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Atomic metal-nitrogen—codoped carbon (M-N-C) catalysts are highly efficient for various electrocata-
lytic reactions because of their high atomic utilization efficiency. However, the high surface energy of
M-N-C catalysts often results in stability issues in electrochemical reactions. Therefore, understanding
the stability and dynamic evolution of M=N-C catalysts is crucial for elucidating the active centers and
the composition/structure—activity relationship. This review summarizes the factors affecting the durabil-
ity of atomic catalysts in electrochemical reactions and discusses possible changes in catalysts during
these electrochemical processes. Finally, advanced characterization techniques are described, with a
focus on tracking the dynamic evolution of M=N-C catalysts during electrocatalysis. This review offers
insights into the rational optimization of M—N-C electrocatalysts and provides a framework for linking
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1. Introduction

Given the increased energy demands and environmental chal-
lenges, there is a growing need to transition from traditional
fossil fuels to clean energy sources. Recent advancements
in energy conversion technologies, such as water splitting,
metal-air batteries, and fuel cells, have made significant strides
toward achieving ‘“carbon-free” energy conversion between
electrical and chemical forms. The key electrochemical reac-
tions involved in these technologies include the oxygen
reduction reaction (ORR),' carbon dioxide reduction reaction
(CO,RR),? hydrogen evolution/oxygen evolution reaction (HER/
OER),>* and nitrogen oxyanion reduction reaction,>® which
typically involve multielectron transfer processes.” Therefore,
efficient electrocatalysts are crucial for accelerating these elec-
trochemical processes and reducing energy costs, thereby
contributing to the transition toward cleaner energy and envir-
onmental sustainability."

Recent research has focused extensively on atomic metal-
nitrogen-codoped carbon (M-N-C) materials, which have gar-
nered attention in the fields of energy and catalysis.* > Like
traditional porphyrin and phthalocyanine derivatives, M-N-C
materials featuring specific metal centers and flexible structures
are considered highly promising for electrochemical applica-
tions.”*'* Functional groups such as pyridine-N, pyrrole-N,
and graphite-N provide ample coordination sites, thereby
anchoring metal atoms and preventing their aggregation into
particles. This leads to M-N-C catalysts with maximized metal
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their composition and structure with their catalytic activity in future research.

atom utilization and unique geometric electronic structures,
thereby offering catalytic activities comparable to those of pre-
cious metal-based catalysts.’®'® Furthermore, N-doped carbon-
based substrates exhibit advantageous properties, including
large surface areas, excellent electrochemical performance,
and high-density anchoring sites for metal atoms."® Additional
functional groups containing oxygen, sulfur, and carbon can
also serve as anchoring sites on the carbon matrix,’” " influenc-
ing charge distribution and tailoring active sites at the atomic
level, thereby overcoming limitations in single-site-induced
scaling relationships.

Significant efforts have been devoted to designing and
developing M-N-C electrocatalysts to enhance electrocatalytic
performance.”” Controllable fabrication of these M-N-C
catalysts with different compositions and morphologies is a
common strategy to optimize their reactivity and increase
the number and density of active sites.”>>> However, during
electrochemical reactions, the morphology and coordination
structure of M-N-C catalysts can change, thereby leading to
discrepancies between the as-synthesized structure and real
active structures. High surface energy can make these catalysts
susceptible to dissolution or transformation under specific
conditions,*®*” which can complicate the understanding of
their catalytic mechanisms and structure-activity relationships.
Furthermore, investigating the mechanisms behind dynamic
restructuring is essential for a comprehensive understanding of
these reactions. Therefore, any assessment of the structure-
activity relationship of M-N-C catalysts must be accompanied
by a parallel study of their structural dynamic behavior.?*™"

This review aims to provide a comprehensive overview of the
dynamic evolution of M-N-C catalysts during electrochemical
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reactions, which is an increasingly important topic. These
factors affect the stability of M—-N-C catalysts in electrochemical
reactions, including internal factors (metal centers and coordi-
nation configurations) and external stimuli (pH and applied
voltage). The dynamic behaviors of M-N-C catalysts, including
reversible and irreversible structural changes during electro-
chemical processes, are systematically reviewed. Advanced
characterization techniques for revealing structural changes
and in situ dynamic evolution are also discussed. Finally, this
review offers conclusions and a comprehensive outlook on
future directions for M-N-C catalysts. This review is expected
to guide the rational design of more efficient active sites in
catalysts and the modulation of their dynamic evolution.

2. Factors affecting the stability
of M—N-C catalysts

To evaluate the stability of an M-N-C catalyst, it is crucial to
assess whether the chemical bonds forming the substance
possess sufficient strength, as this is the fundamental reason
behind variations in stability. Notably, M-N-C catalysts exhibit
diverse structures, with variations in metal centers, coordina-
tion bonding energies, and configurations. On the basis of
crystal field theory,®* factors such as the geometric configu-
ration, oxidation state, and period of the central metal atom, as
well as the ligand field strength, significantly influence the
primary stability of M-N-C catalysts. In electrocatalytic pro-
cesses, the M-N-C catalysts interact with electrolytes; thus,
nonelectrochemical effects from electrolyte conditions, espe-
cially pH, are a significant factor affecting their stability.
Additionally, when a voltage is applied, the active centers in
M-N-C catalysts can be further affected. The adsorption and
desorption of reactants, intermediates, and products during
the electrocatalytic process also affect the structure of M-N-C
catalysts.>® Current research highlights that both inherent
factors (metal centers and coordination configurations) and
external factors (solvents, pH, applied voltage, and adsorption
dynamics) affect the stability of M-N-C catalysts in electro-
chemical reactions.***> An overview of these factors on M-N-C
stability is shown in Fig. 1.

2.1. Inherent factors

Structural features, including metal centers and coordination
configurations, are critical inherent factors affecting the stabi-
lity of M-N-C materials. The observed stability variations were
attributable to differences in the bonding energies of the metal
sites interacting with the intermediates. For example, Wu et al.
reported that the Mn-N-C catalyst exhibited significantly
enhanced stability in acidic media compared with the tradi-
tional Fe-N-C catalyst, as indicated by steady-state ORR polar-
ization plots.*® It was observed that the Fe-N-C and Co-N-C
catalysts were prone to oxidative degradation because of the
generation of reactive oxygen species such as hydroxyl radicals
via Fenton reactions involving H,0,, an inevitable interme-
diate generated during the ORR process. Conversely, Mn-N-C
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Fig. 1 Factors on the stability of M—N-C catalysts.

exhibited higher stability due to its relatively low catalytic
activity for the Fenton reaction. He et al. also reported that
Mn centers exhibited minimal reactivity with H,O, compared
with those with Fe and Co, thereby indicating higher stability in
the ORR process.*’

Coordination configurations, such as the coordination num-
ber and coordination atom type, also play a significant role in
the stability of M-N-C catalysts.*®*> The synthesis of M-N-C
materials typically involves high-temperature calcination or
acid etching, which often introduces carbon defects and dan-
gling bonds on the catalyst surface. Studies have shown that the
stability of M-N-C is highly sensitive to local coordination due
to the unsaturated coordination environment of their support.
The presence of atoms near the metal sites can significantly
impact their electronic properties and local structure.'®** Even
under long-term exposure to air, oxygen, and light can further
react with these highly active species.** Coordination config-
urations are therefore recognized as key factors in regulating
bond strength and electronic structure, thereby affecting
M-N-C stability.*” Jaouen et al. prepared an Fe-N-C catalyst
with two distinct FeN, sites (S1 and S2) via Mossbauer spectro-
scopy (Fig. 2).*° Furthermore, the S1 site irreversibly trans-
formed into an iron oxide (Fe,03) under operating conditions
during ORR catalysis, whereas the S2 site remained stable.
Structure-activity correlations from the end-of-test >’Fe Moss-
bauer spectroscopy revealed that both sites initially contribute
to the ORR activity of Fe-N-C in an acidic medium. Only the S2
site substantially contributed after 50 h of operation. Li et al.
developed P(AA-MA)-Fe-N and PAA-Fe-N ORR electrocatalysts
with different Fe-N bond lengths and coordination. P(AA-MA)-
Fe-N, with Fe-N,/C moieties and longer Fe-N, exhibited excep-
tional stability compared with that of PAA-Fe-N, which exhib-
ited approximately 15% low-coordinated Fe-N,/Nj; structures.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Coordination or structural changes of the sites S1 and S2 under
operando conditions in the electrochemical ORR process.*® Copyright
2021, Springer Nature.

Recent studies have shown that introducing a second metal
atom component into the single transition metal M-N-C can
increase stability by altering the geometry of the active site and
the surrounding chemical environment.”’>° Peng et al. con-
structed a FeMn-N-C dual-atom catalyst. Specifically, they
quantitatively compared the Fe-N bond strengths in FeMn-
N-C and Fe-N-C catalysts via crystal orbital Hamilton popula-
tion (COHP) analysis. The integrated COHP (-ICOHP) value of
the Fe-N bond increased from 1.264 to 1.971 upon the intro-
duction of Mn, indicating that additional free electrons
increased the electron density around Fe-N,. This lowered
the oxidation state of Fe, strengthened the Fe-N bond, and
effectively inhibited the electrochemical dissolution of Fe.>'
Subsequently, the increased electrochemical stability of FeMn-
N-C was confirmed through linear sweep voltammetry (LSV)
conducted after 10 000, 20 000, and 50 000 cycles of CV (Fig. 3a).
Karmodak et al. used formation-energy calculations and micro-
kinetic modelling to demonstrate that increasing the number
of metal dopants can effectively tune both the catalytic activity
and stability of M-N-C (Fig. 3b and 3c).>> Metal-metal interac-
tions in the M-N-C structure reduce the dissolution of metal
dopants under various electrochemical conditions. For M-N-C
catalysts, four possible candidates, MnMn, FeFe, CoCo, and
MnNi doped on quad-atom vacancy sites, have shown consider-
able stability across a wide pH range.

2.2. External factors

2.2.1. pH. Electrolytes (primarily acid-alkaline) are signifi-
cant external factors affecting the stability and activity of
M-N-C catalysts in electrocatalytic reactions.”® Theoretical
and experimental studies have shown that M-N-C catalysts
exhibit insufficient stability under relevant pH conditions, thereby
undergoing rapid degradation under acidic conditions.*® For
example, in an acidic ORR process, some isolated traditional
metal atoms can easily dissolve during the catalytic process,
thereby resulting in insufficient stability. Among the various

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic representation of ORR properties stability oxidation
state in FeMn—N-C and the half-wave potential degradation of FeMn—-N-C
and Fe—N-C after CV cycles.>! Copyright 2024, Wiley-VCH. (b) The for-
mation energy heatmap for the M—N-C. (c) The structure of the di-carbon
atom vacancy site and the two quad-atom carbon vacancy sites (QV2 and
QV3).52 Copyright 2023, Wiley-VCH.

degradation mechanisms, protonation of the surrounding coor-
dinated N atoms is generally attributed to the dissolution of
metal centers in acidic media.’* Furthermore, dissolution is
more challenging under acidic conditions than under alkaline
conditions, as reported in previous studies.”>*° In alkaline
media, some species, such as *OH, may attach to the surface
of the metal site to enhance stability. Hansen et al. reported
that a single Fe metal atom was susceptible to leaching from an
Fe-N-C system with various considered structures (FeN,Cjo,
FeN,C;,, FeN,C,, and FeN,C;) and FeN;C;, under acidic ORR-
related conditions.*> Under a similar potential range under
alkaline conditions, *OH and *O were formed from water at the
Fe metal site on these structures, thereby stabilizing the Fe
metal site against dissolution. However, the FeN,Cs, FeN;C,
and FeN;C, structures were susceptible to dissolution even
under alkaline conditions, and the most stable phase was still
a dissolved Fe compound. Wang and coworkers employed
electrochemical tests and impregnation experiments to deter-
mine the stability of the synthesized Ni-N-C catalyst.>® The
initial stable Ni-N structure in Ni-N-C exhibited unconven-
tional reconstruction under the OER to form Ni-O coordina-
tion. This was not only stable in real reactive centers under
alkaline conditions during OER catalysis but also unstable
under acidic conditions (Fig. 4a). Furthermore, increasing the
chronoamperometry test time led to more severe metal leach-
ing after acid impregnation, thereby indicating the continuous
structural evolution process (Fig. 4b). Furthermore, Fe-N-C,
Co-N-C, and Cu-N-C catalysts were synthesized and tested
to determine the universality of this structural evolution pro-
cess (Fig. 4c).

2.2.2. Applied voltage. The applied voltage is another sig-
nificant external factor for the stability of M-N-C catalysts.
Given the difference in the potential ranges of electrocatalytic
reactions, the possible effects on M-N-C catalysts vary when

Chem. Commun., 2025, 61,1485-1495 | 1487
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the applied voltage is in the high-oxidative region. Specifically,
in the OER, the metal centers of M-N-C catalysts are irrever-
sibly oxidized to high valences or dissolve owing to the unstable
coordination bonds formed by the metal center and non metal
ligands.>” Researchers have employed energy differences as
indicators to evaluate the preferred redox behavior, metal
center redox, and oxygen redox.”® For example, Wang et al.
observed a typical Ni-N-C material.>* The results indicated
that the theoretical Fermi energy of the Ni-N-C catalyst was
—4.26 eV, which exceeded the thermodynamic oxidation
potential of water (—4.84 eV). Thus, Ni-N-C underwent electron
drain and subsequent oxidation processes.*® Furthermore,
when the applied voltage was in the reduction region (ORR,
HER, and NO; RR), the overnegative potentials led to the
reduction of M-N-C catalysts. In another study, Wang et al.
synthesized Cu-N,—C materials as nitrate reduction reaction
(NO3; RR) catalysts and investigated their structural changes
during the nitrate-to-ammonia electrocution process.”® The
reduction of Cu®>" to Cu" and Cu® as well as the subsequent
aggregation of single Cu atoms facilitated the switching of the
applied voltage from 0.0 to —1.0 V vs. RHE in the alkaline
electrolyte (Fig. 5). Operando X-ray absorption spectroscopy
(XAS) revealed successive structural transformations from
Cu-N, to Cu-N,/Cu-nanoclusters and subsequently to Cu-N3/
Cu-nanoclusters during the ORR process.

Stability diagrams of the M-N-C catalysts facilitated the
thermodynamic understanding of their dissolution in aqueous
media.®® They are usually constructed through density func-
tional theory (DFT)-based thermodynamic analysis on the basis
of the well-known formalism of Pourbaix diagrams. Therefore,
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Fig. 5 (a) Potential-driven structural evolution of Cu-N-C in nitrate
reduction. (b) First-order derivatives of the XANES spectra at different
cathodic potentials. (c) Corresponding Cu K edge FT-EXAFS spectra at
different potentials.>® Copyright 2022, American Chemical Society.

the stability diagrams are called Pourbaix diagrams. Upon
extending these approaches to proposed M-N-C active site
structures, the stability dependence on pH and applied voltage
was explored, thereby providing direct theoretical evidence.®!

This journal is © The Royal Society of Chemistry 2025
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Thus, stability diagrams have been regarded as simple but effec-
tive forecasting approaches for estimating the relative stability of
M-N-C catalysts. The redox potential of M-N-C catalysts was
derived because different phases of the oxidation and reduction
states of the materials exist under the given electrochemical
conditions of pH and applied voltage. Examples of stability
diagram construction for M-N-C can be found in recent
reports.®® Pacchioni et al. predicted the stability of different
atoms supported on 4N-doped graphene (4N-Gr) via stability
diagrams (part of the information was drawn from experiments
and the others from DFT calculations).?® As shown in Fig. 6,
Cr@4N-Gr tended to dissolve under rather strong oxidative
conditions. Under acidic conditions, Cr** complexes can even
form Cr(OH);. Co@4N-Gr was stable in its clean state under
both reducing and oxidative conditions, whereas Mn@4N-Gr
and Fe@4N-Gr were covered by adsorbed species. All the
M-N-C materials were dissolved and precipitated at high oxida-
tive potentials depending on the working conditions. Other
important variables, such as temperature, additive ions, and
the adsorption of reaction intermediates, are rarely shown on the
ideal stability diagram of M-N-C materials.®>** For this reason,
additional research is needed on the stability diagram of
M-N-C materials to effectively represent real situations.

2.2.3. Adsorbed substances. Electrochemical reactions are
further complicated by the fact that, in addition to external
factors such as pH and applied voltage, the adsorption of
reactants, intermediates, or products can significantly affect
the stability of metal sites in the M-N-C structure.>®* Pasti
et al. conducted a thermodynamic analysis of M-N-C with
various metal atoms embedded into the N, moiety in graphene
via DFT. The metal centers were covered with H, O, and OH

This journal is © The Royal Society of Chemistry 2025
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groups at any potential or pH within the water thermodynamic
stability region, thereby leading to blockage and restructuring
of the metal active sites.®® For example, in the ORR process, O,-
accessible M-N, sites are attacked by radicals, such as *OH and
HO,*, which are considered among the most critical sources of
M-N-C degradation.*® Additionally, H,0,-derived radicals
induce carbon oxidation during the ORR process, which leads
to various oxygen functional groups on the carbon surface.
These groups deactivate the metal site and trigger irreversible
leaching of the metal site.*>°® Carbon corrosion also occurs,
thereby leading to carbon loss surrounding the metal site and
ultimately resulting in the reduced durability of high-
performance ORR catalysts.”” To mitigate the degradation
mechanism of M-N-C catalysts, several strategies have been
proposed, such as the introduction of a cocatalyst and free
radical scavenger at the active sites. Sun et al. developed an
innovative approach to effectively eliminate radicals by anchoring
CeO, nanoparticles as radical scavengers adjacent (Sca“*°?) to
Fe-N, sites (Fig. 7).°® This configuration allowed radical formation
at Fe-N, sites, reducing the lifespan as well as the impact of the
radicals. This strategy helps to protect the active sites and enhance
the durability of the Fe-N, catalysts.

3. Dynamic evolution of M—N-C
catalysts

Generally, the dynamic evolution of the M-N,, moiety in M-N-C
catalysts is ubiquitous in electrocatalytic reactions.®® In a
suitable voltage range, electronic and structural catalytic cen-
ters may undergo reversible structural changes, in which the
M-N-C structure can be restored upon removal of the applied
voltage.”” When the applied voltage exceeds the maximum
value that the catalyst can withstand, the catalytic centers exhibit
irreversible changes, such as carbon oxidation by radicals,

Chem. Commun., 2025, 61, 1485-1495 | 1489
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oxidation and reduction of metal sites, and carbon corrosion
(Fig. 8).”" These changes show that the M-N-C structure evolves
dynamically with changes in the reaction environment.® There-
fore, the real active site in M-N-C under working conditions was
substantially distinct from the as-synthesized M-N-C structure.
This result indicated that the dynamic change was either beneficial
or harmful depending on the specific case, thereby leading to the
activation or degradation of the catalysts. Catalyst degradation
indicates catalyst instability, thereby posing a serious challenge for
industry implementation. Therefore, addressing the mechanism
underlying the dynamic change is crucial to elucidate the reaction
mechanism. In this section, examples of reversible and irreversible
structural changes in M-N-C are summarized.

3.1. Reversible structural changes

In the electrochemical reactions catalyzed by M-N-C, both the
applied voltage and the adsorption of reactants, intermediates,
and products drive the dynamic evolution of the M-N,
moiety.®® A stable catalyst is considered if the active sites are
reconstructed under an applied voltage, and the structure is
restored upon removal of the applied voltage. To date, the
dynamic evolution of some common M-N-C electrocatalysts
has been reported, and recent studies have focused on the
structural variation of M-N-C configurations as well as the
valence state variation of metal centers.”>”® Fu et al. effectively
constructed a Mn-SAS catalyst with uniform and precise Mn-N,
configurations by pyrolyzing ZIF derivatives.”* Although the
initial structure did not change before and after the electro-
chemical ORR, as revealed through operando XAS, it experienced

1490 | Chem. Commun., 2025, 61, 1485-1495

structural dynamic evolution from the initial Mn-N, to Mn-N;C
and then to Mn-N,C, during the intermediate reaction processes.
Furthermore, the Mn metal centers underwent a series of valence
state changes from +3.0 to +3.8 and then to +3.2. Wang et al. also
confirmed that Cu-N-C remains oxidized and atomically dis-
persed after extended hours of electrocatalysis and revealed
potential-driven restructuring of Cu-N-C to Cu nanoparticles
through operando XAS in the electroreduction NO; RR process
(Fig. 9a and b).”® The aggregated Cu nanoparticles were reversibly
disintegrated into single atoms and then restored to the Cu-N,
structure upon exposure to an oxidative ambient atmosphere for
reversible structural changes (Fig. 9¢c). Cuenya et al. investigated
the reversible structural evolution of various M-N-C catalysts (M =
Fe, Sn, Cu, Co, Ni, Zn) in the CO,RR through operando XAS.”®
Metallic clusters/nanoparticles were reversibly formed in most
M-N-C catalysts during the CO,RR process, except for Ni-N-C.
Experiments have indicated that the competition between
M-O and M-N interactions is an important factor in determining
the mobility of metal species in M-N-C. Specifically, in comparison
with other transition metals, the strong interaction between the Ni
metal centers and the N-functional groups of the carbon support
led to a higher stability of single Ni sites, leading to the excellent
performance of Ni-N-C in the electrochemical CO,-to-CO reaction.

3.2. [Irreversible structural changes

In most cases, the stability of M-N-C catalysts is unsatisfactory,
especially under harsh conditions involving extreme pH and
applied potentials. The primary factors contributing to their
instability include the oxidation of carbon, which supports the

This journal is © The Royal Society of Chemistry 2025
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demetallation of M-N, active sites due to oxidation conditions,
and the agglomeration of metal atoms under reduction
conditions. The irreversible structural changes of various metal
centers in M-N-C exhibit some similarities in terms of the
types and drivers of structural evolution. M-N-C can change
the electronic and coordination structure without changing the
nucleus, or they can merge into clusters or nanoparticles under
harsh activation and reaction conditions. These transforma-
tions are driven by external stimuli, adsorption-metal interac-
tions, and carrier-metal interactions.® These structural changes
are typically observable through various characterization tech-
niques, and shifts in activity or selectivity can often be detected
experimentally, thereby exhibiting different kinetic behaviors
in their mediated reactions. Wei et al. reported the formation
of a high-valence HO-Co-N, moiety due to the interaction
between isolated Co-N, sites and electrolyte hydroxide, indicat-
ing that the highly oxidized Co sites were responsible for the
catalytic performance under alkaline HER.? Liu et al. identified
the structural evolution of M-N-C at the atomic level through
cutting-edge operando XAS and SR-FTIR spectroscopy.’® Single-
atom Ni at solid-liquid interfaces tends to form Nil(z"wNz
during the ORR process, which plays a crucial role in the
adsorption and dissociation of O, into *O intermediates. These
results indicated that the thermodynamically stable M-N,~C
structure was destroyed under working conditions, thereby
transforming into low-coordinated active sites.”®

Under extreme conditions, the original anchoring sites of
metal atoms are removed from the surface, shifting the indivi-
dual metal atoms and eventually coalescing into aggregates of a
few nanometers, thereby resulting in a change in activity/
selectivity. This phenomenon is especially prevalent in contin-
uous, high-current-density reactions, where M-N-C catalysts
are prone to structural changes under sustained large-current
operations. Our group investigated the structural evolution of
M-N-C (M = Co, Ni, and Fe) catalysts in the OER and HER
processes (Fig. 10).””’® In the OER process, the M-N-C

This journal is © The Royal Society of Chemistry 2025

catalysts gradually aggregated to form MOOH nanoclusters
with a carbon support as the active species for enhanced
alkaline OER activity. N was first oxidized and dissolved in
the form of NO; ™, leaving various O functional groups on the
carbon support and resulting in the destruction of the Ni-N
bonds. Structural degradation also occurred in all three M—-N-C
catalysts during long-term HER in alkaline electrolytes at an
industrial-grade current density. Both M-N and N-C bonds
were gradually broken, thereby leading to initial performance
decay and the release of M ions as well as NH," to the
electrolyte. Additionally, newly formed metal-based nano-
particles were formed on the carbon substrate, thereby exhibiting
different core-shell structures: CO@MWCNTSs, Ni@Ni(OH),, and
FeO@Fe(OH);.

4. Advanced characterization
techniques

Understanding the dynamic evolution of M-N-C catalysts is
crucial for elucidating the mechanisms behind catalyst degra-
dation under operating conditions and for guiding strategies to
increase stability. Therefore, advanced characterization techni-
ques are very important for dynamically studying the entire
change process of the M-N-C structure.””®*® Additionally,
owing to the occurrence of dynamic evolution, the structural
features of the initial catalyst obtained via ex situ techniques are
insufficient for describing the real active sites and structure—
property relationships of M-N-C catalysts. Therefore, the devel-
opment of in situ/operando characterization techniques for real-
time monitoring of the dynamic evolution of M-N-C electro-
catalysts and reaction intermediates has been achieved in
recent decades, thereby bridging the understanding of funda-
mental mechanisms for the practical development of electro-
catalysts. Given these functions, advanced characterization
techniques can be classified into two categories: the characterization
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of morphological changes and the characterization of coordination
or electronic structural changes (Fig. 11).

For the morphological structure, high-resolution electron
microscopy techniques, including scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), high-
angle annular dark-field STEM (HAADF-STEM), and scanning
tunneling microscopy, were employed to resolve the morpho-
logical structure changes before and after the electrocatalytic
reactions. In particular, HAADF-STEM, a frequently used tech-
nique for distinguishing heavy atoms, offers intuitive evidence
for detecting the metal atom distribution of M-N-C due to the
contrast in the atomic number contrast between the active
metal atoms and their carbon supports. Zhang et al. utilized
subangstrom-resolution aberration-corrected HAADF-STEM to
identify the atomic dispersion of Fe in three Fe-N-C catalysts.®!
This technique distinguishes single Fe atoms from small
particles measuring 3-5 nm in size. Additionally, energy dis-
persive X-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) were used to identify individual elements
and determine the oxidation states of the atoms. These
techniques are particularly effective when metal atoms are
embedded on the surface of a two-dimensional material carrier
or localized within an internal region of the carrier, thereby
offering detailed information about the oxidation states of the
metal atoms.®> Wu et al. employed aberration-corrected STEM
imaging coupled with EELS to investigate the atomic dispersion
and local environment of Mn at an atomic resolution.>® A point
EEL spectrum was obtained by positioning a 1 A electron probe
directly on a single Mn atom. The signal from the EEL point
spectrum originates from the atom and its closest neighboring
atoms. The coexistence of N and a single Mn atom within this
angstrom-scale region strongly indicated an Mn-N coordina-
tion structure, thereby offering compelling evidence of the
immediate vicinity of Mn and N in a coordinated framework.

For coordination/electronic structures, synchrotron-based
techniques are employed to identify the electronic structure
and coordination configuration of M-N-C catalysts. Specifically,
XAS plays an important role in identifying the environment of the
metal centers, thereby offering vital information.*>** Additionally,
X-ray absorption near-edge structure (XANES) spectra, with ener-
gies ranging from the absorption edge of 30 €V to 50 eV, offer
detailed information about the oxidation state, symmetry, and
coordination ligand environment of M-N-C. It is very sensitive to
the electronic environment, oxidation state, and local symmetry of
the element. Hard-X-ray near-edge structure (h-XANES) and soft-
X-ray near-edge structure (s-XANES) methods are often used to
identify the electronic and geometric structures of metals and
their surrounding atoms (C, N, and 0).* Furthermore, extended
X-ray absorption fine structure (EXAFS), in which the energy
ranges from the absorption edge of 50 eV to 1000 eV or more,
offers detailed structural and coordination information, such as
the number of different coordinating species and their distances
from the absorber atom, the angles between chemical bonds, and
the degree of thermal disorder.®® Hu et al. employed operando XAS
and fitting data to reveal that Co-N-C underwent significant
structural changes upon immersion in an alkaline electrolyte.

This journal is © The Royal Society of Chemistry 2025
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These changes were followed by Fe incorporation during electro-
chemical activation, thereby resulting in the formation of a
dimeric Co-Fe structural motif.®” For specific metal centers, such
as Fe, Sn, Au, Ru, and Ir, Mdssbauer spectroscopy can probe the
spin states of the d-band center.>®

In addition to these techniques, several effective character-
ization techniques have been used under special conditions.
For example, operando synchrotron Fourier transform infrared
spectroscopy (SR-FTIR) combined with operando XAS can reveal
the atomic-level dynamics of active site evolution at solid-
liquid electrochemical interfaces, thereby tracking the reactive
intermediates on M-N-C catalysts during the electrochemical
process.”®#+88 Diffusion reflectance infrared Fourier transform
spectroscopy (DRIFTS) is employed to examine the adsorption
behaviors of probe molecules such as CO and NO, differentiat-
ing between single-atom M-N-C structures and clusters or
nanoparticles.*>*° Flytzani-Stephanopoulos et al. utilized IR
spectroscopy to identify isolated Pt atoms by analysing the
binding strength of CO molecules and metal atoms.®® Operando
Raman spectroscopy can provide insights into structural finger-
prints and metal-substrate interactions in carbon substrates.®*
Notably, combining multiple operando methods can offer a com-
prehensive understanding of dynamic structural evolution.

5. Conclusion and outlook

Over the past decade, M-N-C catalysts have significantly
advanced in the field of electrocatalysis because of their dis-
tinct geometry and electrical structures, thereby positioning
them as potential replacements for precious metal-based cata-
lysts. The dynamic evolution of M-N-C catalysts during elec-
trochemical reactions has garnered increasing attention. This
review summarizes the factors affecting the stability of M-N-C
catalysts in electrocatalytic reactions. The inherent factors
include metallic centers and coordination configurations, as
well as external factors such as pH, applied voltage, and
reaction intermediates. Strategies to increase the stability of
M-N-C catalysts, such as designing bimetal centers through
electronic regulation and employing free radical quenchants,
are discussed. Furthermore, reversible structural changes in
M-N-C catalysts were reviewed, especially in the ORR and
CO,RR processes. Notably, under certain extreme conditions,
these M-N-C catalysts can undergo irreversible changes.
Advanced characterization techniques are crucial for efficiently
elucidating the dynamic revolution of M-N-C catalysts, thereby
predicating their working mechanisms and identifying the real
active centers in electrocatalysis.

Despite this progress, further development is needed in the
following areas to advance our understanding and practical
application of M-N-C catalysts. (i) Identification of real active
sites in M-N-C catalysts during the electrocatalytic reaction is
important. Furthermore, combining advanced operando tech-
niques with theoretical calculations, such as DFT or finite
element analysis, offers a powerful approach for understanding
dynamic structural evolution and revealing real active sites.
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The integration of these methods is expected to provide a clear
roadmap of how catalyst active sites evolve during reactions
and their correlation with performance as well as reaction
mechanisms. (ii) Enhancing the long-term electrochemical
durability of M-N-C catalysts is essential. Currently, M-N-C
catalysts with atomically dispersed metal atoms fall short
compared with commercial precious metal-based catalysts,
especially under harsh electrochemical reaction conditions.
Stability tests for M-N-C electrocatalysts have shown lifespans
ranging from 1 h to 100 h in preliminary laboratory tests, which
is insufficient for industrial applications. Thus, methods to
increase the electrochemical stability of real active sites in
M-N-C catalysts are urgently needed. Finally, a combination
of advanced operando techniques and theoretical calculations
will be vital in unravelling the mechanistic origins of M-N-C
catalysts and guiding their designs, thereby increasing their
stability. The development of advanced characterization tech-
niques, theoretical calculations, and stability enhancement
strategies will not only provide accurate insights into the
activity of M-N-C catalysts but also facilitate the selection of
stable candidates for effective electrocatalytic reactions.
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