4,[73] which is firmly connected 
with better ORR performance. Moreover, DFT calculations also 
showed that Fe-N2 moieties are comparatively more active for 
ORR than Co-N2, having lower energy barriers for intermedi-
ates and products.[143]

Instead of M-Nx active sites, the location/geometry of these 
active sites in carbon support also played a vital role. By keeping 
the outermost electrons in d orbital (θd) and electronegativity 
together, Xu et al. correlated the solid bonding with observed 
ORR activity and suggested a corresponding descriptor (ϕ) 
to predict the activity of a catalyst.[144] Both experimental and 
theoretical validations gave a volcano relationship between 
descriptor ϕ and the ORR potential(onset),[145] thus demonstrated 
that the Fe-N4-C10 (having four pyridinic-N) had better ORR 
performance than Fe-N4-C12 (with four pyrrolic-N). Further, the 
DFT calculations performed on Fe-N4-Cx moieties having four 
pyridinic-N atoms showed the lower activation energy (0.20 eV) 
for the breakage of O–O bonds in Fe-N4-C8 as compared to  
Fe-N4-C10 (0.56 eV). This indicates that the Fe-N4-C8 has better 
intrinsic catalytic ORR activity than Fe-N4-C10.[58,146] However, 
2e– pathway with preferable H2O2 production exhibited by 
electrocatalyst consisting of iron coordinated two N and one 
C atoms (C-Fe-N2 active site), and has minimal active as com-
pared with in-plane Fe-N4 site for ORR.[147,148] Moreover, linked 
to Fe-N4, the border site Fe-N2 (Fe is not straightly joined to C) 
had superb activity owing to lesser interaction with intermedi-
ates *O2 and *OH and better transport of electrons.[142,143,149,150] 
However, Dodelet and co-workers also stressed that the simul-
taneous existence of the two active sites (Fe-N2 and Fe-N4) in 
carbon-supported materials with a certain ratio showed better 
ORR performance.[150,151]

In summary, the sequence of the inherent performance of 
various active sites on Fe-N-C follows as Fe-N2  > Fe-N4C8  > 
Fe-N4C10 > Fe-N4C12 > C-Fe-N2. Thus, a catalyst that constitutes 
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Figure 7.  Recent approaches to increase the ORR performance of 
electrocatalysts.
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plentiful Fe-N-C sites with high activity is in demand; most 
specifically, this possesses some benefits to get enough Fe-N2 
species from the carbon support. For instance, by using a tem-
plate casting strategy, a nominal catalyst based on Fe-N2-based 
(Fe-N2/NOMC) is prepared. Further, the [57]Fe Mössbauer spec-
troscopy proved that nitrogen atoms only interconnect with 
Fe, and K-edge X-ray absorption spectroscopy depicts that the 
average coordination number of Fe is 2.[74–77,82,83]

Recently, a dual-atomic catalyst with more active sites has 
been reported. To demonstrate greater intrinsic activity, many 
experimental and theoretical reports have shown that dual-
metal catalysts declined the thermodynamic obstacles.[120] For 
instance, Holby et  al.[126] examined that iron-atoms on the  
terminal edges having Fe-N3 moieties (that may form Fe2-
N5 dual sites) able to cross the energy barrier of O–O bond 
cleavage via a dissociative ORR pathway, thus restricting the 
production of hydrogen peroxide. Additionally, initial molecular 
dynamics showed that the process of solvation did not seem to 
put an impact on the impulsive reaction and stabilization of 
such N-coordinated edge defects in the C matrix.[126] Further, 
Xiao et  al.[120] has formulated several possible configurations 
via DFT calculations for Co2-Nx to identify potential struc-
tures of active sites, including Co2N5, CoN4-CoN3, CoN2-CoN2, 
and Co2-N6. The EXAFS fitting results identified that the dis-
tance of Co–Co (2.21Å) obtained from the binuclear structure  
(Co2-N5) was almost equal to 2.12 Å, and the new Co2-N5 binary 
sites had higher ORR activity, which was around 12 times 
higher as compared to conventional Co-N4 sites. This can be 
ascribed to a significantly reduced thermodynamic energy  
barrier that comes from the binuclear active site.

Another kind of atomic dual metal catalysts (ADMC) com-
prised of two different isolated metal atoms on support[152–154] 
such as; binuclear Fe-Co, also proved as excellent ORR catalysts 
in acidic electrolytes.[120,155] However, the addition of another 
ligand or metal-doping further makes the situation complex. 
There are arguments related to the bonding types of the bime-
tallic compounds in bi-atomic catalysts; specifically, the bonds 
between metals, such as; M1-M1, M2-M2, or M1-M2 and in 
cases where the coordination of M-ligand bonding is strong 
keeping in view a general example of ADMC, FeCo-ISA/CN 
with individually distributed Fe and Co-atoms. Zhang et al.[153] 
described that the two main peaks at 1.5 and 1.4 Å were assigned 
to Fe-N and Co-N, respectively, in Fe K-edge and Co K-edge FT-
EXAFS spectra. Moreover, the absence of other peaks at 2.2 Å 
eradicate the presence of Fe–Fe or Co–Co bonds. The enhanced 
ORR kinetics was due to the increased/ dispersed metallic 
active sites as well as dependent properties of the neighboring 
Fe and Co atomic sites. Instead of Fe, Lu et  al.[152] explored  
Zn/Co-NxC based catalysts, making Zn–Co biatomic active sites 
with a distance of 0.22 ± 0.04 nm and the coordination number 
of M-N (Co-N and Zn-N) was calculated about 3.5, indicating 
the presence of mixed-valence (M-N3 and M-N4). In addition, 
the second shell coordination number in both cases, i.e., either 
Co-M or Zn-M, was estimated to be 0.5 ± 0.1 nm, pointing to 
weak interactions in the form of ZnCo-N6. DFT calculations 
further verified that Co–Zn bonding results in the lowest  
activation energy for ORR, confirming the formation of Co–Zn 
binuclear diatomic pair. Though the dual-atom approach may 
increase the overall catalytic active sites per specific surface 

area, coordination states are becoming more complex due to 
the fact that the preparation of pure dual-atomic sites is chal-
lenging. However, the possible coexistence of single-atom sites 
cannot be ignored.[156] Advanced and updated characterization 
techniques, for example, probe molecules, Mössbauer spectros-
copy, nuclear resonance spectroscopy, etc., combined with theo-
retical calculations may be useful for analyzing the structural 
information.[114]

Heteroatom-doped carbon supports can also be utilized in 
addition to the above descriptors to further enhance the elec-
tronic structure of the metallic species in the M-N-C configura-
tion.[157–161] For example, Zhao and co-workers[152,162] designed 
efficient Zn and Co dual doped dendritic carbon by modifying 
the adjacent Co-N4 and Zn-N3 active sites with sulfur. They  
performed DFT calculations and observed that doping of sulfur 
can increase the binding capacity of Co-N4 by declining the  
variation in free energy of *O2 to *OOH.

The dual-heteroatom doping further amends the electronic 
structure of catalysts and improves ORR performance. The 
N-, S-dual doping has widely explored for the improvement in 
catalytic performance. For example, S-, N-doped mesoporous 
carbon nanostructures with Fe-based active sites were prepared  
for ORR performance in acidic solutions. The optimized elec-
trocatalyst performed well with a high peak power density 
(386  mW cm–2) of PEMFC. The improved performance was 
attributed to the Fe-based active sites with dual-heteroatom 
doping and mesoporous structure.[163] The electropositive effect 
also occurs on Fe-N4 via ammonia treatment, thus increases the 
density of doped N to improve the ORR activity.[72,164] Recently, 
Yuan et al.[53] synthesized nitrogen and phosphorus dual doped 
carbon nanosheets embedded with iron-active sites Fe-N/P-C. 
Both experimental and theoretical results indicated that the 
two-coordinated iron (N and P) were beneficial for adsorp-
tion/ desorption of oxygen intermediates, resulting in acceler-
ated reaction kinetics and promising catalytic oxygen reduction 
activity. The combined results (experimental and theoretical) 
suggested that N/P organized Fe-active sites are beneficial for 
adsorption/desorption of O2, accelerates the reaction kinetics, 
and ultimately increases the catalytic ORR performance. How-
ever, the ORR activity of Fe-N/P-C-700 in acidic medium was 
relatively lower (E1/2 0.72  V vs RHE) than that of reported  
Fe-based electrocatalysts for ORR in acid media.

This discussion could be summarized that electronic modi-
fications for the structure of M-N-C catalysts by doping electro-
negative/-positive elements are important for enhancing the 
performance. However, the precise doping and identification 
of actual catalytic active sites may further support the rational 
design of new catalysts with better performance.

3.2. Improving Density and Dispersity of Active Sites

The ORR process in an acidic medium is sluggish and follows 
the 2e–/4e– transfer reaction; however, the 2e– transfer reaction 
is considered as menacing due to high yield of H2O2 that can 
cause degradation of proton membrane in the fuel cell system. 
The overall four-electron reduction mechanism is prom-
ising owing to its evident efficacy advantages (four electrons 
per oxygen molecule), and because it escapes the creation of 
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hydrogen peroxide species in the electrode. For improving the 
electronic conductivity of ORR catalysts, the pyrolysis route is 
modified to prepare high degree of graphitization by increasing 
the pyrolysis temperature which lead to enhance the conduc-
tivity of derived materials.[29] Though the high-temperature 
pyrolysis enhanced the electron transfer efficiency to effectively 
boost the ORR performance, but relatively higher pyrolysis 
temperature also caused the agglomeration of metal species 
and reduction of heteroatom-contents leading to decay in ORR 
performance. A balanced and moderate pyrolysis temperature 
is required, and this may range from 700 to 1000 °C, depending 
on the nature of the precursors.

Despite the intrinsic activity, a dense and dispersed active site 
also significantly increases the ORR performance. The activity 
of catalysts is contingent on the M-N-C active sites available on 
the surface. Previous studies have shown that the ORR activity 
is directly related to the concentration of active sites.[142] There-
fore, the high contents of active M-Nx-Cy sites are necessary 
to ensure high catalytic ORR activity. To date, state-of-the-art  
processes have been developed to enhance M-Nx-Cy sites, 
while the simplest technique for improving M-Nx-Cy sites is 
to increase the catalyst loading during testing. For example, 
Wang et al.[165] reported that H2O2 yield produced by Fe-N-C is 
proportional to the loading of catalyst. As the loading of cata-
lyst increases from 0.06 to 0.6  mg cm–2, the performance of 
the average H2O2 decreases (16 to 1%). The approximated rate 
according to the Wroblova model shows that at increased load 
density, the average H2O2 undergoes a further conversion into 
H2O instead of adsorption, while a lower catalyst loading leads 
to a reduction of O2 via the 2-electrons pathway.[166] Nevertheless, 
the increased catalyst loading takes to the denser modified layer 
and a further pronounced diffusion, specifically in 3D porous 
materials.[167] Alternatively, considerable struggles were made to 
enhance the active sites of M-Nx-Cy, either by increasing density 
or by improving the available area for catalysis. Here, we have 
concisely summarized the up-to-date approaches for improving 
the active sites through controlled synthetic methods.

3.2.1. Closed Pyrolysis Strategy

The carbon-based catalysts for ORR are usually produced by 
pyrolysis at a specific temperature that is 600–1000 °C in an 
open inert environment. In an open system, nitrogen and 
carbon precursors are affected by considerable weight loss due 
to the evaporation of several gases, lead to relatively low catalyst 
yield, thus ultimately decreases the abundant ORR active sites. 
Therefore, inhibiting the formation of carbides during heat 
treatment is an emerging way to increase the density of active 
sites in Fe-N-C catalysts.[106] To solve this problem, researchers 
are trying to crack down in the “closed” system, using the hard 
template method; the sample can produce porous structure after 
carbonization and retain its structure; however, the selected tem-
plate is used to determine the surface area. For example, SiO2 
nanoparticles, arranged in mesoporous silica and montmoril-
lonite, are being utilized as models to achieve mesoporous struc-
tures, indicating a strong relationship between specific surface 
area and activity.[168,169] At this stage, SiO2 is mostly used to gen-
erate a controlled space, the general approach, supported by the 

silica layer, is designed to produce the best catalytically active 
sites of M-Nx-Cy in catalysts by inhibiting the production of large 
metal nanoparticles.[170–172] For example, Yang’s group suggested 
a surfactant-assisted method to enhance the active site with Fe 
traces.[173] Expending a strategy based on semiembedded inte-
gration of the iron precursor on the template SBA-15 surface, 
the strong linkage of the template inhibits iron species from 
penetration and construction of the Fe (surface) species easily 
available for catalysis. By this method, different quantities of 
Fe-Nx-Cy sites are introduced simply by increasing the quan-
tity of impregnated iron precursor.[174] Nevertheless, it’s worth 
mentioning here that it is not possible to incessantly increase 
the content of M-Nx-Cy by adding higher amount of metal pre-
cursors. Because the transition metals, for example, Ni, Co, and 
Fe, are traditional catalysts for improving graphitic carbon,[175,176] 
results in reduced nitrogen contents and specific surface areas. 
Therefore, balancing invasive metal precursor and doped 
nitrogen in a controlled way is the basic key to optimize M-N-C 
materials. Recently, an interesting method named as “shape 
fixing via salt recrystallization” is introduced to prepare efficient 
catalyst by using NaCl crystals as sealed monoreactor, which 
facilitate the controlled incorporation of N with sufficient con-
tents during pyrolysis even in the presence of Fe contents.[177,178]

3.2.2. Semiclosed Pyrolysis Strategy

The hard templates like silica follow the tedious acid leaching 
step with HF to remove the template, thus considered as a costly 
and environmentally hazardous process. Moreover, a pyrolysis 
strategy in the “semi-closed system” technique acquired the 
use of ZnCl2/KCl eutectic salts to tune the precursor during 
carbonization and generates porosity.[179] In order to prevent 
fast decomposition, the eutectic salts in molten form pro-
duce an ionic liquid-confined space, decreases the possibility 
of sintering and cracking of precursors. During pyrolysis,  
this strategy also inhibits the huge weight loss and also  
significantly reduces the N-evaporation from the precursor. Thus 
performs its role in the formation of novel 3D graphene-like 
morphology with an improved specific surface area and a high 
degree of graphitization, apart from the greater density of the 
Fe-N-C sites. On the same lines, the as-synthesized Fe-N-C cata-
lyst displays better performance with E1/2 of 0.803 V and 0.918 
V in both acid and basic media, respectively. Nevertheless, these 
strategies and methodologies are normally subjected to concise 
density of active sites. Being not stable in a strong acidic envi-
ronment, the metallic nanoparticles, metal carbides, and metal 
oxides are usually removed through postsynthetic acid leaching 
step.[156,180] Many of these are time-taking and need state-of-the-
art facilities, which are not suitable for large-scale synthesis of 
catalyst; however, the MOF-pyrolysis is a recent strategy to pre-
pare a well-dispersed atomic active site (details in Section 3.4).

3.3. Pore-Structure Modulation

Likewise, in active sites, the mass/charge transfer ability of the 
catalyst is also a critical point in terms of determining ORR 
performance. Hence, the structural design of carbon-based 
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catalysts must be clearly arranged with uninterrupted spe-
cies for mass/charge transfer from in or out of the active sites 
during the ORR pathway. For mass transfer, earlier studies have 
highlighted that microporous morphology having active sites 
can significantly boost the ORR activity. However, the nature 
of carbon and nitrogen precursors critically influences the for-
mation of micropores.[181,182] Some studies also reported that 
the mesoporous structure and porosity of materials play a key 
role toward electrocatalytic behavior, particularly at high current 
densities where transport limitations dominate. Considerably, 
high porous morphology with packed active sites contributed to 
increase the ORR activity. Even so, it must be noticed that a lot 
of active sites in the microporous structure may not be exploited 
owing to the deficiency of mass transfer channels. The forma-
tion of macro and mesopores are also required for uplifting 
the considerable mass transport during ORR-pathway. Hence, 
making a hierarchical porous structure[183] equipped with well-
organized structures of micro-, meso-, and macropores would 
be more desirable. Aiming at this point, a lot of elaborative path-
ways of utilizing templates such as; polystyrene, eutectic salt, 
silica, etc., have been prepared.[184] Wei and co-workers designed 
a method by mixing zinc salt with colloidal silica template for 
the preparation of hierarchically porous Co-N-C and Fe-N-C cata-
lysts.[172,185] It was explored that zinc evaporation results in inter-
connected macroporous structure while leaching out silica leads 
to the formation of meso-/micropore. On the basis of this study, 
recently, the same group further proposed NaCl-ZnO joint-
template method to prepare 3D hierarchical metal-free porous 
NC catalysts.[186] Although the better performance was achieved 
through templating methods but still comprised of shortcom-
ings due to long time-consuming procedure and utilization of 
poisonous reagents. Regarding this, few convenient strategies 
for the template-free synthesis of 3D hierarchical pores in engi-
neering have been reported. For example, the proposed in situ 
synthesis of Fe-N-C-Phen-PANI catalyst with 3D nanoporous 
sheet-like assembly, by utilizing binitrogen sources (PANI and 
Phen). Phenanthroline was used as a pore-forming agent to 
extend the outer shell of PANI during heat treatment, resulting 
in increased surface area of 1073 m2 g–1 with exuberant meso/
macropores generation in Fe-N-C-Phen-PANI. Recently, a phase-
transition-assisted (PTA) technique was proposed by Wei et al.[187] 
to prepare hierarchically porous C-based materials. During the 
PTA process, a separation of liquid/gas combined with an inter-
facial reaction of gas and liquid leads to the formation of open 
macroporous channels with many active sites. Moreover, by con-
trolling the interfacial rate of solidification, the channel size of 
the macropore can be tuned between 1.3 and 120 nm. Though 
few achievements are attained, it still counteracts some limita-
tions during synthesis. Further, MOF-derived electrocatalysts are 
emerging for high mass transfer and well-dispersed active sites 
owing to the inherent features of MOFs (porosity and high sur-
face area).[188,189] Due to the high applicability of MOF-derived 
electrocatalysts, the details of catalytic structure design are  
discussed in the following sub-section.

3.4. MOF-Derived Electrocatalysts

The correlation of electrocatalytic ORR performance and the 
structural features such as conductivity, surface area, highly 

dense/dispersed active sites with intrinsic activity is well estab-
lished (in the above sections), leading to the conclusion that 
appropriate designing for catalysts is absolutely important. The 
researchers have introduced several methods; in recent years, 
MOFs, as new porous materials, have gained extensive atten-
tion for several applications because of the well-defined porous 
structure and highly ordered arrangement of organic linkers 
and metal nodes.[30,190–200]

MOF-derived porous compounds, with high surface area, 
high stability, and flexible structures, are very promising candi-
dates for ORR catalysis due to their inherited porous structures 
with large surface area and identical active sites after rational 
pyrolysis.[195,201] More importantly, their periodic structures 
give rise to spatial separation of building units and thus inhibit 
potential agglomeration of metal sites during pyrolysis, ena-
bling MOFs as ideal precursors to create atomically dispersed 
active sites. There are several reviews for MOF-derived ORR 
electrocatalysts and synthetic strategies.[54,192,193,202–205] There-
fore, here we will summarize only recent and most promising 
studies to manipulate the MOF-derived catalysts for highly  
efficient ORR catalysis.

3.4.1. Strategies for Tuning Metallic Active Sites

Several methods were introduced for the design and synthesis  
of MOF-derived ORR electrocatalysts with high perfor-
mance. The emerging approaches are not limited to chemical 
doping,[206] cage-encapsulation,[207] adsorptions,[173] core–shell 
confinement,[208] and multi-ligand strategy.[209] In this section, 
we will discuss the synthetic routes of MOF-derived M-N-C 
electrocatalysts and some perspectives to further improve this 
appealing research field.
MOF-Derived Single-Atom Catalysts (SACs): Mostly, MOFs have 
one type of metal in their network, which has more chances to 
agglomerate during the pyrolysis process. For this, the mixed 
metal strategy is being applied for homogeneous dispersion of 
metallic nodes in the MOF network. In mixed metal MOFs, the 
targeted metal is usually in low contents, and the second metal 
(having low boiling point) is used in high contents. The syn-
thesis of nanoporous carbons by self-sacrificed precursor which 
consists of nitrogen-containing organic ligand and transition 
metal ions, mainly with the zeolitic imidazolate frameworks 
(ZIFs), such as ZIF-7[210] and ZIF-8.[28,207,211–213] In addition, dif-
ferent strategies are also employed to avoid the agglomerations 
of metals such as: a) Pre-doping of required metal-ions in ZIF-8 
structure in the form of M-complex, b) Host–guest strategy to 
confine the required metal in the pores of MOF, c) Adsorption 
of targeted metals in the MOF-derived N-doped carbons. There 
are several reviews for MOFs-derived ORR electrocatalysts 
and synthetic strategies.[54,192,193,202,203] For example, Li et  al. 
reported the single-atom Co-N-C catalysts with high loadings 
of Co (4  wt%) via high-temperature pyrolysis of mixed-metal 
MOF (Zn/Co-ZIF).[139] With regard to bimetallic-ZIF catalysts, 
researchers have extensively examined the link between compo-
sition, structure, and associated ORR performance by changing 
the Zn/Co ratio in the precursors (0–30 at%) and the heat treat-
ment in the range of 700–1100 °C.[28,172,214–217]

The chemical doping strategy is applied for the production 
of Fe-N-C materials tracked by one-step pyrolysis. The accurate 
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and controllable modification of morphology and metal contents  
in derived carbons ultimately developed an encouraging 
connection between the assembly/configuration and ORR  
performance.[164,210,209] Despite the Fe contents, the ORR perfor-
mance is also dependent on the particle size of MOF-derived 
carbons; it might be attributed to varying surface area, exposure 
of active sites, and morphologies. For instance, Zhang et al.[209] 
proposed the Fe-doped ZIF-8 nanocrystal precursors with con-
trolled particle size (20–1000  nm) by altering the amount of 
solvent during synthesis of MOF precursors. This controllable 
approach of morphology (retention of morphology even after 
1100 °C pyrolysis) and metal contents offered a chance to study 
the structure/activity connection for ORR. At a nanocrystal 
size of 50 nm, the E1/2 was 0.85 V versus RHE in 0.5 m H2SO4, 
showing a half-wave potential (E1/2) of 0.85  V versus RHE. 
Further, Li et al.[218] applied this two-step method to prepare 
the atomically dispersed Mn-N4 sites (Figure 8a). The metal 
exchange strategy was applied to replace some Zn nodes from 
the MOF skeleton with targeted metal (Mn) following the 
pyrolysis of Mn-ZIF-8 precursors under N2 atmosphere. In the 
second step, the host adsorption strategy was applied to adsorb 
more Mn in the N-doped carbons resulting from Mn-ZIF-8 
precursors following the pyrolysis to produce high loading of 
Mn-N4 active sites on graphitic carbons. The prepared catalyst 
exhibited enhanced ORR performance (E1/2  = 0.80  V vs RHE) 

and high power density (0.46 W cm–2) in MEA with superior 
stability. Further, a confinement strategy was applied to pre-
pare Co-N-C core–shell structures for enhancing the catalytic 
ORR performance of Co-Nx-C active sites. He et  al. produced 
a core–shell structure with atomically dispersed Co-Nx moie-
ties via direct pyrolysis of surfactants coated Co-doped ZIF-8 
crystals (Figure  8b).[208] During the pyrolysis, the interface  
contact between the MOF and surfactant (F127) formed the 
confinement effect preventing the breakdown of the micro
porous structure and agglomeration of Co.

Spatial confinement is another method widely used for the 
synthesis of MOF-derived electrocatalysts, which is based on 
the incorporation of metal salt into the pores of MOFs. Notice-
ably, the size of metal salts should be large enough than half of 
the pore size of MOFs so that the atomic dispersion of targeted 
metal can be achieved. This dispersion would be valuable for 
preventing the metal agglomeration during the pyrolysis.[38,219] 
Thus, metal salts with large ligands are used; for example, 
metal acetylacetonate (acac) and ferrocene are often employed. 
Li and co-workers trapped the Fe(acac)3 molecule into the cage 
of ZIF-8 and after the pyrolysis, the Fe-N-C catalyst with atomi-
cally distributed Fe-Nx moieties was achieved towards enhanced 
ORR performance.[210] However, this strategy has a key issue 
for the selection of metal salts; only selective metal salts can 
be used according to the pore size of MOFs, excluding the 
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Figure 8.  a) A two-step doping and adsorption approach to prepare MOF-derived Mn-N-C catalysts. Reproduced with permission.[218] Copyright 2018, 
Springer Nature. b) Synthesis strategy of core–shell Co-N-C@surfactants materials. Reproduced with permission.[208] Copyright 2019. c) Schematic 
illustration of synthetic approach and proposed mechanism for formation of active sites. Reproduced with permission.[222] Copyright 2018, Springer 
Nature. d) Synthetic approach to synthesize MOF-derived Fe-N-C catalysts for ORR. Reproduced with permission.[209] Copyright 2018, Wiley.
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use of conventional and low-cost metal salts (halides, nitrates,  
sulfates) due to their small size.

The single Cu-atom supported on porous N-doped carbon 
could also be prepared by using the MOF-precursor. ZIF-8 with 
a unique and flexible structural network offered an outstanding 
base for the formation of atomically dispersed active sites.[220,221] 
Further, Li et al.[222] reported a simple gas migration approach 
via direct emission of (Cu-SACs) atoms from the bulk metals 
and subsequently trapped on the surface of porous N-doped 
carbon with the aid of ammonia gas (Figure 8c). It was claimed 
that uniform dispersion of isolated Cu-atoms could be achieved 
via consuming graphene oxide (Cu-SAs/N-G) with 1.26  wt% 
Cu-loading from NH3-carbonized ZIF-8, and the morphology of 
ZIF-8 was well maintained after pyrolysis. In nature, Cu is used 
for oxygen reduction catalysis from bacteria to humans.[223,224] 
Despite the good ORR performance,[225–227] there are few 
studies reported on Cu-N-C as fuel cell cathode.[228]

The mixed ligand strategy is also widely applied for MOF-
derived electrocatalysts for ORR. To construct mixed-ligand 
MOFs, the type of second ligand can be categorized as: i) metal-
free ligands and ii) metallated ligands. The metallated ligands 
are formed by coordinating metals with some special ligands 
such as porphyrins; noticeably the space between the neigh-
boring metallated ligands can be tuned by altering the ratios 
of mixed ligands.[209,229,230] Using this method, Jiao et  al.[209] 
reported a hierarchically porous single Fe atom catalyst (des-
ignated as FeSA-N-C) via pyrolysis of porphyrinic Fex-PCN-222 
precursor using Fe:PCN with molar ratio of 2:1, followed 
by acid leaching step to eradicate ZrO2, which resulted in a 
mesoporous structure with well-distributed micropores and an 
integrated hierarchical framework (Figure 8d). The predesigned 
mixed ligand MOF occupied enough distance which inhibits 
the immigration of metal atoms to agglomerate, and thus  
atomically dispersed Fe-Nx active sites can be formed.

In summary, MOFs are emerging precursors to produce a 
variety of electrocatalysts by fine-tuning the structures. Further, 
MOFs also have flexible textural properties to accommodate 
the incoming guest molecules, which provide an opportunity 
to incorporate the required functionality in MOF-derived cata-
lysts. Further, the porosity can also be tuned by using soft- and 
hard templates in the MOF network during synthesis. These 
templates may be the external sacrificial agents (such as poly-
mers) or non-sacrificial agents (SiO2), which can be removed 
after pyrolysis.[200]

MOF-Derived Dual Atom Catalysts (DACs): The recent  
progress in MOF-derived SACs showed that the variation in 
intrinsic activity is directly linked to the nature of metal center 
(Fe, Co, Mn, etc.), and the existence of different reaction path-
ways on each metal. Despite the SACs, dual-atom catalysts 
(DACs) are getting more attractions due to their improved ORR 
performance.[78,153,158,231] The integration of synergistic interac-
tion of different species DACs showed promising performance 
and can be categorized into two groups: i) homonuclear DACs,  
ii) heteronuclear DACs.[232,233]

MOFs are also employed to modify the synthesis of DACs, 
for example, Fe2-N-C (homonuclear DACs) was synthesized 
by one-step encapsulation of Fe2(CO)9 into the pores of ZIF-8 
following the in situ pyrolysis method. During the controlled 
pyrolysis, the Fe2(CO)9 molecules in the multiplex core–shell 

structure were converted into Fe2 dual-atoms dispersed/ 
attached on the ZIF-8 derived N-doped carbon. Despite the 
facile strategy to optimize DACs for ORR, the toxicity and cost 
of carbonyl compounds should be considered. How to precisely 
fabricate the heteronuclear DACs is a big question in catalysis. 
In the search of suitable materials, fortunately, MOFs can 
provide a suitable platform to synthesize DACs via controlled 
pyrolysis.

The DACs can be prepared with multiple-metal species  
(heteronuclear DACs) by using MOFs as precursors with multi-
metallic nodes. In this regard, the Zn-species in Zn-based 
MOFs provide the assistance to inhibit the agglomeration of the 
active site.[234,235] Agreeing to the above method, Venegas et al. 
used the bimetallic MOF (Zn/Co MOF) as a host to accom-
modate the iron-based guest species, following the controlled 
pyrolysis, the hollow N-doped carbon framework with atomi-
cally distributed Fe-Co DACs were obtained (Figure 9a).[158] 
Through the pyrolysis, the iron also served as a catalyst to form 
the holes leading to the hollow structures with DACs, which 
performed good for ORR (E1/2 of 0.863  V vs RHE) and high 
peak power density (505 mW cm–2 at 0.42 V) in the H2/air fuel 
cell. Further, the Fe(acac)3 molecules were also encapsulated in 
the skeleton of ZnCo-ZIF, after the pyrolysis of hybrid structure 
FeCoNx/C catalyst with FeCoN5-OH moieties were obtained.[231] 
The integration of different metal sources was also used for 
the preparation of MOF-derived DACs, e.g., FeNi-DACs.[236] 
Despite the ZIFs, other MOFs are also used for the prepara-
tion of MOF-derived DACs; for example, MET-6 and PCN-224 
were used for the fabrication of CoFe@C DACs and FeCo2-NC 
DACs, respectively.[192,237] Furthermore, atomically dispersed 
active sites with high metal-loading (density of active sites)  
are formed by optimizing the ratio of metal contents and  
heteroatom source or other templates.[238–241] For example, 
atomically dispersed dual Co-Ni sites encapsulated in N-doped 
hollow carbon (CoNi-SAs/NC) were obtained through annealing 
of dopamine coated MOF (Figure  9b).[242] The CoNi-SAs/NC  
as an ORR electrocatalyst demonstrated excellent activity 
with Eonset of 0.88 V and E1/2 of 0.76 V, revealing that catalyti-
cally active sites were exposed when the catalyst was changed 
from nano-sized metallic agglomerates to isolated metal 
single atoms.[242] Shah et al.[198] precisely applied a multistep 
heating strategy to produce mesoporous N-doped carbon nano
structures with Mn-/Co-Nx dual moieties from mixed-metal 
zeolitic imidazolate frameworks (Figure 9c). The unique struc-
ture, with dual-metallic active sites, not only offers a high elec-
trochemical performance for ORR (E1/2 = 0.83 V vs RHE in acid 
media), but also enhances the durability of the catalyst after  
20 000 cycles with 97% of retention and very low H2O2 produc-
tion (<5%) in 0.1 m HClO4. This is because MOF crystals may 
contain several metal species, making it likely that alternative 
energy resources might implement two or more independent 
atomic sites anchored on carbon materials.

The analysis of recent literature on the MOF-derived 
DACs revealed the infancy of this field and further research 
is urgently required for the mature application. The diatomic 
synergistic effect would be the base for future developments. 
Further, instead of DACs in the mixed mode, the paired metal 
DACs would be advantageous for advanced electrocatalysis via 
microenvironment modulations.
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3.4.2. Electronic Modification of MOFs Derived M-N-C Catalysts

The modulations in the microenvironment of MOF-derived 
atomically dispersed active sites is an emerging strategy to 
enhance the catalytic performance. This functional modification 
can be carried out via creating a defect in the carbon support  
and/or introducing the multiheteroatom dopants. These 
defects/dopants are considered to be responsible for altering 
the O–O bond cleavage pathways on the concerned active site. 
For example, edge-hosted M-N4 (M-N2+2) showed better ORR 
performance than that of bulk-hosted M-N4. Further, the CNx 
active sites may also affect the electronic distribution of carbon 
surrounding the M-N4 active site leading to improved ORR 
performance. Similarly, other dopants (S, P) can also syner-
gistically enhance the performance of metallic active sites. For 
example, Chen et  al.[243] used the ZIF-8@polymer composite 
to prepare Fe-SACs anchored on the tri-doped (N, P, S) hollow 
carbon structures. The electronic tuning of the Fe-active sites 
results in improved ORR performance in the acidic electrolyte 
(E1/2 = 0.791 V) and also in H2-air fuel cell, with high methanol 
tolerance. Recently, we reported that P-doping could increase 
the catalytic properties of the Fe-N-C catalyst with antipoi-
soning ability against SOx, NOx, and POx. The Fe-N-C was fab-
ricated by pyrolysis of a zeolite-imidazole-framework-8-coated 
Fe-doped Prussian blue analog (ZIF-8@Fe-PBA), which is 
obtained by carefully controlled growth of ZIF-8 on Fe-PBA 
cubes. The Fe-N-C comprises a unique 3D morphology of CNTs 
(carbon nanotubes) surrounded by a porous hierarchical poly-
hedron, denoted as 3D-Fe-N-C. Then, a further P-doping step 
was carried out by the second pyrolysis of phytic acid-coated 
Fe-N-C catalysts (denoted 3D-Fe-PNC). The further P-doping 
step greatly enhanced the catalytic performance due to the 
synergistic effect of P and N that creates more and stable active 
sites for ORR. The 3D-Fe-PNC exhibited excellent ORR activity 
with a positive shift of half-wave potential (70 mV) as compared 
to that of 3D-Fe-NC in acidic solution.

These studies suggested that the electronic configuration of 
MOF-based electroctalysts could be modified by the addition of 
an external source of heteroatom doping. The modification of 
electronic structure and/or microenvironment of MOF-based 
catalysts is an important and emerging field, required much 
attention for further exploration.[199]

4. Proton Exchange Membrane Fuel Cells

Membrane electrode fuel cells are capable to effectively  
generate electrical energy relatively at a low temperature of 
<90  °C via transforming chemical energy of hydrogen and 
oxygen, thus stands as the best clean-energy device in terms of 
ecological and economic perspectives.[3,44] Recently, PEMFCs 
are considered as ideal applicants for various automotive and 
portable devices with fewer limiting factors. The hydrogen 
and oxygen (in the air) are normally supplied to the anode and 
cathode of the fuel cell, respectively, and simultaneously, HOR 
and ORR occur as shown in Figure 10.

As stated in the introduction part, the ORR has more slug-
gish kinetics; hence, we have reviewed the performance of 
M-N-C electrocatalysts for PEMFCs in detail with reference 
to ORR. Currently, Fe-N-C catalysts are considered as viable 
record alternatives of Pt/C catalyst to achieve high-performance 
O2 electrochemical reduction reaction during fuel cell opera-
tion.[46] The cathode prepared from Fe-N-C catalyst (Fe2-Z8-C) 
showed high-power densities of 1.14 and 1.11 W cm−2 at 2.5, 
and 2.0  bar for H2/O2 MEA, as well as the highest value of  
280  mW cm−2,[245] achieved at 0.8 V  which surpasses the US 
2020 DOE (Department of Energy) target (250  mW cm−2).[246] 
Another research report also revealed that S-, N-dual doping 
improved the performance of fuel cell and Fe/N/S-MC (1:1:1) 
electrocatalyst demonstrated significantly improved perfor-
mance with the highest power density of ≈386  mW cm−2 
at ≈385  mA cm−2, while operating at 0.6  V. The enhanced 
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Figure 9.  Schematic illustration of MOF-derived electrocatalysts with dual-metal active sites by using different strategies: a) Synthesis of Fe, Co/N-C. 
Reproduced with permission.[158] Copyright 2017, RSC. b) Formation of CoNi-SAs.NC. Reproduced with permission.[242] Copyright 2019, Wiley.  
c) Synthesis of mesoporous N-doped carbon nanostructures with Mn-/Co-Nx dual moieties. Reproduced with permission.[198] Copyright 2021, ACS.
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performance of the PEMFC using Fe/N/S-MC(1:1:1) as a 
cathode catalyst may be ascribed to the Fe/N-containing catalytic 
sites surrounded by nitrogen atoms, co-doped by sulfur, and a 
mesoporous nanostructure.[247] Choi et al.[176] presented a sur-
factant-assisted methodology by thermal treatment of precursor 
prepared from g-C3N4 and Fe-loaded water-soluble surfactant 
F127 for synthesizing Fe-SAC. In order to monitor its prac-
tical application, the authors have fabricated a H2-O2 PEMFC,  
which delivered a power density of 823  mW cm–2 and a  
current density of 0.85/3.34 A cm–2 at potentials 0.6 /0.2  V, 
respectively.  The high performance ascribed to the atomically 
dispersed Fe-single atoms stabilized with Fe-pyrrolic-N4 struc-
ture and N-doped carbon nanosheets.[176] Yang et al.[248] reported 
Fe-SACs on porous NC matrix (Fe-SAs/N-C) through the  
versatile molecule-confined carbonization approach based on 
the wet-chemical procedure with 3.5 wt% of metal loading on 
N-doped carbon framework. The Fe-SAs/N-C catalyst showed 
open-circuit voltage of 0.89  V and 0.83  V, and power densi-
ties of 680 and 350  mW cm–2 for H2/O2 and H2/air fuel cell 
operations. The improved performance of the electrocatalyst  
is mainly attributed to the reaction mechanism involving  
individual atomic Fe-Nx active sites than C-Nx.

Recent studies also showed the improved ORR perfor-
mance of Co-based (Co-N-C) catalysts and stability at the MEA 
level.[249] For instance, Co-doped MOFs derived single Co-
atom coordinated with nitrogen atoms displayed high ORR 
performance. The results obtained from AC electron micros-
copy fused with X-ray absorption spectroscopy proved the 
existence of Co-N4 coordination in the catalyst. The fuel cell 
operation further verified that catalyst activity and stability are 
attributed to the existence of uniformly dispersed CoN4 active 
sites packed in 3D porous MOF-derived carbon, without any 
inactive Co NPs.[249] He et  al.[208] studied the Co-N-C@F127  
catalyst fabricated on the MEA surface with 4.0 mg cm–2 of cat-
alyst loading. At 0.8 V, the cell’s open-circuit voltage was 0.92 V, 
while the current density was 30 mA cm–2 at 0.8 V. Meanwhile, 
at 0.4 V, the current density was 2.2 A cm–2. Notably, the greater  
performance of the cathode was also achieved during 100% of 
relative humidity (RH) at high voltage (40.7  V) compared to 

Fe-N-C-based electrocatalysts. Nevertheless, the Co-N-C@F127  
electrocatalyst exhibited comparable output with a high power 
density of 0.87 W cm–2 at medium voltages (0.5–0.7  V) for 
PEMFC operation. Moreover, the Co-N-C@F127 cathode also 
showed improved performance than Fe-N-C catalyst at a com-
paratively low RH (60%), giving a clue that overflowing of water 
is a severe problem of cathode owing to the micropore feature 
of catalyst. The performance of the fuel cell was further moni-
tored under H2/air condition at 1.0 bar pressure. The polariza-
tion profiles observed at 100% RH condition indicated a sub-
stantial loss in mass transportation, which may be ascribed 
to the significant issue of water flooding. However, the Co-N-
C@127 showed increased activity at 60% of RH under all the 
voltages applied. The durability of the Co-N-C@F127 catalyst 
in the MEA was further evaluated for 100 h at a cell voltage of 
0.7 V using H2 and air at 1.0 bar and two different RHs which 
indicated the significant initial performance loss.[208] Gang et 
al.[219] described the fine-tuning of well-defined ZIF precursors 
by varying the Co-content and pyrolysis temperature. When 
20Co-NC-1100 was employed as cathode with catalyst loading of 
4 mg cm–2 for H2/O2 fuel cell, a maximum peak power density 
of 0.56 W cm−2 was observed, as compared to PANI-Co-KJ and 
PANI-Fe-KJ cathodes that performed less than 0.3 W cm−2.[219] 
Thus, the precisely controlled metal content in precursor by 
overall chemical doping procedure, which established a worthy 
understanding of structural–synthesis–property correlations. 
Li et al.[250] reported a two-step reaction protocol by using  
Mn-doped ZIF-8 as a precursor with increased density of 
Mn sites (>3  wt% by ICP). A H2/O2 acidic fuel cell equipped 
with 20Mn-NC-second delivered the higher power density 
of 460  mW cm–2. The 20Mn-NC-second exhibited a superior 
activity as compared to previously reported Fe-NC-based elec-
trocatalysts (derived from PANI in 2010); the 20Fe-NC-second 
also presented inferior activity.[250]

In line with single-metal catalysts, the dual-atom electro-
catalysts are also studied for PEMFCs and showed competing 
results with Pt-based counterparts. For example, a hollow 
carbon-derived framework with porphyrin-like dual Fe-Co sites 
was fabricated by Li et al.[155] using Zn/Co binary metal MOFs 
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Figure 10.  A presentation of fuel cell operations under normal and hydrogen starvation conditions, RTA (reversal tolerant electrode) a highly active 
catalyst (IrO2, RuO2) for oxygen evolution reaction to avoid the carbon corrosion. Reproduced with permission.[244] Copyright 2016, Elsevier.
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as a base while Fe-ions as doped species. The authors claimed 
that various transformations occurred during the heat treat-
ment in which Zn2+ ion vaporized because of the lower boiling 
point of ≈1173 K and the Fe3+ species reduced by as-transformed 
carbon, lead to geometric structure modification. Furthermore, 
Fe species motivate the decomposition of M-I-M (metal-imi-
dazole-metal) bonding and generate voids in MOF assembly, 
which established bonding with adjacent Co-sites to form dual 
Co, Fe sites. Furthermore, a H2/air fuel cell with (FeCo)/N-C 
cathode performed a power density close to 505  mW cm–2 at 
0.42 V, exhibiting long stability for 100 h.[155] Yang et al.[251] pre-
pared atomic Co/Zn double-sites embedded on N-doped carbon 
nanofibers (Co/Zn-NCNF) by electrospinning and post-heat 
treatments. The power density of 0.603 W cm–2 was measured 
in a H2/O2 fuel cell with Co/Zn-NCNF, maintained at ≈0.65 V 
of long-term stability even after 150 h. The DFT simulations 
explored that Co/Zn-NCNF comprised of the N2CoN2ZnN2 
configuration as main active site, contradictory to typical Co-N4 
or Zn-N4 sites; thus during ORR-pathway, provide a tendency 
of lowering the dissociative barrier of *OOH intermediate. It is 
further found that the ORR performance was mainly inclined 
towards proton transfer and O2 diffusion at lower potential 
range, suggesting a 4e– pathway followed by Co/Zn-NCNF, 
while Co-NCNF and Zn-NCNF are likely to obey a 2e– pathway.

Moreover, a bimetallic (HC-5Co95Zn) catalyst was inves-
tigated by the Tsiakaras group with a peak power density 
of 412  mW cm−2, and this superb PEMFC performance of  
HC-5Co95Zn can be assigned to the role of dual Co, Zn sites 
coordination and the unique porous feature of HC-5Co95Zn.[29] 
Moreover, Wang and co-workers[155] studied a dual metal  
(Fe, Co)/N-C hollow carbon-derived catalyst with high perfor-
mance for single fuel cell operation under both H2/O2 and  
H2/air conditions. The (Fe, Co)/N-C electrocatalyst showed 
the highest peak power density of ≈0.85 and 0.98 W cm–2 for  
H2/O2 fuel cell at a partial pressure of 0.1 and 0.2 MPa. Further, 

the authors reported that this ADMC with dual Fe, Co sites 
displayed long-term stability performance carried out for 100 h  
during cyclic voltammetry test with 50 000 cycles for H2/air 
single-cell operations. This research report also revealed that 
O2 mass transport problems may be due to the use of pure 
O2 as the oxidant for H2/O2 single cell with catalyst loading of 
≈0.77  mg cm–2 (Fe, Co)/N-C at the cathode and 0.1  mg cm–2 
(Pt/C) at the anode. Further, the current density > 550 mA cm–2 
at a cell voltage of 0.6 V and a peak power density of 505 mW 
cm–2 at 0.42 V were achieved.[155]

These findings significantly revealed the importance of dual 
Fe, Co sites during ORR-pathway. Further, DFT results were 
carried out to estimate the potential surface energy during ORR 
pathway, which verified the successful dissociation of O–O 
bonding on the Fe-Co site (Figure 11e). It was observed that the 
(Fe, Co)/N-C catalyst displayed the far lower value (0.25 and 
0.02 eV) of separation block for O2 and OOH into O and OH, 
as compared to single Co SAs/N-C or Fe SAs/N-C site. The 
fast cleavage of O–O bonds occurred because Fe-Co single-site  
possesses high O2 adsorption and enough activation of O–O 
bonds from 1.23 to 1.40 Å in gas phase. Further, it was found 
that the rate-limiting step is the hydrogenation of the adsorbed 
OH to H2O, which has an activation barrier of 0.26  eV,  
compared to the O–O bond breakage on Fe/N-C (0.65 eV) and 
Pt-based catalysts (≈0.80  eV). The OH on dual sites in these 
samples became modifying ligands, which fit with the DFT 
findings. To produce high activity for ORR and high selec-
tivity for four-electron reduction, the (Fe, Co)/N-C dual-site can 
reduce the barrier of O–O bond cleavage.[155,252]

Nevertheless, the reported Fe-N-C electrocatalyst displayed 
the highest peak power density during fuel cell operation 
only with the higher catalyst loading as compared with Pt/C. 
Apart from that, kinetic activity per volume of 300 A cm−3 
@0.8 V iR-free is another main objective for MEAs consuming 
non-Pt catalysts as per DOE plans.[11,246] Here, the volumetric 
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Figure 11.  a) H2/O2 fuel cell polarization curves. b) H2/air fuel cell polarization curves. c) Stability of (Fe,Co)/N-C in a H2/air fuel cell. d) Fe K-edge 
EXAFS fitting curves of (Fe,Co)/N-C and (Fe,Co)/N-C after stability performance. e) The DFT study of intermediate’s energies and transition states 
during ORR mechanism at (Fe,Co)/N-C. Reproduced with permission.[155] Copyright 2017, ACS.
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performance of ORR was related to catalytic activity as barriers 
for mass transportation were linked with electrode thicknesses; 
that’s why more thickness of MEA leads to inferior mass 
transportation and causes a decline in power density.[46] With  
current state-of-the-art Fe-N-C catalysts, the volumetric  
current densities remain much below from DOE’s objective.  
More details may be provided by considering that higher  
carbonization temperatures (700 °C or above) lead to a greater 
degree of hydrophobicity for Fe-N-C catalysts, but porous 
Fe-N-C catalysts serve to increase the surface areas and to 
promote mass transport. Furthermore, because of the higher 
density of the bulk, these catalysts will be thicker than Pt/C, 
with the same loading amount.[253] Hence, it is challenging to 
fabricate NPMC catalyst for achieving or surpassing the per-
formance of benchmark Pt/C electrocatalyst without compro-
mising the thickness (Table 1).

5. Durability and Degradation of M-N-C Catalysts

The challenge of nonprecious catalysts (NPC) for ORR has been 
remained the main focus in literature reports, even though so 
far, these catalysts could not compete with the Pt-containing 
catalysts.[263–267] Inspired by nature (chlorophyll, cytochromes, 
and hemes), the primary focus of NPC remained the  
performance enhancement of M-N-C catalysts.[21,268] The metal-
coordinated with four N atoms, macrocyclic compounds are 
not cost-effective for the synthesis and also unstable in acidic 
electrolytes; however, the synthesis of analogous M-Nx active 
sites through pyrolysis of metal and C/N sources is a possible 
solution both for cost and stability.[21,87,131,138,181,268,269] Several 
N/C sources including ammonia, acetonitrile, aniline, pyrrole, 

cyanamide, etc. have been used to generate M-Nx type active 
sites.[29,177,181,186,268–272]

The most active metal is iron, even though some cobalt-
based catalysts also showed similar activity. But the so-called 
Fenton reaction via in situ production of H2O2 declines the 
capability of iron-based catalysts for long time stability opera-
tions. For producing an active catalyst and enhanced stability, 
the optimal synthesis methodology includes thermal treat-
ment such as pyrolysis at a temperature between 750 and  
950 °C.[29,43,55,84,113,185] At lower pyrolysis temperatures, the 
subsequent low ORR activity gives lack of active site creation, 
and higher pyrolysis temperatures gave lower than optimal 
activity owing to diminishing catalyst surface area.[113] It has 
been hypothesized that the degradation rate of PEM fuel cells 
with M-N-C cathodes is related to the presence of micropores 
with diameters less than 2 nm, as these micropores have an 
enormous surface area and a large microporous surface area 
which tends to provide both improved initial performance 
and a quicker degradation rate.[45] The sources of N-dopants 
have been tailored to increase activity: heteroatomic aromatic 
compounds further improve graphitization, and sources like 
cyanamide, formamide are considered for boosting the perfor-
mance through pore-forming or isolation of metallic sites.[47,78] 
Moreover, ZIFs normally add Zn ions, which serve to heighten 
the surface area after pyrolysis by evaporating and creating 
pores, hence helping to maximize the total number of metals 
(Fe, Co, and Mn) sites. Despite these improvements, still, a big 
challenge of durability relies. Nevertheless, some better results 
are found in current accelerated stability tests (AST) in three-
electrode system. For instance, He et al. studied a new atomi-
cally distributed Co-N-C@F127 catalyst comprised of consider-
able CoN2+2 sites, being active and thermodynamically suitable 
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Table 1.  The Fuel cell performance based on single /dual doped catalysts.

Catalyst Active site Open circuit potential [V] Power density [mW cm–2] Stability Refs.

C-FeHZ8@g-C3N4-950 Fe-N4 0.98 (O2) 628 (O2) 8 h [254]

Fe SAs/NPS-HC Fe-N4 0.96 (air) 333 (air) – [252]

Fe SAs/N-C Fe-N4 0.89 (O2)/0.83 (air) 680 (O2)/350 (air) – [248]

FeSA-G Fe-N – 325(O2) 100 h [255]

1.5Fe-ZIF Fe-N4 0.98 (O2)/ 0.95 (air) 660 (O2)/360 (air) 100 h [256]

Fe-C-N950 – 0.80 (O2) 680 (O2) – [257]

FeN4/HOPC-c-1000 Fe-N4 0.99 (O2)/ 0.91 (air) 660 (O2)/420 (air) 100 h [258]

TP1@Z8(SiO2)-650-C Fe-N4 0.91 (air) 420 (air) – [259]

Co-N-C@F127 Co-N4, Co-N2+2 0.92 (O2) 870 (O2) 100 h [260]

CoNC-ArNH3 Co-N4 0.88 (air) 440 (O2)/221 (air) 20 h [128]

20Co-NC-1100 Co-N4 0.95 (O2)/0.89 (air) 560(O2)/280 (air) 100 h [219]

Co@SACo-N-C Co-Nx 0.91 (O2)/0.91 (air) 420(O2)/230 (air) 10 h [261]

20-Mn-NC-second Mn-N4 0.95(O2) 460 (O2) 100 h [250]

Ce/Fe-NCNW Fe-N4-O 1.02(O2) 496 (O2) – [262]

(FeCo)/N-C (Fe-Co)N6 – 980 (O2) 100 h [155]

FeNi-N6 FeNi-N6 0.82(O2) 216 (O2) – [236]

Zn/CoN-C (Zn-Co)N6 – 705 (O2) 8 h [155]

Co/Zn-NCNF (Zn-Co)N6 0.884(O2) 603(O2) 150 h [251]
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for the four-electron ORR corridor with very low production 
of H2O2. The Co-N-C@F127 catalyst displays an extraordinary 
ORR activity with improved stability in the acidic medium up 
to 100 h of continuous operation.[208] The stability test of single 
cobalt catalyst (Co-N-C) derived from bimetallic (Zn/Co) MOF, 
accomplished both potential cycling (0.6–1.0 V, 50 mV s−1) and 
chronoamperometry test operated at 0.7  V in O2-saturated  
0.5 m H2SO4. One of the most stable catalysts in the market 
that able to maintain its integrity with just a 30  mV drop in 
E1/2 after 10000 cycles, as opposed to an 80  mV drop for a  
PANI-derived Fe-N-C catalyst after 5000 cycles. In addition, 
chronoamperometry operated at a high potential of 0.7  V for 
the duration of 100 hours maintained excellent initial activity 
retention, with an 83% retention of initial activity. Following the 
stability test, the catalyst was studied with HAADF-STEM anal-
ysis and was seen to preserve its 3D carbon architecture after  
10 000 cycles, indicating sufficient stability of the catalyst. 
Additionally, the Co atoms were still distinctly discernible 
and could be seen distributed throughout the carbon planes 
boundaries. The atomic-scale visualization of the EELS in the 
atomic scale demonstrated the co-occurrence of Co and N, 
therefore supporting the idea that the catalyst’s ORR stability 
is linked to the coordination of atomic Co and N sites.[249]  
Choi et al.[273] studied that Fe-NxCy moieties are active for  
4 e– ORR pathway with very low production of H2O2. They also 
studied the peroxide reduction reaction (PRR) and clarified the 
relation between Fe nanoparticles and PRR. The catalyst con-
sists of various relative contents of Fe-NxCy moieties and Fe  
particles covered in N-doped carbon layers (0–100%) which 
demonstrated that both types of sites are active even though in 
average level, toward H2O2 reduction. For enriching the ORR-
pathway, Fe-NxCy moieties are more selective than Fe NPs in 
N-doped carbon.[273] Shah and co-workers also studied that 
Fe-Nx active for PRR and decreases the peroxide production 
(less than 3%). The AST test (10 000 cycles) in 0.1 m HClO4 
demonstrated the greater stability with a little change in half-
wave potential.[25] On the same lines, Zhang and co-workers[206] 
also reported the best performing Fe-ZIF derived single Fe 
atom (Fe-N4) catalyst, which produced a negligible H2O2 yield 
(less than 1%) and showing 4e− reduction pathway. The AST 
cycling test (0.6 to 1.0  V in O2-saturated 0.5 m H2SO4) on 
Fe-ZIF catalyst (50  nm) indicated a greatly improved stability 
with a slight deviation of 20  mV in Eonset after 10 000 cycles. 
The greater decomposition of Pt/C was observed because of the 
dissolution/aggregation of Pt nanoparticles on supports.[206]

5.1. Current Durability Status of PEMFCs

Improved performance of the PGM-free electrocatalyst fuel 
cell has been obtained by controlling the pore structure of the 
catalyst. Macro/mesopores help in the transportation of prod-
ucts and reactants from/to the NPC active sites hosted on 
the micropores.[46,274] A lot of processes have been developed 
to get this hierarchical pore structure, such as mesoporous 
templates,[275–277] MOFs,[278] N-precursors acting as formers.[279] 
Nonetheless, some research studies showed the strength 
of electrocatalyst under fuel cell testing conditions. Choi’s 
group presented a study of performance loss during fuel cell 

operation by fabricating the electrocatalysts derived from the 
polyaniline and phenanthroline as pore-forming agent.[280] This  
study reveals that approximately 25% decline in current  
density was obtained after constant voltage (0.4  V) for 4 h. 
Zhang and co-workers studied ZIF-8 derived catalyst at 0.6  V 
for 15  h and also observed an abrupt decline in activity.[281] 
However, Serov’s group prepared electrocatalyst through  
sacrificial support strategy, which demonstrated strong dura-
bility (100 h) at constant voltage of 0.65 V.[276] Similarly, He and 
co-workers[208] also presented highly stable catalysts at 0.7  V, 
the Co-N-C@F127 performed good during fuel cell (H2/air) 
operation for 100 h at 1.9 bar pressure. However, the substan-
tial initial performance loss was observed at a relatively high 
voltage (i.e., 0.7 V) which is still far better than Fe-free cathodes 
and other PGM-free electrocatalysts. This decrease in perfor-
mance may be attributed to the surficial oxidation of catalyst 
along with the cathodic three-phase degradation. Presently, the 
main target is to prepare a PGM-free cathode for long-term 
stable operation carried out at relatively high voltages. Wu et 
al. reported a Fe-Co electrocatalyst demonstrating high sta-
bility for 700  h at 0.4  V.[282] Several deprivation mechanisms 
had been hypothesized with numerous degradation factors, 
such as radical (hydroperoxyl) attack/generation,[283–285] dem-
etalation,[286–288] poisoning of active sites,[289] corrosion,[176] and 
flooding of micropores,[280,281] however, the major performance 
failure occurred during the operation of fuel cells.

5.2. Proposed Degradation Mechanisms

The degradation mechanism is proposed on the same rational 
design relative to PGM-based electrocatalysts, which consist of 
two main classifications; 1) atomic-scale degradation of active 
sites and 2) macro and mesoscale degradation affecting the 
catalyst layer structure. A further illustration of the degrada-
tion mechanism of PGM-free ORR catalysts is exemplified in 
Figure 12.[55] By considering the example of Fe-N4 active sites, 
the zig-zag edge structure formed with *OH ligand. The first 
dissolution of metal center, called “demetalation” altered the 
active sites and leading to the activity loss; following the N-C 
degradation which altered the microenvironment of the active 
sites, resulting in the active site poisoning and reduced binding 
capacity of O2 at active sites (left column). In the parallel  
process, carbon corrosion reduces the electrical conductivity/ 
contact, loss of porous structure and mass transfer problems 
and finally removing the active sites (right column).

5.2.1. Atomic-Scale Degradation

Although, a particular environment of the NPC active sites 
designed through pyrolysis still remains the topic of strong dis-
cussion, nonetheless, carbon-entrenched M-NxCy assemblies 
were interrelated to greater ORR performance.[94,126] Practically, 
it is a challenging task to precisely prepare M-Nx structures. 
Although current synthetic processes produce several M-N-C 
structures but few are found to be spectators.[176,290] Hence, it is 
important to recognize the active site moieties to exactly recog-
nize the degradation mechanism. Gupta et al. first established 
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a relationship between the performance loss and leaching of 
active sites.[268] The substantial loss in performance of Co-based 
catalyst was detected and attributed to the high solubility of 
cobalt species in acidic media. After that, Lalande and Fauber’s 
group studied the effect of heat treatment on the stabilization 
and activity of the Co and Fe based non-PGM catalysts.[291,292] 
As a result, high activity was found in the pyrolysis range of 
500–700 °C, where the N4-metal chelates were the main source. 
The catalyst produced at high temperature (900–1000 °C) exhib-
ited good stability. The discovery of graphitic layers around the 
metal centers and their protective qualities were uncovered, and 
researchers concluded that these protective layers sheltered the 
metal active sites from leaching. A detailed study has recently 
been conducted to understand the demetalation mechanism 
by Choi et al.[176,288] A study team used operando spectroscopic 
methods, ICP-MS and DEMS, to measure the extent of Fe 
demetalation after 2000 and 5000 cycles at 0.1–0.4, 0.6–0.9, and 
1.2–1.5 V at temperatures 20 °C, 50 °C, and 70 °C, respectively. 
Two types of demetalation processes were observed; 1) lower 
potential demetalation (less than 0.70 V vs RHE), and 2) higher 
potential demetalation (more than 0.9  V vs RHE). First dem-
etalation type had no severe effect on the ORR activity, while 
at a potential higher than 0.9  V versus RHE had substantial 
loss of activity.[176] These types of demetalations were named as;  
1) ineffective demetalation, and 2) effective demetalation and 
concluded that ineffective demetalation leached out Fe spe-
cies, i.e., demetalation of inactive Fe species and effective dem-
etalation may be ascribed to the destruction of active Fe-NxCy 
moieties as a result of carbon corrosion. In the presence of a 
catalyst, it has been reported that for the removal of inactive 
species even after the preliminary acid treatment, there is a 
chance of iron loss in the Fe-N-C catalysts. But this loss of iron 

can be the result of carbon oxidation by high overpotentials 
and/or oxidative attack of peroxide or simple demetalation in 
the acidic medium.[283,293,294] The leaching of inactive Fe species 
will not give any impact on the stability of the Fe-N-C catalysts 
but could be detrimental to the PEMFC system. In another 
study, to show the removal of the inactive iron species from the 
Fe-N-C catalysts, a team of researchers devised and successfully 
implemented procedures.[295] These processes include: i) prepa-
ration of Fe-N-C catalyst without Fe particles, and ii) removal 
of exposed Fe particles through post-synthetic procedure which 
includes external potentiostat or an internal reducing agent 
(SnCl2).

The fuel cell operation includes more complex degradation 
mechanisms. Recently, Chenitz et  al.[287] proposed: i) a double 
exponential performance loss (a rapid one followed by a much 
slower one), and ii) the rapid performance loss is due to a site 
demetalation process. This fast site demetalation was very  
recently confirmed by Jaouen et al.[296] who detected by  
Mossbauer spectroscopy and reported two types of sites S1 
and S2 in a Fe-based catalyst, further found that the site S1 
was demetallating, while S2 was stable in their catalyst. Choi 
et  al.[288] proposed that the macro-scale degradation processes 
tend to lower the performance, for example, hydroperoxyl  
radical generation and oxidation of catalyst surface.

5.2.2. Macroscale Degradation

Carbon corrosion is considered as a major cause for meso- and 
macroscale loss in performance. Further, the corrosion can 
also lead to the dissolution of active sites, structural conduc-
tivity failure, with the removal of additional active sites from 

Small 2022, 18, 2106279

Figure 12.  Proposed mechanism of degradation during ORR performance for PGM-free electrocatalysts. Reproduced with permission.[55] Copyright 
2019, Wiley.
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the boundary of triple phase, which is necessary for ORR. 
Furthermore, porosity reduction due to the carbon corrosion, 
and thus compaction of the catalyst layers will further lead to a 
decrease in the available and exposed active catalytic sites which 
ultimately cause transport issues. Several reports have been 
published in which the mechanisms of carbon corrosion are 
studied as carbon support of PGM PEMFCs.[297,298] A consid-
erable amount of H2O2 can be produced on the carbonaceous 
support which may tend to increase the corrosion process at 
a lower potential, whereas carbon defects can be corroded at 
a higher potentials. Such types of effects have been shown to 
be aggravated with increased in the humidity and tempera-
ture. While carbon corrosion considered as a main culprit for 
activity loss of the PGM-free materials, herein two important 
factors to better understand the stability performance between 
PGM-free and PGM catalysts are: 1) the PGM-free type cata-
lysts are more graphitized as these are usually synthesized 
at comparatively high temperature up to 1100 °C, as a result, 
less heterogeneous carbon structures can be obtained as com-
pared to carbon black used as a support for PGM systems, and 
2) the absence of Pt, as Pt is considered to be responsible for 
the activation of corrosion mechanism of Pt/C type electrocata-
lysts.[297,299] Recently published report by Zhang et al.[281] sug-
gests that the electro-oxidation of carbon matrix considerably 
increased the surface oxidation, which as a result increases the 
hydrophilicity of overall catalyst’s surface causing micropore 
flooding, thus, significant loss in the performance of the cata-
lysts was observed.[281] However, in a more systematic approach 
reported by Choi et  al.,[280] a slight increase in the wetting of 
the catalyst’s layer was noted by faster AST operation, but the 
wetting cannot be exclusively considered liable for the overall 
activity loss. The activity losses were more prominent in the 
kinetic regions, where they are believed due to the degrada-
tion of active sites caused by increased hydrophilicity oxidation 
of Fe-NxCy.[280] Another important problem with such types of 
catalysts can be understood in the fuel cell process which is the 

probability of Fenton-type side reactions releasing hydroperoxyl 
radicals and degrading catalysts, membrane, ionomer. Some of 
the published researches suggest that the exposure of a catalyst 
to the H2O2 can lead to a minimal loss of PGM-free catalytic 
active sites, whereas the main cause of decreasing activity is 
surface oxidation of electrocatalyst.[281,283,285] However, further 
studies are required for better understanding the generation of 
H2O2 toward the catalytic performance in the fuel cell. Kumar 
et al.[300] investigated the degradation mechanism of Fe-N-C  
catalyst via AST testing in the presence of Ar- and O2-saturated 
electrolytes in acidic media. The spectroscopic results showed 
the carbon corrosion and formation of Fe-oxide after AST in 
O2-saturated and confirmed unpredicted carbon corrosion  
belonged to reactive oxygen species produced between 
H2O2 and Fe sites via Fenton reactions. From the above discus-
sion in the section, it can be concluded that the mentioned two 
or more degradation mechanisms at both atomic- and macro-
scale level, such as demetalation and carbon corrosion can con-
currently occur within the cathode layer of catalyst. Recently, 
Li et  al.[296] used in situ, operando and end-of-test (EoT) spec-
troscopies to study the degradation of Fe-N-C catalysts during 
PEMFC operation. In situ and ex situ[57] Fe Mössbauer spec-
troscopy revealed that Fe-N-C catalysts initially comprising two 
distinct FeNx  sites (S1 and S2) degrade via the transformation 
of S1 into iron oxides while the structure and number of S2 
were unmodified (Figure 13). Structure-activity correlations 
drawn from end-of-test[57] Fe Mössbauer spectroscopy reveal 
that both sites initially contribute to the oxygen reduction reac-
tion activity, but only S2 substantially contributes after 50 h of 
operation.

Moreover, one degradation process primarily imitates the 
secondary degradation mechanism. For example, demetalation 
involved in the hydroperoxyl radical generation ultimately leads 
to the degradation of subsequent membrane/ionomer. A wider 
scope of fuel cell catalytic activation mechanisms is recom-
mended to further understand the degradation processes.
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Figure 13.  Degradation of Fe-N-C active sites (S1, S2) during the fuel cell operation. Reproduced with permission.[296] Copyright 2020, Springer Nature.
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5.3. Development of Techniques to Investigate 
Degradation Mechanisms

Different poisons have been investigated as probes to overcome 
the active site challenges. For example, the idea of heme-like 
structure (a metal centered) in an active site structure can be 
successfully[111] and unsuccessfully[110] poisoned by using CO as 
a probing agent at room temperature and at lower temperature 
respectively. The active sites in the catalysts can be calculated 
using a correlation of probe molecules with the actual loss in 
determining the catalytic activity after poisoning. By the com-
parative study of initial and final performance of catalyst via 
molecular probes, which can help to solve the vulnerable active 
sites loss during the catalytic activity. These efforts are only 
fruitful by understanding the actual poisoning mechanism of 
catalysts and the selective binding of probe molecules on the 
active sites. Recently, Malko et al. reported Fe-N-C catalysts, 
which were poisoned and then recovered in terms of perfor-
mance by using radicals as probes such as NO2

– and NO.[105] 
In another effort, the binding of NO to Fe2+ was successfully 
reported by Zelenay et al. and Kneebone et al. with an increase 
in the coordination number which was also detected in  
Fe-specific nuclear resonance vibrational spectroscopy (NRVS) 
measurements.[114]

To understand the key mechanism of degradation on  
macroscale level such as ionomer degradation and carbon  
corrosion, different morphological analysis techniques are 
commonly employed before and after the probing test such as, 
X-ray computed tomography (XCT),[301] electron microscopy/
tomography,[302,303] stained ionomers using nano-CT,[304] and F– 
mapping.[305] Mössbauer spectroscopy is also used to study the 
demetalation of catalysts,[296,306–308] for example, Xie et  al.[306] 
demonstrated extensive degradation mechanism by using 
XAS and Mössbauer spectroscopy. In another study, in situ Fe 
K-edge absorption spectra were recorded during the continuous 
operation of the fuel cell and the observed changes in spectra 
suggested the demetalation process.[309]

Moreover, unlike in PGM materials, the PGM-free  
catalysts required other characterization techniques, including 
the imaging and the analytical, to decouple the generation of 
CO2 at high potential. CO2 is generated from ionomer and 
membrane decomposition because of harmful hydroperoxyl 
radical formation during catalytic operations. For example, CO2 
emissions can be measured by using non-dispersive infrared 
spectroscopy (NDIR) in a coupled mode with F– and Fe emis-
sions from ion-exchange chromatography and inductively  
coupled plasma measurements which can help in defining the 
more active carbon corrosion mechanism and degrading mate-
rials (ionomer vs catalyst). Additionally, in situ, water imaging 
within the catalyst layer via neutron radiography will be able to 
clarify the effect of the wettability of the carbon during catalytic 
operations.[310]

5.4. Modeling of Possible Degradation Mechanisms

Using quantum chemical simulations, the experimental 
efforts can be improved and alleviate the performance loss in  
PGM-free electrocatalysts. These types of methodologies  

generate atomic-scale structure, which is experimentally tough 
to produce heterogeneous electrocatalysts (PGM-free M-N-C 
type).[311] The understanding of the probe molecules binding 
to various atomic-scale structures is essential in order to recog-
nize the specificity of the probe molecules.

When the theoretical predictions were modified with regard 
to the proposed active site structure (that could happen with 
carbon corroded or surficial oxidation), the new theoretical pre-
dictions changed the proposed active site structure and affected 
the catalytic performance. The kinetics of bond breakage in 
the expected degradation can also be tested to understand the 
mechanism of most susceptible removal of atoms in a given 
structure.[312] Furthermore, a mesoscale simulation of the  
catalyst layer may offer invaluable insight into the possible 
change in the porosity and, therefore, the change in the catalyst 
activity caused by the fuel cell parameters.[313,314] By combining 
these approaches would greatly help in understanding the true 
degradation mechanisms and interpretation of performance 
loss in PGM-free electrocatalysts.

5.5. Catalytic Poisoning

Catalytic poisoning is one of the most important areas with 
respect to the performance loss of catalyst. The small amount 
of poisonous species can result in a drastic performance  
loss. Therefore, considering its drastic effects on catalytic per-
formance, the poisoning of catalysts would be discussed in a 
separate section here.

Although PGM-free electrocatalysts have been considered 
as superior performers with a number of poisons as compared 
to PGM catalysts.[315,316] Though, the poisoning probability 
of active sites is still high as already reported in several resear
ches.[109,289,317,318] In a study, it is proposed by Herranz et al.[289]  
that the poisoning of active site can be risen by the surface 
nitrogen protonation and decreased in the anion binding 
during ORR activity. It was perceived that under low pH cata-
lytic conditions Fe-N-C catalysts with active Fe-N4 cites, the  
poisoning can occur by surface nitrogen protonation and which 
is then not involved in Fe-Nx coordinated structures. Some 
strong electrostatic connections with anions were poisoned, and 
the Fe-N4 active site was blocked as a consequence. As a result 
of adsorbates, it is possible to poison active sites in an indi-
rect manner.[319] When any adsorbate is present near the active 
site, it affects the binding conditions for ORR intermediates, 
either by interfering with the steric arrangement of the active 
site or by changing the local electronic structure of the site. At 
the cathode of air/H2 PEMFCs, oxygen is provided by the sur-
rounding atmosphere.[27] The gas filters are crucial to fence the 
air pollutants; as a result, these PEMFCs need the additional 
expense and have poor overall energy efficiency.[320,321] Deng 
and co-workers observed that the cell voltage of Fe/Fe3C@
Fe-N-C at ORR catalysts in PEMFC tests was stable with 10 ppm 
SO2 in the air inlet, whereas the cell voltage of commercially 
available Pt/C was dropped about 40% in 1 h.[322] Among other 
air pollutants, CO is the most poisonous to the noble-metal 
electrode and must be attention-seeking for researchers. It was 
authenticated lately by Zhang and co-workers that adsorption of 
CO and oxidation were very subtle to active site structures[323] 
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Using DFT probing and calculation, they have simulated  
various Fe-N containing active sites including Fe-N4 porphyrin-
like CNT (T-FeN4), Fe-N4 porphyrin-like graphene (G-FeN4), 
Fe-N3 pyridine-like CNT (T-FeN3), and Fe-N2 nanoribbon 
(R-FeN2). They found that the CO adsorption was more promi-
nent at T-FeN4 and G-FeN4 sites, as compared to O2, but the  
oxidation to CO2 barely occurred.[323] In another report, Zhang 
and co-workers reported that all sites with nitrogen-doped 
carbon (CNx) showed less CO adsorption and more O2 adsorp-
tion.[109] From the results of DFT calculation, it was revealed 
that the CO binding energy at Fe-N-C sites was almost similar  
to that at Pt (111) but was weaker than that of the binding 
energy of O2 at Fe-N-C sites, which suggested that the Fe-N-C 
electrocatalysts were more partially tolerant to CO. They con-
cluded that the CO tolerance to Fe-N-C was much superior as 
compared to commercial Pt/C, but it was at the same time infe-
rior to CNx-type materials. These results were also concluded 
by electrochemical tests and diffuse reflectance infrared Fourier 
transform (DRIFT) spectroscopy.[109]

NO is another well-known air pollutant. Malko et al. reported 
an effective poisoning approach and then recovered perfor-
mance of the Fe-N-C catalyst by utilizing molecular probes of 
NO2

– and NO.[105] In another study, the binding of NO to Fe2+ 
was separately studied by Zelenay et al., and Kneebone et al. 
reported the noticeable increase in the coordination number by 
Fe-specific nuclear resonance vibrational spectroscopy (NRVS) 
characterizations.[114] Hence, this so-called probing material is 
actually a hidden enemy of the Fe-N-C-based catalysts.

Li and co-workers[324] observed that the Fe-N-C catalysts  
demonstrated high phosphate tolerance in 5.0 m H3PO4 due 
to the segregation of Fe nanoparticles from electrolyte using 
graphitic layers and finally sheltered through the adsorption 
POx. Holst-Olesen and co-workers reported the DFT calcula-
tion of anions such as ClO4

–, SO4
2–, PO4

3–, Cl– adsorption on 
Fe-N4 moieties and observed that the binding energies of ClO4

– 
and SO4

2– were weaker as that of H2O; therefore, HClO4 and 
H2SO4 electrolyte caused a little effect on ORR activity.[325] 
On the other hand, the binding energies of PO4

3– and Cl– on 
Fe-N4 effectively increase the barrier performance of the rate-
limiting step, these sites were strong enough to alter the ther-
modynamic barrier.[324] The robust adsorption properties of 
PO4

3– and Cl– affected the ORR performance of Fe-N4 species; 
however, the thermodynamic obstacle for the rate-limiting step 
in case of H3PO4 was depressed. Hence the ORR performance 
was enhanced; while the thermodynamic barrier performance 
of the rate-limiting step in HCl electrolyte was raised and inhib-
ited the ORR activity. These ORR activities of Fe-N4 moieties 
in different electrolytes were also analyzed by experiments.[326] 
Similarly, the influence of Cl– on Fe-N4 moieties reported by 
Hu et al.[327] According to these findings, the aerosol salts may 
harm the PEMFCs in the presence of highly concentrated Cl–.

Najam et  al. presented a breakthrough in the field of 
carbon-based high-performance catalysts with antipoisoning 
approach[23,27,328] and proposed first theory that “the addition of 
phosphorus atoms into M-N-C or N-C can improve both struc-
tural stability as well as antipoisoning performance” as shown 
in Figure 14. A strong antipoisoning effect in the environ
ment of different anions, SOx, NOx, and POx, was observed 
for 3D-Fe-PNC. However, 3D-Fe-NC and Pt/C (20%) showed 

decrease catalytic activity in the presence of SOx, POx, and POx. 
Moreover, 3D Fe-PNC also showed good stability in 1 m H3PO4 
under varying temperature conditions from 25 to 50 °C. In con-
trast, a straight decline was observed by Pt/C (20%) and Fe-NC 
electrocatalysts under the same condition.[23] Furthermore, a 
new series of carbon material (PNC) co-doped with P, N were 
prepared using the mixtures of polydiaminopyridine (PDAP) 
and phytic acid followed by pyrolysis. The half-wave potential 
of 0.79 V was observed by PNC in 0.1 m HClO4. The ORR activ-
ities of PNC were all steadily stable in the presence of SO3

2– 
(50 × 10–3 m NaHSO3), NO2

– (50 × 10–3 m NaNO2), and HPO4
2– 

(50 × 10–3 m Na2HPO4), while the commercially available Pt/C 
was heavily poisoned under the same environment.[27] Wang’s 
group[329] also observed a similar poisoning effect on commer-
cial Pt and Pd-based electrocatalysts during ORR and proposed 
a new strategy to reduce the poisoning of Pd-based catalysts by 
alloying Pd with bimetals (PdBiCu) in the form of nanowires 
with ultrathin diameter. The PdBiCu nanowires showed the 
retention electrochemical ORR performance in the existence 
of SO3

2–, NO2
– and HPO4

2–, whereas the commercial Pt/C and 
Pd/C were poisoned by decreasing the half-wave potential as 
well as mass activity.[329]

Hence, further studies are required to fully understand the 
role of heteroatoms in creating stable active sites in a non-noble 
metal catalyst during the ORR pathway using a simple and 
effective route.

6. Summary and Future Outlook

The high ORR performance for NPMCs has been attained 
through transition metal SACs and metal-nitrogen moieties 
coordinated with central Fe or Co atoms. Numerous materials 
are prepared through the carbonization of several precursors; 
however, the Fe-Nx/C-based catalysts are the supreme electro-
catalysts. The synthesis of such metal–nitrogen complexes is 
the most challenging task due to the formation of side prod-
ucts during pyrolysis. These side products make it difficult to 
isolate the M-Nx /C active sites as a result, limit the ORR per-
formance as well as reduce the probability to investigate the 
corresponding ORR mechanisms. Additionally, the generation 
of single atoms is normally ignored in the reported literature 
because the high yield of single atoms in M-Nx/C type mate-
rials remains challenging. Moreover, the MOF-based mate-
rials are considered as suitable precursors for the formation 
of SACs. However, novel synthesis techniques are required to 
increase the activity of M-Nx/C materials to further develop the 
ORR activity and stability as well. Furthermore, the stability 
of SACs is indeed to be enhanced in practical applications. 
Doping strategies are proposed to achieve improved stability via 
the generation of synergistic effects by improving catalytic ORR 
activity. One promising way is to partially substitute N-atom 
with other non-metal atoms (B, P, or S) into M-Nx/C type. As 
catalytic ORR performance and the M-Nx/C stability is greatly 
dependent on the central metallic sites as well as the coordi-
nating environment, hence suitable modification of M-Nx/C 
structures is another favorable research route. Theoretical 
and experimental validation of results are required for under-
standing the mechanism of these SACs during ORR-pathway.
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The very next approach is the formation of highly dispersed 
diatomic transition metal-based catalysts. The alloying of two 
different metals in such a way that they can modify the prop-
erties of each other because of their interactions. Hence, the  
synthesis of active structures with two transition metal atoms of 
different elements bonds to each other. In these types of mate-
rials, the interaction between the central metal atoms and the 
coordinating environment provides more control toward ORR 
stability and catalytic activity.

The recent durability study discussed above reports the  
catalyst’s degradation mechanism and the strategies to further 
understand the causes of performance decay in PGM-free elec-
trocatalysts. In addition, it also highlighted the fundamental 
research gaps that must be filled for selective stability improve-
ments. Some new characterization techniques are required 
to solve the intricacy of nonprecious metal catalysts and the 
mystery of the active site efficiency. Further theoretical models 
are also highly needed to further investigate the nature of the 
exposed active sites and their structure(s) in various situa-
tions. Moreover, in situ characterization analysis for MEA are 
required to establish/employ for understanding the degrada-
tion mechanisms. Already well-known probing strategies are 
needed to further improved for MEA studies to ensure the 
selective investigation of M-Nx active sites, not only to the MEA 
but also other elements, such as microporous layer (MPL), 

gas diffusion layer (GDL), or spectator species in the catalyst. 
The studies indicated that there is a lack of sole techniques to 
understand the in-depth degradation mechanism; therefore, 
various physical/chemical theoretical characterization methods 
should be studied together to understand the source of per-
formance loss. Such techniques include XAS from which we 
can get the information of the metal center, oxidation state 
using XANES, the addition of coordination by extended XAS 
fine structure (EXAFS); in a combination of in situ XAS with  
electrochemical methods.[295] Fe-specific techniques such as 
Mössbauer spectroscopy and NVRS[330] would clarify the adja-
cent atoms/ligands and the changes in Fe metal center; and 
XPS provides the promising determination of chemical nature 
of key elements (C, N, and Fe).

Currently, Fe-based electrocatalysts are regarded as highly 
active ORR catalysts among other PGM-free electrocatalysts. 
Though, at the same time, progress in research is extensively 
carried out to prepare Fe-free or PGM-free materials in order 
to minimize the risk toward performance loss due to Fe-dem-
etalation and Fenton reactions. The macroscale degradation 
mechanism will be suitable for Fe-free electrocatalysts, whereas 
the atomic-scale degradation mechanism depends upon the 
nature of metal, and therefore demetalation may be linked with 
redox potential window, which varies with different transition 
metals.
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Figure 14.  a) Poisoning and anti-poisoning effect of Fe-N-C and P-doped Fe-N-C actives sites, respectively. Reproduced with permission.[23] Copyright 
2019, ACS. b) Graphical illustration of P-doping effect on NC performance against poisoning species. Reproduced with permission.[27] Copyright 2018, 
Wiley. c) Structural resistance of DDPCN, CN, and CP for the incoming small molecules. Reproduced with permission.[328] Copyright 2020, Elsevier.
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As a final point, there is no developed protocol available to 
monitor the aging performance of PGM-free catalysts such as 
potentiostatic hold, potential cycling, fuel cell conditions, etc. 
The real-time durability experiments are not only time taking 
but also consist of exhausted resources. Consequently, if the 
degradation mechanism of PGM-free catalysts can be coupled 
during fuel cell working, then the degradation rate for PGM-
free catalysts would be tested by using the precise “stressors” 
to enable ASTs progress, as previously employed in the case 
of PGM electrocatalysts. Different conditions for each degrada-
tion mechanism are needed to be devised. The development 
of efficient non-precious metal catalysts is dependent on the  
degradation mitigation and improved understanding of the  
degradation mechanism. The most important aspect for practical 
application of this technology is “catalytic poisoning”, hence; 
more studies are required to develop some protocols to assess 
the poisoning mechanism. Further, it is required to improve 
the anti-poisoning ability of current state-of-art catalysts. The  
so-called probing agents for the identification of active sites are 
the major source of catalytic poisoning in the real application.
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