¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online
View Journal | View Issue

REVIEW

Mn-based noble metal-free electrocatalysts:
advancing the OER and the ORR through
innovation and future insights

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 17099

Anup Bist and Sungjin Park (= *

Manganese-based electrocatalysts are attracting significant attention as sustainable, earth-abundant
candidates for oxygen evolution and reduction reactions in advanced electrochemical energy systems,
owing to their low toxicity and versatile redox chemistry. This article provides a comprehensive review
of the structural diversity and catalytic potential of Mn-based materials including oxides, chalcogenides,
phosphides, nitrides, borides, metal-organic frameworks, and single-atom catalysts while highlighting
their environmental compatibility. Key challenges such as low conductivity, limited active site density,
structural instability, and suboptimal electronic structure are critically examined. The review places a
special emphasis on strategies like defect engineering, heteroatom doping, and electronic modulation
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particularly tuning the d-band center and ey orbital occupancy to enhance catalytic performance,
achieve balanced adsorption energies, and accelerate reaction kinetics. Notably, several effective
solutions, including the integration of conductive supports and hybridization with robust substrates or
secondary metals, are demonstrated to improve both efficiency and durability, underscoring the growing
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1. Introduction

1.1. Fundamentals and the mechanism of oxygen
electrocatalysts

The escalating global energy demand, driven by population
growth and industrial expansion, has intensified reliance on
fossil fuels, accelerating both resource depletion and environ-
mental degradation. To counter these effects, a transition to
sustainable energy technologies is essential."” Electrochemical
systems such as water electrolyzers, fuel cells, and metal-air
batteries have emerged as promising solutions due to their
high efficiency and clean energy output. These systems, how-
ever, rely heavily on two sluggish multi-electron processes: the
oxygen evolution reaction (OER) and the oxygen reduction
reaction (ORR). The OER, which occurs at the anode in alkaline
media, involves the oxidation of hydroxide ions (OH™) to
molecular oxygen (O,). This process follows four key surface-
mediated steps: (i) adsorption of OH™ onto the catalyst to form
OH*, (ii) deprotonation to yield O*, (iii) reaction with another
OH™ to form OOH*, and (iv) decomposition of OOH* to release
0, and regenerate the active site.> These steps are illustrated
in Fig. 1(a), which depicts the interaction of oxygen intermedi-
ates with catalyst active sites. A more detailed pathway is
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promise of Mn-based electrocatalysts for next-generation energy technologies.

outlined in Fig. 1(b), emphasizing the sequential transformations
and intermediate states. The high energy barriers associated with
these transitions demand significant overpotentials, limiting the
overall efficiency.

In contrast, the ORR occurs at the cathode and reduces
molecular oxygen via either a 4-electron pathway (directly
forming OH™) or a 2-electron pathway (producing H,0, as a
byproduct). The process begins with O, adsorption (04*),
followed by proton-electron coupled steps involving intermedi-
ates such as OOH*, O*, and OH*. Catalyst performance in the
ORR largely depends on how well these species are stabilized.
The competing 4e™ and 2e™ reaction pathways are illustrated in
Fig. 1(a) and the differences in adsorption-desorption beha-
viour are shown in Fig. 1(c). The 2e™ route, often less favour-
able, can impair selectivity and catalyst stability due to peroxide
formation.*” To clarify the thermodynamic demands of both
processes, Fig. 1(e) presents a comparative free energy diagram.
It visualizes the energy barriers and identifies the rate-
determining steps across reaction coordinates. In both cases,
achieving an ideal balance in intermediate binding energy is
essential; strong binding may block active sites, whereas weak
binding can lead to premature desorption, reducing catalytic
turnover.®®

Despite notable advancements in electrocatalyst develop-
ment, key limitations persist such as low conductivity, limited
active site availability, and instability under operational
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11. OH™ + M* — OH-M* + e™(Adsorption of hydroxide)

12. OH-M* + OH™ — O-M* + H,0 + e"(Formation of adsorbed oxygen)

!3. O-M* + OH~ — OOH-M* + &(0-O bond formation (key step))

:4. OOH-M* + OH™ — 0,(g) + H,0 + M* + e”(Release of oxygen molecule)
;Net Reaction: 40H™ — O, + 2H,0 + 4e”

14 e Pathways for ORR

11.0; + M* — O,-M* (O, adsorption)

12. 0,-M* + H,0 + e~ — OOH-M* + OH"(First electron transfer (OOH formation)
:3. OOH-M* + e~ — O-M* + OH~ (O-0 bond cleavage and water formation)
;4. 0-M" + H,0 + &~ — OH-M* + OH"(Formation of hydroxyl intermediate)
15. OH-M* + e~ — OH" + M*(Desorption of hydroxide)

iNet reaction: O, + 2H,0 + 4~ — 40H"

1
12 e Pathways for ORR

1. 0, + M* = 0,-M*(O, adsorption)

:2. 0,-M* + H,0 + e~ —» OOH-M* + OH"(Formation of hydroperoxyl intermediate)
13. OOH-M* + e~ — HO,™ + M*(Desorption of hydroperoxide anion)

Netreaction: O, + H,0+2¢" > HO; +OH
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Fig. 1 (a) Scheme illustrating the types of Mn-doped and Mn-derived electrocatalysts. (b) Stepwise reaction mechanisms for the oxygen evolution
reaction (OER, 4-electron transfer) and the oxygen reduction reaction (ORR, 4-electron and 2-electron pathways) in alkaline medium. M represents the
metal active site involved in intermediate adsorption and electron transfer. (c) and (d) Schematic representation of the reaction mechanisms of Mn-based
catalysts for the OER and ORR, respectively. (e) Schematic free energy diagram illustrating the theoretical energy profiles of OER and ORR pathways,

highlighting key reaction intermediates and rate-determining steps.

conditions. In the ORR, side reactions and peroxide formation
further hinder efficiency and durability. Noble metal catalysts
like Pt, IrO,, and RuO, remain the benchmark due to their
excellent activity and robustness. However, their cost and
scarcity challenge large-scale adoption.’®* As alternatives,
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earth-abundant transition metals such as Fe, Mn, Co, and Ni
offer promising advantages due to their flexible redox states
and structural tunability. Among these, manganese-based
materials are particularly attractive because of their rich redox
chemistry, environmental benignity, and ability to strongly
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interact with oxygen species—making them compelling candi-
dates for efficient, durable, and cost-effective bifunctional
oxygen electrocatalysts."®

1.2. Fundamentals of Mn-based and derived electrocatalysts

Manganese (Mn)-based catalysts have emerged as promising
candidates for the OER and ORR owing to their broad range of
accessible oxidation states (+2 to +7), enabling dynamic redox
transitions and multi-electron transfer processes. This redox
flexibility provides Mn-based systems with a competitive edge
over conventional transition metal catalysts like Ni, Fe, and Co,
which typically operate within narrower oxidation states (+2 to
+4), potentially limiting their catalytic performance due to
constrained electron exchange capabilities.'***> Mn-containing
materials exist in structurally diverse architectures, including
oxides, metal-organic frameworks (MOFs), single-atom cata-
lysts (SACs), chalcogenides, layered double hydroxides (LDHs),
nitrides, and phosphides. These materials can be systematically
classified into five categories based on their crystal structure
and functional strategy: (i) Mn oxides (e.g., spinels and per-
ovskites), (ii) Mn-based MOFs, (iii) Mn-derived SACs, (iv) Mn-
based chalcogenides (sulfides, selenides, and tellurides), and
(v) Mn-containing LDHs, nitrides, and phosphides.'® This
classification facilitates a comparative understanding of their
intrinsic properties, catalytic efficiencies, and structure-func-
tion relationships. For instance, Mn oxides exhibit adaptable
redox chemistry; MOFs provide high surface area and tunable
coordination; SACs offer atomic precision and maximum atom
utilization; chalcogenides enhance conductivity and introduce
defect engineering possibilities; while LDHs, nitrides, and
phosphides improve ion transport and promote dynamic sur-
face reconstruction. Fig. 1(d) illustrates representative compo-
sitions from each class. These materials not only benefit from
Mn’s redox adaptability but also exhibit favourable adsorption
energies for oxygen intermediates (OH*, O*, and OOH¥),
enhancing catalytic performance, as depicted in Fig. 1(b) and
(c). In contrast, Fe- and Co-based analogs often suffer from
overly strong binding, leading to sluggish kinetics during
intermediate desorption."””™"® Moreover, Mn-based systems
inherently accommodate structural versatility, defect-rich sur-
faces, and oxygen vacancies, which further boost catalytic
activity. For example, Mn, ;Co, sFe,O, inverse spinel nano-
cubes feature co-doping-induced oxygen vacancies and a mixed
Mn**/Mn*" redox environment that facilitates O* adsorption,
yielding an overpotential of 308 mV at 10 mA cm™ > and a Tafel
slope of 76.4 mV dec™’', outperforming RuO, as an OER
benchmark.?° Similarly, a core-shell Mn/Mn;0, structure intro-
duces lattice strain and interfacial defects, with a significant
population of Mn*" (37.5 at%) undergoing disproportionation
to Mn>" and Mn*", generating a highly oxygen-deficient surface
beneficial for bifunctional catalysis.>"**> Doping Mn into frame-
works such as oxides, phosphides, or chalcogenides—or con-
versely, incorporating foreign elements into Mn matrices—can
induce lattice distortions and a mixed valency, both of which
critically impact catalytic behaviour and stability. For instance,
cobalt doping into Mn oxides forms a mixed spinel phase

This journal is © the Owner Societies 2025
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(Co/Mn =~ 1:1.4) with minimal structural disruption, whereas
Mn doping into Co;0, expands the lattice (lattice parameter
~8.09 A), shifts XRD peaks to lower angles, and introduces
mixed Co**/Co®*" and Mn**/Mn>* valencies, enhancing electro-
nic conductivity and charge transfer, as confirmed by XPS and
Raman spectroscopy.’>** Similarly, La and Sr co-doping in
MnO; (Lay ;Sre3Mn0O;3) enlarges the lattice, lowers the d-band
centre, and narrows the energy gap to the Fermi level, facilitat-
ing better intermediate binding and electron transport.>®> Mn-
doped RuO, exhibits increased interplanar spacing (from
0.318 nm to 0.327 nm in the (110) plane), crystal distortion,
and altered Ru-Mn charge interactions, thereby enhancing
OER performance through modulated charge density at Ru
sites.”®

Among Mn-based materials, perovskites (ABO;-type) stand
out due to their flexible crystal structures and defect tolerance,
which enable extensive A- and B-site tuning. These features
affect porosity, intermediate binding, and catalytic selectivity,
while also ensuring long-term durability under alkaline
conditions.?”*® Crucially, two key electronic descriptors—the
e, orbital occupancy and the d-band centre—govern OER/ORR
performance by controlling the binding strength of reaction
intermediates. An optimal e, occupancy of ~1.2 provides
balanced adsorption: lower values (<1.0) result in overly strong
binding and hinder desorption, whereas higher values (>1.4)
weaken adsorption and reduce catalytic activity.**>° In parallel,
the d-band centre, representing the average energy of occupied
d-states relative to the Fermi level, also tunes intermediate
adsorption: values too close to the Fermi level cause strong
binding and slow kinetics, while too far leads to weak
adsorption.*°* These parameters vary across Mn-based sys-
tems due to differing Mn-X (X = O, S, Se, N, P, and C) bonding
environments—for example, Mn chalcogenides (S, Se, and Te)
have high d-band centres with strong adsorption; nitrides show
moderate-to-high d-band centres; carbides possess low centres
favouring weak adsorption; and phosphides provide intermedi-
ate binding.**~*> Notably, Mn incorporation into MOFs such as
rGO/FeCo-MOF structures modulates d-band centres, enhances
graphitization, and enlarges surface area, thus optimizing
catalytic performance.*® Whether Mn acts as a dopant or host,
its presence fundamentally regulates crystal field splitting,
oxygen vacancy formation, electronic conductivity, and inter-
mediate adsorption strength. These interrelated features col-
lectively contribute to minimizing the OER-ORR potential gap,
advancing the development of cost-effective, durable, and high-
performing bifunctional electrocatalysts aimed at sustainable
energy technologies.'*™*?

1.3. Synthesis routes and mechanistic insight for Mn-based
materials

The synthesis of Mn-based materials encompasses several well-
established methods, each offering unique benefits in terms of
morphology, scalability, and compositional control. The solid-
state reaction method, involving high-temperature calcination
of mixed precursor powders, is prized for its simplicity and
suitability for large-scale production of robust, well-crystallized
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materials. This approach also enables the formation of complex
multi-principal component alloys (MPCAs) by maximizing
entropic effects.®” The sol-gel method, in contrast, starts with
metal alkoxides or salts and proceeds through hydrolysis and
gelation, followed by moderate-temperature calcination, allow-
ing precise control over particle size, stoichiometry, and micro-
structure—ideal for nanostructured oxides and tailored
functional properties. Hydrothermal synthesis, performed in
sealed autoclaves at elevated temperatures and pressures,
stands out for its versatility in producing diverse morphologies
and crystalline phases, including hollow and core-shell nanos-
tructures, with excellent phase selectivity and scalability. In
addition, vapor-phase techniques such as chemical vapor
deposition (CVD) and atomic layer deposition (ALD) are also
used to fabricate high-purity Mn-based thin films with atomic-
level control, benefiting device applications.®®

The co-precipitation methods, often conducted in continu-
ously stirred reactors, are favoured for producing Mn-rich
precursors with uniform particle size and composition, espe-
cially for battery and electrocatalyst applications. This
approach is cost-effective, scalable, and enables fine control
over elemental distribution, though it requires careful handling
to prevent oxidation of Mn*' and impurity formation.
Template-assisted synthesis, using hard or soft templates,

View Article Online
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provides additional control over nanostructure and porosity,
while green or eco-friendly synthesis routes employ benign
reagents and mild conditions to minimize environmental
impact. Each synthesis strategy offers distinct advantages:
solid-state and co-precipitation methods excel in scalability
and compositional uniformity; sol-gel and hydrothermal
approaches provide superior nanostructure and phase control;
and vapor-phase and template-assisted methods enable
advanced architectures and device integration. The optimal
choice depends on the desired material properties, application
requirements, and sustainability considerations.>>*° A flow
diagram summarizes key synthesis routes for Mn-based mate-
rials, highlighting their main processes and unique advantages
in Fig. 2(a).

Mn-based catalysts exhibit significant mechanistic advan-
tages over classical oxide catalysts for oxygen electrocatalysis, as
highlighted in Fig. 2(b)-(d). Unlike traditional oxides that
primarily operate through surface adsorbate mechanisms
and have limited tunability, Mn-based oxides enable lattice
oxygen participation (LOM), possess abundant oxygen vacan-
cies, and allow for e, orbital tuning via doping or defect
engineering (Fig. 2(b)).*" These attributes lower and make more
tunable the rate-determining step energy barrier, leading to
enhanced catalytic efficiency, flexibility, and adaptability for
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(a) Flow diagram illustrating the main synthesis routes for Mn-based materials, with key process steps and unique advantages of each method

highlighted for comparative insight, (b) Mn-based oxides lower the rate-determining step barrier via lattice oxygen participation, oxygen vacancies, and
eg orbital tuning, (c) Mn-based SACs achieve efficient intermediate conversion and reduced energy barriers through atomically dispersed, tailored Mn
sites, and (d) Mn-based MOFs provide abundant active sites and tunable environments, enabling lower and more flexible energy barriers than classical

catalysts.
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the OER/ORR. Similarly, Mn-based SACs feature atomically
dispersed Mn centres stabilized by tailored coordination envir-
onments, which facilitate efficient adsorption and transforma-
tion of key intermediates (such as OH*, O*, and OOH*) and
result in a significantly lower energy barrier for the rate-
determining step compared to classical SACs (Fig. 2(c)).*?
Furthermore, Mn-based MOFs offer a highly porous structure
with atomically dispersed Mn centres, abundant defects, and
tunable dopant incorporation, enabling more efficient inter-
mediate adsorption and transformation at Mn sites. This
architecture, along with defect and dopant engineering, further
optimizes the local electronic environment and achieves a
much lower and more tunable rate-determining step energy
barrier for the OER/ORR than classical catalysts, as depicted in
Fig. 2(d).*®

2. Mn oxides (simple oxides,
perovskites, and spinel-type
structures)

Mn-based oxides constitute a structurally versatile class of
electrocatalysts, including simple oxides, spinel-type struc-
tures, and perovskites. These materials are introduced here
based on their crystal structure and composition—starting with
simple Mn oxides and progressing through spinels to complex
perovskites. This classification highlights how Mn, as a dopant
or a core component, regulates the electronic structure—nota-
bly the d-band centre and e, orbital occupancy—as well as the
redox chemistry and defect profile. Their performance is
further enhanced through compositing with conductive sup-
ports and defect engineering, bridging their electronic limita-
tions and strengthening their interrelationship as promising
bifunctional OER/ORR catalysts. Mn plays a multifaceted role
in oxide electrocatalysts by enhancing both structural and
electronic properties. In spinel or hybrid composites, it enables
redox flexibility, promotes oxygen vacancy formation, and fine-
tunes the d-band centre for optimal catalytic performance. In
the Fe-Co@MnO nanobox heterostructure, for example, elec-
tronic coupling between the redox-active but poorly conductive
MnO and highly conductive Fe-Co leads to a downward shift in
the d-band center, optimizing intermediate adsorption during
the OER/ORR. This tailored heterointerface improves bifunc-
tional activity by reducing the potential gap between the OER
and the ORR (Fig. 2(a) and (b)) and accelerating kinetics, as
evidenced by a lower Tafel slope (Fig. 2(c)).****

Mn oxides inherently offer redox flexibility and structural
diversity. Their electrocatalytic activity can be significantly
improved by doping or forming composites.*®™*® Zhang et al.
demonstrated that Mn doping in Co;0, induces oxygen vacan-
cies and modifies the electronic structure, reducing the OER
overpotential from 288 mV to 265 mV at 10 mA cm ™ >.*° Spinel-
type oxides such as CoMn,O,, Mn-Coz;0,, and Mn-doped
CuCo,0,4 have shown promise, though their intrinsic conduc-
tivity is limited. Incorporation with doped carbon nanotubes

This journal is © the Owner Societies 2025
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(e.g., N-, S-, Zn-doped CNTSs) enables efficient four-electron ORR
pathways, improving overall bifunctionality.*®°

Kang et al. reported that Zn-doped CoMn,0,/CNT compo-
sites showed optimized Mn and Co valence states, achieving a
half-wave potential of 0.81 V and an OER overpotential of
312 mV.>" In another study, Mn-doped CuCo40, was synthe-
sized by alloying-dealloying partially substituted Cu®" ions,
creating Cu vacancies and oxygen defects. These changes
increased conductivity and active site density, achieving 1.71 V
at 500 mA cm > and operational durability over 80 hours. DFT
calculations confirmed that Mn doping elongated the Cu-O bond
and shifted electronic density toward the Fermi level, lowering the
d-band centre and reducing the OER barrier.”> Mn-doped
C03;0,@CNT composites further demonstrated excellent bifunc-
tional performance with an OER overpotential of 356 mV at
10 mA cm™ 2 and an ORR half-wave potential of 0.84 V.>?

Perovskite oxides offer broad functionality (electronic, mag-
netic, and ionic) and environmental compatibility, making
them attractive for sustainable energy conversion.’® However,
pristine perovskites often suffer from low conductivity and
limited active sites. These limitations can be mitigated by
transition metal doping (e.g., Zn, Co, Ni, Cu, and Mn). Mn is
particularly effective, improving conductivity, creating oxygen
vacancies, and increasing redox activity. For instance, Mn
doping in FeTiO; reduced the OER overpotential from
285 mV to 190 mV at 10 mA cm™ > and lowered the Tafel slope
from 54 to 32 mV dec™'.>®> Gao et al. showed that Mn doping
and oxygen vacancies in LaMnCoO; enhanced crystallinity and
electronic structures.”>*® In their study, substitution of smaller
Co®" (0.54 A) by larger Mn*®" (0.66 A) in LaMn, ;C0, ;05 (LMCO-
1) expanded the lattice (confirmed by XRD). Hydrogen treat-
ment (5% H,/Ar) generated LMCO-2 with oxygen vacancies and
a more favourable local electronic environment. The e, occu-
pancy decreased from 1.17 in LMCO-1 to 1.01 in LMCO-2, close
to the optimal value of 1 for bifunctionality. Mn also promoted
a Co’" spin-state transition from intermediate (eg = 1) to high-
spin (ey = 2), enhancing Co-O bonding. Additionally, the Co*"
content increased from 42.77% to 45.2% and the oxygen
vacancy concentration increased from 14.65% to 20.24%, both
contributing to improved charge transfer.?>>®

Oxygen vacancies (O,)—missing lattice oxygen atoms—are
important for catalytic activity, while lattice oxygen (Oy) repre-
sents the ideal crystalline oxygen. A higher O,/Oy, ratio indicates
increased defect density and more active sites. As shown in
Fig. 2(d), this enhances electrocatalytic performance. In DFT
calculations comparing Mn-doped np-Cu;,Co40(Mn) with its
oxygen-deficient version (Ov-np-Cu;,Co40(Mn)), the OOH —
0, transition energy dropped from 4.4 to 2.69 eV (Fig. 2(e) and
(). The d-band centre shifted upward from —3.71 to —3.36 €V,
signifying improved electronic interaction and higher activity.>>

Sun et al. explored Mn-Ni co-doping in LaMnNiCoO; per-
ovskites, revealing that this tuning modulates e, electron filling
and shifts the O 2p-band closer to the Fermi level—key factors
in electrocatalysis.”® Co-doping also introduced multiple
valence states (Mn**/Mn*", Co**/Co®", and Ni**/Ni*"), increas-
ing redox flexibility.
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The optimal LaMnNiCoO; (1:2:3) composition achieved an
e; occupancy of 1.086, near the ideal 1, whereas a higher/lower
Ni content deviated from this optimum. Additional oxygen
vacancies and stronger metal-oxygen covalency improved
OER/ORR kinetics.

In another study, Mn substitution in SrFe; ,Mn,O; s
increased reactive oxygen species (O>7/O7) from 17.4% to
24.5%, improving CO, resistance and ORR activity.58 A
LaMnO;/Mn,0O;-carbon black composite prepared by the sol-
gel method also demonstrated excellent ORR activity due
to synergistic Mn**/Mn** redox effects and improved conduc-
tivity. The catalyst had an onset potential of 0.87 V, a Tafel slope
of 90 mV dec™!, and followed a favourable four-electron
pathway.>®

Finally, Mn doping in perovskite structures generates oxygen
vacancies (Fig. 2(g)) and optimizes both the e, orbital occu-
pancy and d-band centre. These electronic modifications
enhance active site availability, charge transport, and conduc-
tivity, enabling superior bifunctional OER/ORR performance
with competitive activity (Fig. 2(h)) and robust long-term dur-

ability (Fig. 2(i)).

3. Mn-based metal organic
frameworks

Following Mn-based oxides and LDHs, MOFs represent a
structurally distinct class of materials offering diverse strategies
for tuning electrocatalytic activity. This section is organized
based on the catalyst origin—pristine MOFs, MOF-derived
composites, and multi-metallic MOFs—with a focus on how
Mn incorporation affects the electronic structure, particularly
through d-band centre alignment, oxidation state flexibility,
and synergistic effects with other metals. These characteristics
not only unify the different MOF-based platforms but also
interlink with broader design strategies discussed throughout
this review.

MOF-based electrocatalysts have been extensively explored
for the OER and ORR due to their unique structural and
electronic features, which include: (i) high porosity and surface
area, (ii) tailorable metal centres, (iii) effective synergy and
electronic modulation, and (iv) high stability and capacity for
defect engineering. The high surface area and porosity facilitate
rapid diffusion of O, and OH™ from the electrolyte to active
sites. Transition metals like Fe, Co, Ni, and Mn embedded in
MOFs act as catalytic centres, enabling water adsorption,
activation, and proton-electron transfer during the OER and
ORR, as shown in Fig. 3(a). Additionally, organic ligands in
MOFs help modulate the electronic structure of the metal sites,
optimizing adsorption/desorption of intermediates.*

Hybrid MOF structures integrated with conductive carbo-
naceous materials—such as graphene, carbon nanotubes, or
other forms of carbon—significantly enhance electron trans-
port during redox reactions. This enhancement is due to
improved porosity, mass transport, and electrolyte penetration,
all of which contribute to greater active site exposure. A

17104 | Phys. Chem. Chem. Phys., 2025, 27, 17099-17115
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representative example is the Co-Mn metal atom-incor-
porated N-doped microporous carbon synthesized via one-
step pyrolysis, referred to as CoMn-N-C-Ac-2-800 (Fig. 3(b) and
(¢))- This material exhibits superior onset and half-wave poten-
tials compared to the benchmark Pt/C catalyst, achieving a half-
wave potential of 0.875 V, as shown in Fig. 3(d).*'

Some pristine MOFs, however, suffer from poor conduc-
tivity and lower stability, which can be overcome through
derivatization and doping strategies. Mao et al. reported a
FeCoNiMn-MOF, a tetra-metallic structure synthesized with
2,3-dihydroxyterephthalic acid as a ligand. The ligand coordi-
nates with metals, enhancing metal coordination geometry,
stability, and conductivity. Solvents were used to control mor-
phology and porosity. Mn serves as a secondary metal centre,
supporting crystal growth, porosity, and the tuning of the
electronic structure. Due to Mn’s flexible oxidation states, this
MOF exhibited improved charge distribution and synergistic
effects, enhancing the density of active sites.®> The FeCoNiMn-
MOF/NF showed an overpotential of 239 mV at 50 mA cm 2
(Fig. 3(e)) under alkaline conditions and a Tafel slope of
62.05 mV dec™ ', with long-term stability over 100 hours.°>

Igbal et al. reported Mn-doped Ni-MOFs with varying Mn
concentrations, such as Mn-MOF, Mn;Ni,-MOF, and
Mn, sNiy s-MOF and compared their electrocatalytic perfor-
mances. All these exhibited bifunctionality for the OER and
ORR. For the ORR, Mn-MOF showed onset and half-wave
potentials of 0.89 V and 0.83 V, respectively, with a Tafel slope
of 96.8 mV dec™'. Mn;Ni,-MOF yielded 0.86 V and 0.80 V with a
Tafel slope of 90.2 mV dec™ . The best-performing Mn, sNi 5-
MOF exhibited an onset potential of 0.87 V, a half-wave
potential of 0.81 V, and a Tafel slope of 76.9 mV dec . For
the OER, the overpotentials at 10 mA cm > were 394 mV,
431 mV, and 339 mV, respectively. The Mn, ;Ni, s-MOF also
showed outstanding durability over 7500 s in the chronoam-
perometry test and 2000 cycles in the CV test, which were
attributed to the synergistic effect of Mn doping in Ni-MOF.*

A MOF-derived 3D porous dodecahedral structure, analo-
gous to ZIF-67, composed of Mn/Co-C-N with different Mn/Co
ratios (1:1, 1:2, and 1:3), was synthesized via high-
temperature carbonization at 600 °C. The Mn/Co-C-N (1:2)
catalyst maintained ideal morphology, developed MnO on the
ZIF surface, and showed strong Mn-Co coordination. Carboni-
zation improved conductivity, porosity, and surface area. This
optimized catalyst achieved the best ORR performance, with an
onset potential of 0.89 V and a half-wave potential of 0.80 V, a
Tafel slope of 60 mV dec !, and excellent durability—
retaining performance after 10000 cycles with only an 8-mV
shift in E,,.%

In another study, a Mn-loaded FeCo-MOF composite with
reduced graphene oxide (rGO) was synthesized. The 3 wt%
rGO-MnFeCo-MOF demonstrated improved OER activity, with
an overpotential of 178 mV at 10 mA cm ™%, compared to 270 mV
for 3 wt% rGO-FeCo-MOF. For the ORR, 3 wt% rGO-MnFeCo-
MOF showed a half-wave potential of 0.74 V, while its Mn-free
counterpart showed 0.83 V. Despite a slightly lower E;/4, the
Mn-doped sample outperformed overall, due to higher limiting
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(a) HRTEM image of the FeCo—MnO@NC nanobox heterostructure. Reproduced from ref. 57 with permission from Elsevier, Copyright 2023, (b)

OER and ORR polarization curves showing the onset potential difference. Reproduced from ref. 57 with permission from Elsevier, Copyright 2023,
(c) Tafel slopes of FeCo—MnO@NC nanobox and reference catalysts. Reproduced from ref. 57 with permission from Elsevier, Copyright 2023. (d) XPS
analysis showing increased O,/O, ratio with oxygen vacancies enhancing intermediate adsorption. Reproduced from ref. 52 with permission from
American Chemical Society, copyright© 2023, (e) and (f) Gibbs free energy profiles indicating reduced O, formation energy on vacancy-rich structures.
Reproduced from ref. 52 with permission from American Chemical Society, copyright© 2023, (g) Mn-doped spinel structure promoting oxygen vacancy
formation and structural optimization. (h) and (i) LSV curves and 24 h stability test of CuMng sC0404. Reproduced from ref. 46 with permission from the
authors ChemElectroChem Published by Wiley-VCH-GmbH, copyright 2022.

current density (8.74 mA cm™?), lower charge-transfer resis-
tance (34.27 A), and a smaller potential gap (0.66 V). This was
attributed to enhanced active site density, better charge redis-
tribution from Mn doping, and increased conductivity from
rGO.*® Boride-based electrocatalysts integrated with MOFs have
also shown promise. A nitrogen-doped porous carbon (NC)
derived from Co-MOF exhibited moderate OER performance.
In contrast, Co,Mn,B, derived from similar MOFs showed
enhanced kinetics with a Tafel slope of 62 mV dec™* and
excellent stability over 12 hours. The improvement was linked
to the NC framework, which increased conductivity, and the
metal-metalloid bonding in the boride, which helped modulate
the electronic structure.®®

Importantly, Mn in MOFs helps optimize the d-band centre,
which governs the interaction between active sites and reaction

This journal is © the Owner Societies 2025

intermediates. By tailoring Mn’s oxidation states and the
coordinating environment, both charge redistribution and
orbital occupancy (e.g., e, filling) can be finely tuned. These
modifications enhance the adsorption/desorption balance of
OER/ORR intermediates, improving reaction kinetics, lowering
overpotentials, and ensuring durable operation.

4. Mn derived single atom-based
catalysts

This section focuses on Mn-based SACs, classified under func-
tional strategy-driven electrocatalysts that exploit atomic-level
precision to enhance the OER and ORR performance. SACs,
particularly those derived from Mn or doped with Mn, are
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Fig. 4 (a) Schematic illustration of the adsorption—desorption mechanism of oxygen intermediates on the Mn-based MOF. Reproduced from ref. 63

with permission from American Chemical Society, Copyright© 2024, (b) SEM image of the CoMn-N-C-Ac-2-800 MOF displaying a rhombic
dodecahedron-like morphology. Reproduced from ref. 61 with permission from Wenzhe Luo et al., copyright© 2023. (c) HRTEM images reveal well-
defined lattice fringes corresponding to Co and C, with Mn atoms uniformly dispersed throughout the structure. Reproduced from ref. 61 with permission
from Wenzhe Luo et al., copyright© 2023, (d) LSV plot showing the superior half-wave potential of CoMn-N-C-Ac-2-800 compared to 20 wt% Pt/C and
related materials for the ORR. Reproduced from ref. 61 with permission from Wenzhe Luo et al., copyright© 2023, and (e) LSV polarization curves of
FeMnCoNi—MOF/NF compared with IrO4 and other counterparts. Reproduced from ref. 62 with permission from American Chemical Society,

copyright© 2024.

distinguished by their high atomic utilization, electronic tun-
ability, and maximized exposure of active sites. Compared to
other Mn-based systems such as oxides and MOFs, SACs offer a
platform to understand structure-activity relationships at the
atomic scale, especially in heteroatom-coordinated environ-
ments (e.g., Mn-N,, Mn-0,).°”°® These catalysts bridge the
gap between molecular and bulk catalysts, enabling efficient
modulation of electronic structure for bifunctional activity.

SACs are widely utilized for the OER and ORR due to their
well-defined coordination environment and metal-support
interactions. In particular, Mn shows excellent synergy with
noble metals, forming dual-site SACs that lower energy barriers
by facilitating optimal adsorption/desorption of OER inter-
mediates (OH*, O*, and OOH*) as shown in Fig. 4(b).*® For
instance, the Ru-Mn dual-site SAC Ru(sa)-NiOMS, integrated
into a tunnel-structured Ni ion framework, enables direct
intramolecular oxygen coupling, a deviation from conventional
adsorbate evolution mechanisms (AEM). This catalyst exhibits a
record-low overpotential (160 mV at 10 mA cm ™ ?), a Tafel slope
of 32.78 mV dec ™, and a superior mass activity (18966 A g~ 1),
with prolonged stability over 300 h (Fig. 4(c)).*

For the ORR, Mn-doped Fe-N-C catalysts (Mn;@Fe-N-C/
CNTs) have been shown to enhance durability by scavenging
radicals (*HO, , *OH) and stabilizing Fe-N, sites.”””" The

17106 | Phys. Chem. Chem. Phys., 2025, 27,17099-17115

Mn-N,O, moieties modulate the Fe electronic environment,
exhibiting a high E;,, of 0.89 V vs. RHE and a narrow ORR-OER
potential gap of 0.59 V at 10 mA cm ™ 2.”? Similarly, Wei et al.
demonstrated the dual-functionality of Mn single atoms in
Ptyp—Mng,/C SACs, improving O-O bond cleavage and reducing
Pt-O interaction strength, leading to excellent ORR activity
(E1s = 0.93 V, onset = 1.01 V), outperforming Pt/C (Fig. 4(a)).”

A variety of Mn-based SAC architectures have been explored.
The Pt@Mngs/N-C system exhibited ORR mass activities 11.1
and 14.7 times higher than Pt/C in acidic and alkaline media,
respectively.”* Mng,/Mnac-SSCNR a 3D “sea urchin-like” struc-
ture combining Mn single atoms and atomic clusters—demon-
strated E;/4 = 0.90 V and onset = 0.97 V with excellent retention
(91% over 50 h, Fig. 4(d)).”> The Mn-N@Gra-L catalyst, incor-
porating Mn-N, moieties into a mesoporous carbon shell,
further enhanced activity and stability (E;,, = 0.875 V, 98.2%
retention after 10000 s).”® In another study, CoMn/NC SACs
with dual atomic sites outperformed Co/NC and Mn/NC indi-
vidually (E;,, = 0.89 V in KOH, 0.82 V in H,SO,) due to synergy
between Co and Mn, supported by DFT calculations showing
lower overpotential and favourable oxygen adsorption.®®”” In
FeNPs/MnFe-SAS-NC-25, Mn/Fe dual SACs and Fe nanoparticles
cooperatively improved ORR activity (1,4 = 0.91 V) and stability
versus Pt/C.”®
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Pyrrole-type Mn-N, (PT-MnN,) catalysts also offer excellent
ORR performance across media (E;/4 = 0.88 V in alkaline; 0.73 V
acidic; 0.63 V neutral) with low Tafel slopes and high
durability.”® Active site confirmation using SCN~ poisoning
and DFT analysis confirmed a favourable four-electron mecha-
nism with a low energy barrier (AG = —0.39 eV). Under potential
cycling, Mn-SASs dynamically evolve from Mn-N, to Mn-N,C,
configurations, aligning with Mn valence changes and promot-
ing activity (TOF = 1.59 s~ ' at 0.85 V).**®' FeMn,./Mn-N,C,
featuring FeMn clusters anchored on Mn-N, moieties, dis-
played strong O-O bond cleavage and high E;,, in both KOH
(0.90 V) and H,SO, (0.79 V), alongside superior durability
(Fig. 4(e)).%

However, Mn-based SACs offer tunable coordination envir-
onments and dynamic structural adaptability. Their remark-
able performance arises from their ability to modulate the d-
band centre and e, orbital occupancy through strategies like
heteroatom doping, dual-atom engineering, and oxidation-
state tuning. These approaches enable improved intermediate
adsorption and rapid charge transfer, making Mn-SACs highly
efficient and durable electrocatalysts for the OER and ORR.

5. Mn-based chalcogenides (sulphites,
tellurides, and selenides)

Among the various categories of Mn-based electrocatalysts,
chalcogenides—including sulfides, selenides, and telluri-
des—stand out for their flexible electronic structures and
unique redox chemistry. This section focuses on these materi-
als as distinct materials classified by anion composition (S, Se,
Te) and their strong Mn-chalcogen bonding, which facilitates
redox modulation, defect engineering, and electronic structure
regulation. Following oxides, MOFs, SACs, and LDHs, Mn-
based chalcogenides represent a material family where d-
band centre tuning, vacancy engineering, and heteroatom
doping converge to enhance bifunctional activity toward both
the OER and ORR.

Mn-based chalcogenides are emerging as highly promising
electrocatalysts due to their tunable electronic configurations,
robust Mn-S, Mn-Se, and Mn-Te bonds, and their ability to
modulate oxidation states, enhancing conductivity and reactiv-
ity. These materials benefit from valence flexibility and phase
engineering (crystalline vs. amorphous), which enables control
over active site exposure and band structure, making them
competitive with noble-metal systems. Studies using X-ray
photoelectron spectroscopy (XPS) and optical analysis confirm
Mn>" incorporation into CdS-type chalcogenides, introducing
oxygen vacancies, narrowing band gaps, and tuning the d-band
centre to improve charge transfer and catalytic kinetics.®*%*

A critical aspect of their performance lies in anion vacancy
engineering, which generates unsaturated metal sites and
optimizes intermediate adsorption energies.®"*® For example,
MnX,/C-HPNs (MnS,, MnSe,, MnTe,) possess 3D hierarchical
architectures with abundant vacancies and exposed active
sites. These features, alongside Mn**/Mn*" redox transitions,
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improve conductivity and OER performance. Notably, MnTe,/C-
HPNs achieves an overpotential of 246 mV at 10 mA cm > and a
Tafel slope of 48 mV dec™ ', which further improves with 3.1%
Fe doping, reducing the overpotential to 210 mVv.*°

Electron redistribution via heteroatom doping also modu-
lates the electronic structure. For instance, MnS/CoN, exhibits
an increased Mn*" content, enhanced electron density, and a
shift in the Co 2p binding energy, improving conductivity and
d-band positioning.”® Similarly, MnS-MnO@NSC nanocubes
integrate Mn-based compounds into N,S-doped carbon, thereby
increasing defect density, electrical conductivity, and catalytic
performance.’’ Phase boundary engineering is another effec-
tive strategy, Mn doping in NizS,@MoS, nanorods induces
interfacial defects between crystalline and amorphous regions,
evidenced by Raman red-shifting, which improves conductivity
and aligns the d-band centre for optimal OER kinetics.”* Sm-
doped MnTe further illustrates the power of electronic struc-
ture regulation: Sm incorporation tunes the d-band centre,
introduces lattice oxygen vacancies, and promotes charge redis-
tribution. As a result, this catalyst exhibits an overpotential of
177 mV at 10 mA cm ™2 and a low Tafel slope of 34 mV dec™*,
with stable performance over 40 hours.”® Rasool et al. reported
a Mn-based chalcogenide composite delivering an even lower
OER overpotential of 170 mV and a Tafel slope of 32 mV dec™".
Its stability over 5000 cycles (60 hours) underscores the robust-
ness of electronic tuning via Mn incorporation.’* The excellent
long-term durability of Mn-doped chalcogenides is confirmed
by linear sweep voltammetry (LSV) and chronoamperometry
data (Fig. 5(a) and (b)).

Although the ORR performance of Mn-based chalcogenides
is less explored, recent studies indicate strong potential, parti-
cularly due to their ability to favor four-electron pathways,
provide high onset and half-wave potentials, and maintain
excellent durability. The MnSe@MWCNT catalyst demonstrates
this promise in Oy-saturated 0.1 M KOH, showing an onset
potential of 0.94 V and a half-wave potential of 0.86 V vs. RHE,
alongside a limiting current density of 6.49 mA cm 2. Kou-
tecky-Levich and rotating ring-disk electrode (RRDE) analyses
confirm a four-electron mechanism with minimal H,0, yield
(<10%). The integration of MWCNTSs enhances electron trans-
port, provides additional active sites, and yields a low Tafel
slope of 54.76 mV dec™ . It retains 95.04% of its E,/, after 12
hours, outperforming Pt/GCE, which shows a 20 mV drop.”®

Similarly, MOF-derived CoTe,/MnTe, nanorods show remark-
able ORR activity in 0.1 M KOH, with an onset potential of 0.96 V
and a half-wave potential of 0.81 V vs. RHE—slightly lower than
those of Pt/C but significantly better than those of CoTe, or MnTe,
alone. The catalyst exhibits a Tafel slope of 64.2 mV dec™*, a high
limiting current density of 4.1 mA cm ™2, and a nearly ideal four-
electron pathway (7 &~ 3.8), maintaining E;, with negligible decay
after 25 000 s of chronoamperometry.®®

Taken together, these studies highlight that Mn-based chal-
cogenides, especially those integrated with conductive supports
or doped with heteroatoms, enable precise tuning of the d-band
centre and electronic structure, resulting in significant
improvements in OER/ORR kinetics. This includes low
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Fig. 5 (a) SEM image of a Mn—-N@Gra-L single-atom-based catalyst. Reproduced from ref. 76 with permission from Elsevier, Copyright 2025, (b)
Schematic illustration of adsorption and desorption mechanisms of reaction intermediates in Mn—Fe@N-doped CNT SAC and (c) LSV plot represents the
performance of Mn-incorporated Rusa)-OMS SACs for the OER. Reproduced from ref. 69 with permission from Tixin Hao et al., Copyright© 2024, (d)
LSV plot of Mnsa/Mnac-SSCNR showing superior half-wave potential compared to Pt/C. Reproduced from ref. 75 with permission from John Wiley and
Sons, copyright 2023, (e) Comparative durability (i—t plot) of SACs versus Pt/C over 60 000 s. Reproduced from ref. 82 with permission from John Wiley

and Sons, copyright 2022.

overpotentials, high onset and half-wave potentials, robust
four-electron transfer pathways, and long-term electrochemical
stability (Fig. 6).

6. Mn-based LDHs, nitrides, and
phosphorus derivatives

Following the discussion on oxides and MOFs, this section
focuses on another important class of Mn-based electrocata-
lysts—LDHs, nitrides, and phosphorus derivatives—which are
grouped based on their structural and compositional features
that allow for efficient electronic structure modulation. Unlike
simple oxides or molecular frameworks, these materials offer
unique advantages such as layered structures (in LDHs), strong
covalent bonding networks (in nitrides), and enhanced con-
ductivity (in phosphides). This classification by material type
enables us to systematically compare the role of Mn and related
electronic regulation strategies across distinct structural plat-
forms. Notably, the regulation of the d-band centre and e,
orbital occupancy continues to be a central theme across these
systems, influencing OER/ORR kinetics and stability.

LDHs composed of transition metals such as Ni, Co, Mn,
and Fe, along with non-metal dopants, have garnered attention

17108 | Phys. Chem. Chem. Phys., 2025, 27,17099-17115

as promising OER/ORR electrocatalysts due to their layered
structures, tunable compositions, and efficient charge trans-
port capabilities.®®®” A key strategy in improving their catalytic
performance lies in electronic structure regulation, particularly
through modulation of the d-band centre and e, orbital occu-
pancy. These parameters influence the adsorption strength of
reaction intermediates and, consequently, catalytic activity and
stability.>*?%°

Shakeel et al. demonstrated that introducing Mn into a Ni-
Mn-LDH/g-C;N, composite enhances OER activity by increasing
the density of active sites and fine-tuning the electronic
configuration. The synergistic redox coupling between Ni**/
Ni** and Mn**/Mn"" promotes charge transfer, resulting in
improved reaction kinetics—evident from a reduced overpoten-
tial (316 mV to 296 mV) and a lower Tafel slope (65 to
55 mV dec™')."°>'°* The Mn incorporation also stabilizes the
LDH structure and prevents aggregation, while the g-C;N,
support facilitates fast electron transfer and suppresses recom-
bination, enhancing the overall electrocatalytic efficiency.

Building on this approach, Zhang et al. developed a hier-
archical Mo,C@g-C;N,@NiMn-LDH catalyst, in which Mn
plays a pivotal role in stabilizing Ni** redox transitions and
shifting the Ni*" binding energy, thereby optimizing OH™
adsorption and OER activity."”> The core-shell architecture
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integrates a conductive Mo,C core and a g-C;N, layer to ensure
structural stability and efficient electron transport, while NiMn-
LDH on the outer surface provides abundant active sites. Zhao
et al. synthesized a bifunctional CoMn-LDH/N,P-GA catalyst
(N,P co-doped graphene aerogel on CoMn-LDH), which sur-
passes the performance of Pt/C (ORR) and IrO, (OER) reference
catalysts. The enhancement is attributed to improved surface
area, low double-layer capacitance, and smaller Tafel slopes
(73 vs. 106 mV dec '), indicating faster charge-transfer
kinetics.'® Defect engineering, especially the creation of oxy-
gen vacancies, has also been shown to regulate the electronic
structure effectively. For instance, Ov-NiMn-LDH/NCNTG
(Fig. 5(c))—a catalyst comprising N-doped carbon nanotubes
and N-doped graphene—exhibits enhanced ORR activity due to
synergistic effects between oxygen vacancies and conductive
carbon supports.'®*

Similarly, MnO,/NiFe-LDH@NiCo,S; shows outstanding
OER performance (overpotential: 300 mV; Tafel slope:
42.43 mV dec ') and excellent stability over 10 days, owing to
the core-shell structure and optimized electronic properties."®”
Furthermore, chemical reduction methods also offer promising
strategies for tuning the electronic structure. In NiMn-LDHs,
partial reduction via ethylene glycol generates surface oxygen
vacancies that improve charge transfer and increase active site
exposure. This leads to a measurable decrease in OER onset
potential (from 1.47 V to 1.45 V), confirming the efficacy of this
method."%*

Phosphide-based Mn-containing catalysts also benefit from
electronic tuning. A one-step electrodeposition technique pro-
duced a MnO,/Co;(PO,), catalyst with an OER overpotential of
225 mV at 10 mA cm 2 and good stability over 48 h.'*®
Similarly, MnNiCoP/FeOOH, a 3D heterostructure synthesized
via phosphorylation, demonstrates remarkable bifunctionality
for the HER and OER, with a large double-layer capacitance
(21.1 mF ecm™?) indicating a high surface area and enhanced
catalytic efficiency.'”® Wang et al. further reported a Mn-doped
Ni,P/CusP catalyst exhibiting outstanding kinetics (Tafel slope:
25.15 mV dec™'; 10 mA cm ™ at 161 mV overpotential). Density
functional theory (DFT) calculations confirmed that Mn-Ni,P
modulates water adsorption energy, while Cu;P enhances con-
ductivity, together optimizing the catalyst’s electronic
structure."'® Overall, these findings underscore that tailoring
the d-band centre and e, orbital occupancy via heteroatom
doping, defect engineering, and interfacial modulation signifi-
cantly enhances Mn-based catalyst performance for the OER/
ORR. The ability to precisely tune these electronic parameters is
central to the development of next-generation bifunctional
electrocatalysts.'°®111112

7. Challenges and mechanistic
solutions for Mn-based
electrocatalysts and summary

Despite the promising activity of Mn-based electrocatalysts,
several persistent challenges—spanning from material
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synthesis to operational durability—limit their scalability and
commercial viability. For example, Mn oxides, though abun-
dant and cost-effective, suffer from poor electrical conductivity
and limited long-term stability, especially under harsh alkaline
or acidic conditions. Simple MnO, phases often degrade under
prolonged operation, whereas spinel and perovskite structures
(e.g., MnzO, LaMnO;) offer better crystallinity and tunable
oxygen vacancies. However, achieving optimal e, orbital occu-
pancy and surface reactivity for both high activity and stability
remains challenging."'*'™* To address poor conductivity, incor-
porating conductive supports such as carbon nanotubes or
graphene, or hybridizing with other metal oxides (e.g., Co;0,
or ZnO), can significantly enhance charge transfer and intro-
duce synergistic effects that improve both catalytic activity and
stability. For instance, the incorporation of reduced graphene
oxide (rGO) into Co,FeO, to form a Co,FeO,@rGO hybrid
material has been shown to enhance conductivity, create abun-
dant oxygen vacancies, and introduce favourable mixed valence
states, leading to improved trifunctional activity and
durability.'*>'*® Defect engineering, such as introducing oxy-
gen vacancies or heteroatom doping, can further optimize the
electronic structure and enhance performance as summarized
in Table 1.62,64,117,118

Mn-based MOFs, despite their high surface area and poros-
ity, exhibit poor intrinsic conductivity and are structurally
vulnerable during cycling. Similarly, Mn-containing layered
double hydroxides (LDHs) often show sluggish charge transfer
and low conductivity, with risks of delamination or irreversible
reconstruction under OER/ORR conditions. Hybridizing these
materials with conductive substrates or nanoparticles, and
employing robust, electrochemically stable linkers, can
enhance both conductivity and durability.”®**° In particular,
the combination of Mn with Fe or Co in MOF frameworks or
derived composites can modulate the local electronic structure,
reduce energy barriers for intermediate adsorption/desorption,
and facilitate lattice oxygen participation, improving both
activity and stability.'"

For Mn SACs, achieving uniform dispersion and preventing
agglomeration is difficult, and their activity is highly sensitive
to the coordination environment (e.g., Mn-N, or Mn-0,), which
is challenging to control at scale. Using defect-rich or
heteroatom-doped carbon supports, and in situ synthesis tech-
niques, can help stabilize single Mn atoms and control their
local environment, while modulation of the coordination
environment beyond the first shell can further optimize activity
and stability.’*® The concept of stabilizing noble metal atoms
on 2D substrates, such as Pd on MoS, via UV-assisted
reduction, demonstrates how defect engineering and strong
metal-support interactions can maintain atomic dispersion
and significantly lower charge transfer resistance. These design
principles can be adapted to Mn SAC systems to achieve similar
stabilization and enhanced performance."*

In addition, Mn-based nitrides and phosphides, while offer-
ing better conductivity, are prone to surface oxidation, leading
to passivation layers and potential Mn leaching. Their frame-
works may also degrade in alkaline environments, limiting
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Fig. 6 (a) LSV plot of the Mn—NizS;@MoS, composite compared to the benchmark RuO, catalyst and various counterparts. Reproduced from ref. 92

with permission from American Chemical Society, copyright© 2024, (b) durability performance of Mn-NizsS,@MoS, and RuO, at a current density of
100 mA cm~2. Reproduced from ref. 92 with permission from American Chemical Society, copyright© 2024, (c) comparative ORR performance of
oxygen vacancy-engineered O,-NiMn LDH/NCNTG with standard catalysts IrO4/C and Pt/C. Reproduced from ref. 104 with permission from Elsevier
copyright 2024, (d) LSV curve of Ru, Mn co-doped NiCo-LDH compared with RuO4 for the OER, demonstrating high durability at 500 mA cm™2.
Reproduced from ref. 105 with permission from Elsevier, copyright 2024, (e) Free energy diagrams showing improved OER kinetics and reduced RDS
energy barrier after Mn doping. Reproduced from ref. 105 with permission from Elsevier, copyright 2024, (f) d-band centre (e4) values shift closer to the
Fermi level from NCL (—1.76 eV) to RMNCL (—1.45 eV), indicating improved electronic interactions and OER activity after Ru and Mn doping. Reproduced
from ref. 105 with permission from Elsevier, copyright 2024, (g) Free energy diagram showing reduced *OH — *O and *O — Oy, barriers after Mn doping.

Reproduced from ref. 106 with permission from Elsevier, copyright 2023.

durability. Surface passivation control and alloying with sec-
ondary metals (e.g., Fe, Co, Ni, Cu, and Ag) can enhance
structural robustness and suppress leaching, as supported by
DFT studies showing that partial substitution at the Mn
site improves electronic conductivity and stability."** The
integration of rGO into bimetallic oxide composites (e.g:,
Co,FeO,@rGO) not only improves electrical conductivity but
also stabilizes multivalent states of Co and Fe, which can be
strategically applied to stabilize Mn-based nitride and phos-
phide systems.'*

Mn chalcogenides (sulfides, selenides, and tellurides) tend
to transform into amorphous (oxy)hydroxide layers during
catalysis. While this surface reconstruction can sometimes be
beneficial, uncontrolled phase changes and dissolution in
alkaline media remain critical issues. Designing catalysts for
controlled surface reconstruction and introducing stabilizing

17110 | Phys. Chem. Chem. Phys., 2025, 27, 17099-17115

additives or dopants can help maintain structural integrity
during operation. For example, Pd NPs incorporated onto
MoS, nanosheets via UV-assisted methods have been shown
to enhance OER activity by lowering the overpotential to
253 mV and reducing the Tafel slope to 59 mV dec™ ', while
maintaining structural integrity and conductivity—demonstrat-
ing the benefits of synergistic interactions and surface
modulation.”" These approaches can inform the development
of stable Mn-based chalcogenide systems.

Finally, achieving high intrinsic activity and selectivity for
the OER/ORR is limited by the difficulty in optimizing the active
site structure and electronic configuration, especially in
complex or multi-metal systems. Theoretical calculations and
targeted doping (e.g., Cr, Fe, and Ni) can modulate the oxida-
tion state and local environment of Mn, enhancing per-site
activity and selectivity, while atomic-level design and advanced
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