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Direct methanol fuel cell (DMFC) is a clean energy technology that integrates high-efficiency energy con-
version with environmental benefits. However, its industrial application is hindered by the sluggish ki-
netics of the cathode oxygen reduction reaction (ORR). This key scientific challenge has driven diversi-
fied advances in high-performance ORR electrocatalysts. This review systematically outlines the reaction
mechanisms and ORR pathways in DMFC. Furthermore, it comprehensively summarizes recent advances
in multi-scale modification strategies, including methanol tolerance optimization, rational design of active
sites, electronic structure tailoring, surface/interface micro-environment engineering, and additional mod-
ulation approaches for enhancing ORR performance. Additionally, the mechanisms for enhancing intrinsic
catalytic activity are discussed in depth, along with the elucidation of the structure-activity relationship
governing catalyst performance in terms of activity, selectivity, and stability. Finally, in light of the criti-
cal challenges currently facing DMFC cathode catalysts, future directions and development pathways for
catalyst design are proposed.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Energy crisis and climate change are two major challenges fac-
ing humanity. Currently, fossil fuels continue to dominate the en-
ergy landscape in the near to medium term, exacerbating issues
of severe energy shortage and environmental pollution [1,2]. These
challenges have raised concerns regarding energy security and en-
vironmental sustainability. Guided by the "dual carbon" strategy,
establishing a clean energy system is essential for effective re-
source integration and sustainable energy development [3-5]. To
date, multiple energy storage and production technologies based
on renewable energy sources have been developed, including hy-
drogen energy [6], solar power [7], wind energy [8], biomass en-
ergy [9], secondary batteries [10], and fuel cell [11]. Among them,
the direct methanol fuel cell (DMFC) stands out due to its high en-
ergy density (4780 Wh/L), rapid cold-start capability, high conver-
sion efficiency, clean and environmentally friendly fuel, and supe-
rior safety features [12-15]. Regarded as a highly promising power
generation technology, DMFC is positioned to play a key role in the
fast-growing portable electronics market, including laptops, smart-
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phones, and similar devices [16-18]. Liquid methanol offers notable
advantages in storage and transport compared to other fuel. More-
over, as methanol can be synthesized from CO,, making it a tar-
get product of the "liquid sunshine" initiative, it not only supports
economic growth by resource recycling but also helps mitigate the
shortage of liquid fuels [19,20].

Structurally, the DMFC comprises an external circuit, ion-
exchange membrane, gas diffusion layers, bipolar plates, and
catalyst-based electrodes. Fig. 1 schematically illustrates the prin-
ciples of both acidic and alkaline DMFC systems. In an acidic
medium, methanol solution is delivered to the anode through flow
channels and oxygen to the cathode. Methanol oxidation reaction
(MOR) at the anode produces protons, electrons, and carbon diox-
ide. The protons migrate through the membrane to the cathode,
while electrons travel via the external circuit, where they com-
bine with oxygen to form water (Fig. 1a). In alkaline DMFC, oxy-
gen reduction at the cathode generates hydroxide ions, which mi-
grate through the anion exchange membrane to the anode and re-
act with methanol, producing carbon oxides (Fig. 1b). The circuit
completes the energy loop, powering external loads. DMFC directly
converts the chemical energy of methanol into electricity, circum-
venting the Carnot cycle limitation, thereby achieving higher ef-
ficiency [21]. The thermodynamic cell potential is 1.21V at 25°C.
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Fig. 1. (a, b) Schematic diagram of DMFC in acidic and alkaline media.

However, the actual voltage and power output are considerably
lower due to polarization loss, mixed potential, catalyst poison-
ing, electrode kinetics limitation, operating condition, and mate-
rial degradation [22,23]. A major factor limiting performance is the
sluggish oxygen reduction reaction (ORR) kinetics at the cathode,
where currently available electrocatalysts remain a critical bottle-
neck [24,25].

In fuel cell, the ORR at the cathode necessitates a high overpo-
tential to overcome kinetic energy barrier. Therefore, the develop-
ment of highly active and stable ORR catalysts has become a major
research focus in the field [26-29]. An ideal cathode electrocata-
lyst for DMFC should possess the following features: (1) High spe-
cific surface area and rich pore structure to expose abundant ac-
tive sites and facilitate the adsorption and diffusion of reactants;
(2) High catalytic activity to lower the activation energy and pro-
mote ORR kinetics; (3) Good conductivity to enable efficient elec-
tron transfer; (4) Strong tolerance to methanol crossover to sup-
press MOR; (5) High chemical stability to prevent material degra-
dation or failure. Significant progresses have been made in cata-
lysts design in recent decades, driven by advances in structural
innovation, nanoengineering, and advanced characterization tech-
niques [30-32]. Among various catalysts, Pt/C remains the most
active ORR electrocatalyst for metal air cells and fuel cells, despite
the high cost and limited stability. However, CO poisoning is prone
to occur due to the methanol crossover effect in DMFC, which de-
activates catalytic sites [33,34]. Studies have shown that optimizing
the surface properties and atomic arrangement of Pt-based materi-
als is crucial for improving both durability and methanol tolerance
[35-37]. Surface modification has emerged as an effective strategy
to enhance ORR performance. Non-precious metal-based catalysts
have also attracted attention due to their inherent methanol tol-
erance. Nevertheless, the catalytic activity remains inferior to that
of commercial Pt/C. Enhancing the performance of such materials,
particularly through systematic multi-scale engineering strategies
for catalyst modification, represents a critical research challenge
[38,39].

This review is organized as follows: First, the working mech-
anisms of DMFC in acidic and alkaline environments are briefly
discussed. Then, the kinetic mechanisms of the ORR and com-
monly used electrochemical evaluation methods are introduced.
Subsequently, recent advances in multi-scale modulation strategies
for enhancing ORR activity are systematically reviewed, including
methanol tolerance optimization, rational design of active sites,
electronic structure tailoring, surface/interface micro-environment
engineering, and additional modulation approaches (Fig. 2). A de-
tailed discussion is provided from multiple perspectives, includ-
ing core-shell structures, crystal facet control, surface modification,
confinement effects, coordination environment optimization, dop-
ing strategies, alloying, heterostructure construction, pore struc-
ture design, hydrophilicity/hydrophobicity regulation, composition
and size control, and defect engineering. These strategies are ex-

Chinese Chemical Letters 37 (2026) 112408

N‘emanul toleray, ce

Electronic
structure
tailoring

<
Methanol ’v'\,
tolerance ©

optimization

e~ 20, p!

& Advanced 7

» 5

* modulation

~ i

)

%
%
s
&
2
=

B

I Additional
modulation
approaches

B
g
Rational b
- o
designof o —
active sites  “x s Q?
<% inDMFC
401 _§
*de- _, 408

é‘d
) G
% Surface and interface v
micro-environment
engineering

&
?6&

Op""'"tircuit voltage

Fig. 2. Modification strategies for cathode electrocatalysts in DMFC.

amined across advanced material systems such as precious metal-
based catalysts, carbon-based materials, single-atom catalysts, alloy
catalysts, and metal oxides. Furthermore, the structure-activity re-
lationships are emphasized, and the corresponding catalytic mech-
anisms are comprehensively analyzed. Finally, the remaining chal-
lenges and future development directions for DMFC catalysts are
outlined.

2. Fundamental understanding of ORR mechanism

ORR is considered one of the essential electrocatalytic reactions
in energy storage and conversion systems, unraveling the intrinsic
mechanism of ORR is crucial for the rational design and selection
of electrocatalysts with tailored structures and properties [40,41].
The reaction primarily involves three steps: (1) Adsorption of O,
on the catalyst surface; (2) Electron transfer and O, reduction; (3)
Desorption of reduction products. These processes involve the ad-
sorption and desorption of oxygen-containing intermediates, cleav-
age and formation of chemical bonds, as well as protons and elec-
trons transfer [42]. The adsorption of O, on the electrode surface is
the initial and rate-determining step of the ORR, making it essen-
tial to understand the possible adsorption modes. In general, three
distinct adsorption modes are recognized on the catalyst surface,
mainly the Pauling model, Bridge model, and Griffiths model, as il-
lustrated in Fig. 3a [43]. In the Pauling model, O, is adsorbed in
an “end-on” fashion, with one oxygen atom bonds to a single site,
this mode weakly perturbs the O-O bond and often leads to the
2e” reduction pathway, producing H,0,. Bridge model is known as
“side-on” manner, in which both oxygen atoms bond to two ad-
jacent sites and favors the 4e” pathway toward H,O. In the Grif-
fiths model, the oxygen atoms bound laterally to a single active
site. This facilitates O-O bond activation and cleavage, similar fa-
voring the 4e” pathway. In summary, the adsorption mode of O, at
the active site critically determines the ORR pathway selectivity.

Typically, the ORR typically proceeds via either a 4e” pathway
to H,0, which is ideal for fuel cells and metal-air batteries, or a
2e” pathway to H;0,, which is desirable for environmental reme-
diation and other applications (Egs. 1-6).

(1) 4e” pathway:

Acid medium:

0, +4H" +4e~ — 2H,0, E®=1.229V (1)
Alkaline medium:
0, +2H,0 +4e~ — 40H~, E®=0.401V (2)

(2) 2e pathway:
Acid medium:

0, + 2H* +2e~ — H,0,, E® = 0.670 V (3)
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Fig. 3. (a) Different O, adsorption modes on the catalytic surface and (b) the ORR reaction pathways via 2e- and 4e". Reproduced with permission [43]. Copyright 2024,

Royal Society of Chemistry.

H,0, + 2H* + 2e~ — 2H,0, E°=1.770 V (4)
Alkaline medium:

0, +H,0 +2e~ — OH™ +HO,™, E®=-0.065V (5)

HO,~ +H,0 +2e~ — 30H™, E®=0.867 V (6)

The detailed reduction of O, to H,O can be divided into three
distinct pathways: Associative pathway (Eqs. 7-11), dissociative
pathway (Egs. 12-14), and 2"¢ associative pathway (Eqs. 15-19),
as shown in Fig. 3b.

(1) Associative pathway:

02+ — 07" (7)
0,* +H" + e~ — OOH* (8)
OOH* + H* + e~ — 0* + H,0 (9)
O0*+H* +e — OH* (10)
OH* +H" +e” — H,0+* (11)
(2) Dissociative pathway:
0, 4 2* — 20* (12)
20* 4+ 2H' +2e~ — 20H* (13)
20H* 4+ 2H' +2e~ — 2H,0 + 2* (14)
(3) 2" associative pathway:
02 +* > 02* (15)
0,* +H" + e~ — OOH* (16)
OOH* + H* + e~ — HOOH* (17)
HOOH* — 20H* (18)
20H* 4+ 2H' +2e~ — 2H,0 + 2* (19)

where * represents an active site on the catalytic surface. The
reaction kinetics and pathways of ORR are determined by the

adsorption energy of intermediates on the catalyst surface. An
ideal catalyst should exhibit moderate adsorption strength toward
reaction intermediates. Excessively strong adsorption may occupy
active sites and inhibit desorption, impairing reaction continuity,
whereas overly weak binding may be insufficient to activate key
species [44,45]. Therefore, rational catalyst design, which focuses
on optimizing the free energy of oxygen-containing intermediates
on catalytic surface sites, is essential for enhancing ORR perfor-
mance.

To evaluate the ORR catalytic performance, a rotating disk elec-
trode (RDE) or rotating ring-disk electrode (RRDE) is typically em-
ployed in combination with an electrochemical workstation. Com-
mon electrochemical techniques include cyclic voltammetry (CV),
linear sweep voltammetry (LSV), chronoamperometry (CA), and
electrochemical impedance spectroscopy (EIS). Key evaluation met-
rics for catalytic activity comprise the onset potential (Eopset),
half-wave potential (E;,), electron transfer number, stability, Tafel
slope, electrochemically active surface area (ECSA), kinetic current
density (Ji), and limiting current density (J;).

3. Optimization of ORR performance in DMFC by various
regulation strategies

The ORR process is fundamentally determined by the elec-
tronic structure and physicochemical properties of the catalyst in-
terface, which dictate the adsorption and desorption behavior of
oxygen-containing intermediates. To enhance electrocatalytic per-
formance, various strategies, such as heterointerface engineering,
defect engineering, composite design, and surface functionaliza-
tion, have been extensively explored [46-49]. Specific methods like
heteroatom doping, size confinement, surface reconstruction, and
pore structure control are employed to tailor the electronic envi-
ronment, morphological features, active sites, and porosity of cat-
alysts, thereby improving reaction kinetics. Ideal catalysts should
exhibit high specific surface area, abundant porosity, excellent con-
ductivity, and well-exposed active sites, along with stability in
acidic/alkaline environments, resistance to methanol/CO poison-
ing, and avoidance of mixed potentials [50,51]. In addition to
experimental and advanced characterization techniques, theoreti-
cal studies play a key role in high-throughput catalyst screening
and mechanistic elucidation [52,53]. Establishing a clear structure-
performance relationship and understanding how various modifi-
cation strategies regulate ORR activity are essential for the rational
design of efficient DMFC catalysts. Tables S1 and S2 (Supporting
information) summarize the recent advances in catalytic materials,
highlighting their key electrochemical performance metrics across
different media.
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of Chemistry.

3.1. Methanol tolerance optimization

Precious metal catalysts (such as Pt, Pd) typically exhibit high
electrocatalytic activity and are widely used as benchmarks. How-
ever, their application in DMFC is limited by methanol crossover
poisoning, where methanol permeates from the anode to the cath-
ode through the membrane, severely degrading catalyst perfor-
mance [23,54]. The development of precious metal-based cata-
lysts aims to simultaneously increase active site density and im-
prove methanol tolerance. Nanostructure engineering and surface
modification have been demonstrated to significantly enhance both
the catalytic activity and methanol resistance of Pt-based catalysts.
Furthermore, the improvement in ORR performance has been at-
tributed to strain effects and multi-component synergy [32,55].
Meanwhile, non-precious metal catalysts typically exhibit intrinsic
methanol tolerance, though the catalytic activity still requires fur-
ther improvement.

DMFC commonly use low-concentration methanol to suppress
crossover and sustain performance [23]. However, high methanol
concentrations are essential for competitive energy density. To
overcome this limitation, Feng et al. [56] designed selective elec-
trocatalysts that facilitate operation under high methanol con-
centrations. The resulting Au@Pd catalyst demonstrated enhanced
ORR activity due to Au-Pd synergy, including electronegativity-
driven electronic coupling and lattice mismatch-induced strain ef-
fects. The assembled DMFC achieved a peak power density of
89.7 mW/cm? operating at 80°C with 10 mol/L methanol aqueous
solution, while maintaining high performance even at 15mol/L.
Tetrahedral Pd nanocrystals often show enhanced ORR activity in
alkaline media owing to the high surface-to-volume ratio and ex-
posed (111) facets [57]. For instance, Wang et al. [58] synthesized
uniform truncated Pd tetrahedrons (T-Pd-Ths) enclosed by (111)

facets, which feature low-coordination sites and lattice distortion
that introduce localized strain. The T-Pd-Ths/C catalyst exhibited
specific and mass activities 10.7 and 14.1 times higher than those
of commercial Pt/C, respectively, along with high CO tolerance and
only 7.69% activity loss after 50,000 cycles. Theoretical simula-
tions confirmed that low coordination sites enhanced ORR perfor-
mance. A DMFC using T-Pd-Ths/C achieved an open-circuit volt-
age of 0.927V and a peak power density of 163.7 mW/cm? across
tested temperatures. Ultrathin carbon layers can effectively anchor
Pt nanoparticles onto carbon supports, suppressing their migration,
aggregation, detachment, and dissolution, while also inhibiting
methanol penetration [59]. For example, Tong et al. [60] developed
an in-situ polymer nanoencapsulation-graphitization strategy to
prepare carbon-coated Pt/CNTs@C catalysts. The carbon layer thick-
ness, adjustable from 0.5nm to several nanometers via controlled
polymer growth, was found to critically influence ORR activity.
The optimized Pt/CNTs@C exhibited high catalytic activity, durabil-
ity, and methanol tolerance. In a related approach, Lee et al. [61]
encapsulated individual Pt nanoparticles within graphitic carbon
shells (Pt@CS/CNF). As shown in Figs. 4a and b, transmission elec-
tron microscopy (TEM) and high-resolution TEM (HRTEM) images
revealed uniformly dispersed Pt nanoparticles (~3.8 nm) within the
nanofibers, with the surrounding carbon shell effectively prevent-
ing aggregation. The carbon shell significantly blocked methanol
access to the Pt core, an effect enhanced by higher graphitization,
while still permitting O, permeation to facilitate the ORR process
(Fig. 4c).

To address the trade-off between oxygen catalytic activity and
poisoning tolerance, Zhang et al. [62] successfully synthesized
a class of Pd-Te hexagonal nanoplates (Pd-Te HPs) featuring a
Pd,oTe; phase. Atomic force microscopy (AFM) image showed that
the Pd atoms deviated from the hexagonal close-packed arrange-
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ment, resulting in exposed bridge sites that serve as catalytic cen-
ters. The Pd-Te HPs/C catalyst demonstrated superior ORR activity
with Eyj, of 0.90V, long-term stability (retaining 65% activity after
50,000s), and exceptional methanol tolerance. Density functional
theory (DFT) calculations revealed that the enhanced activity orig-
inates from the breakthrough in the linear relationship between
OOH* and OH* adsorption, while the MOR remained highly en-
dothermic. Among strategies to mitigate methanol crossover, struc-
tural modifications of the membrane electrode assembly (MEA)
have shown promising results. For example, Kim et al. [63] de-
signed a hierarchically structured cathode with an inner Pt-black
layer to shield active sites from methanol and an outer Pt/C layer
to enhance the electrochemical active surface area. This graded
structure mitigates methanol crossover by enhancing ORR activ-
ity. Inspired by the Fenton activity of Fe-N-C, Hou et al. [64] sys-
tematically optimized electrochemical performance using compos-
ite cathode architectures (Fig. 4d). The best cell configuration com-
posed of a layered cathode with Pt/C outside and Fe-N-C inside
achieved a peak power density of 24.55mW/cm? with 3 mol/L
methanol solution at 30 °C. As illustrated in Fig. 4e, the Fe-N-
C layer produced H,0, via the 2e” pathway, which was then de-
composed by both Fe-N-C (Fenton reaction) and Pt/C, generating
reactive oxygen species (ROS). These ROS may chemically oxidize
methanol that crosses over from the anode, suppressing its elec-
trochemical oxidation on Pt and thus preserving cell performance.

To address the issues of high methanol permeability and low
conductivity in polymer electrolyte membranes, Tan et al. [65] pro-
posed a novel strategy employing methanol-tolerant NiCo,04 cath-
ode catalysts combined with a permeable polymer fiber membrane
to improve DMFC performance. LSV and CA tests indicated that
the Eqj, of NiCo,04 was comparable to commercial Pt/C catalysts,
alongside significantly enhanced methanol tolerance. The perme-
able polymer fiber membrane-based DMFC achieved a maximum
power density of 126.2mW/cm? at 60°C. Shi et al. [66] system-
atically investigated the adsorption behavior of methanol on vari-
ous active sites at U=0 and 0.8V vs. reversible hydrogen electrode
(RHE) using stable adsorption modes (Fig. 4f). Results showed that
methanol adsorption strength on MN, sites (M =Fe, Co, Mn) cor-
relates strongly with electrode potential, especially at higher po-
tentials (Fig. 4g). Importantly, methanol adsorption neither dis-
rupts the structure of FeN, sites nor interferes with the 4e- ORR
pathway. Leveraging this intrinsic methanol tolerance, an atomi-
cally dispersed Fe/Co-N-C catalyst through a Co-doping and Fe-
adsorption strategy was synthesized. Co was found to modulate
pore structure and generate defects for anchoring FeN, sites. The
resulting DMFC, operating in a methanol-air system, achieved a
peak power density of 135 mW/cm?2 using 1 mol/L methanol solu-
tion. This work offers a new approach to designing dual-site cata-
lysts with high activity and superior methanol tolerance.

Currently, although modification strategies for precious metal
catalysts, such as core-shell structures, high-index facet expo-
sure, surface modification, selective catalytic layers, and function-
ally graded electrode design, can partially mitigate the methanol
crossover effect, it remains challenging to achieve both high ORR
activity and ideal methanol tolerance simultaneously. While non-
precious metal catalysts exhibit inherent methanol tolerance, the
ORR activity still significantly lags behind that of precious metal
benchmarks. Consequently, the development of novel catalyst sys-
tems that combine high activity and strong tolerance continues to
pose a persistent challenge [67,68].

3.2. Rational design of active sites
Rational modulation at the atomic/molecular level enables the

precise construction of active centers with tailored geometric con-
figurations, electronic structures, and micro-environments, thereby

Chinese Chemical Letters 37 (2026) 112408

facilitating directed optimization of catalytic activity, selectivity,
and stability. In electrocatalysis, the evolution of active sites from
the nanoscale to the single-atom level induces significant changes
in geometric and electronic structures, leading to distinct catalytic
behaviors. Atomically dispersed catalysts, typically consisting of
metal sites anchored atomically on carbon supports, have attracted
extensive research interest due to the 100% atom utilization effi-
ciency [69-71]. Among them, M-N-C materials (M =Fe, Co, Ni, etc.),
formed by embedding transition metal centers into N-doped car-
bon matrices, have been widely demonstrated to derive the high
ORR activity primarily from the metal sites atomically dispersed
and coordinated with N atoms [72,73]. Thus, M-N-C materials are
emerging as a mainstream direction in the design and fabrication
of ORR catalysts.

Currently, Fe-N-C is evolving into one of the most represen-
tative M-N-C materials in DMFC due to its exceptional catalytic
efficiency and intrinsic tolerance to methanol/CO poisoning [74-
77]. Recent studies show that the confinement engineering based
on metal-organic framework (MOF) can stabilize single atoms via
spatial site isolation to prevent particle agglomeration. Moreover,
such confinement engineering readily modulates the coordination
environment and electronic structure of active sites via chemical
bonding, thereby conferring enhanced catalytic activity [78,79]. Xu
et al. [80] reported an atomically dispersed ZIF/MIL-10-900 cata-
lyst with FeN4 configuration derived from a MOF mixture of insti-
tute lavoisier-101 (MIL-101) and zeolite imidazolate frame-8 (ZIF-
8), which enabled the DMFC to achieve an enhanced peak power
density of 83 mW/cm? operating with 3 mol/L methanol solution at
80 °C. The discrete distribution of active sites necessitates multi-
scale pore structures to ensure accessibility and efficiency. Shi et
al. [81] constructed a hierarchically porous FeNC-DT catalyst with
smooth morphology via a dual-template strategy. The as-prepared
catalyst demonstrated a remarkable E;j, of 0.954V and low Tafel
slope of 49.3mV/dec in alkaline media. To tackle the challenges
of insufficient active sites and restricted mass transport at triple-
phase boundaries, Shu et al. [82] innovatively designed a core-
shell structured Fe-mPDA@HPCS catalyst, which consists of hier-
archically porous carbon spheres (HPCS) as the core and single-
Fe-atom-modified m-phenylenediamine (Fe-mPDA) as the shell. By
precisely engineering the pore architecture and strategically incor-
porating atomic Fe sites (Fig. 5a), the catalyst synergistically en-
hanced both ORR activity and mass transfer capability.

Previous studies indicate that the suboptimal adsorption en-
ergy of oxygen intermediates, induced by the four symmetric elec-
tronegative N atoms surrounding Fe centers, fundamentally re-
stricts the catalytic activity of Fe-N-C materials. Notably, partial
substitution of N with heteroatoms through secondary coordi-
nation engineering has proven effective in modulating electronic
structures and enhancing reaction kinetics [83,84]. Cui et al. [85]
utilized trithiocyanuric acid (TCA)-coated ZIF-8 as precursor to syn-
thesize a hollow porous Fe, N, S-codoped carbon catalyst (Fe/NS-C).
In this system, TCA simultaneously enhances N content and intro-
duces S as a secondary dopant, thereby not only providing abun-
dant anchoring sites for Fe single atoms but also modulating the
electronic structure. The catalyst features active sites with FeNy
and FeNs3S coordination configurations (Fig. 5b). Owing to the high
intrinsic catalytic activity of FeNs3S sites and the fully exposed ac-
tive surfaces, the Fe/NS-C material delivered exceptional ORR per-
formance with a Eq; of 0.893V and Ji of 41.18 mA/cm?, superior to
commercial Pt/C (Fig. 5¢).

The suboptimal binding strength of reaction intermediates sig-
nificantly impedes the ORR kinetic. Although dual-site catalytic
mechanism can partially alleviate this limitation by synergistically
facilitating oxygen dissociation and 0-O bond cleavage, the precise
control over the geometric and electronic structures of these dual
sites that determine catalytic efficiency remains a fundamental
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Fig. 5. (a) Schematic of Fe-mPDA@HPCS cathode structure with high-efficiency mass transfer. Reproduced with permission [82]. Copyright 2021, Wiley. (b) Proposed the
possible structure of Fe/NS-C. (c) ORR polarization curves. Reproduced with permission [85]. Copyright 2023, Elsevier. (d, e) HAAFF-STEM images. (f, g) Acquired HAADF-
STEM intensity line profiles. (h, i) Simulated Mg-Co HAADF-STEM image. (j) Proposed Mg-N-Co moiety in Mg-Co. Reproduced with permission [86]. Copyright 2023, Elsevier.
(k) Linear correlation between -ICOHP and Bader valence electron number (N) in different single atom particle catalyst systems (left) and the dissolved Fe content for Fesac,
Au-Fesac, and Pt-Fesac (right). (1) Long-term stability test at a constant current density of 0.1 A/cm?2. Reproduced with permission [87]. Copyright 2023, American Chemical

Society.

challenge. Wang et al. [86] developed a Mg-Co dual-atom catalyst
via a pyrolysis-impregnation-pyrolysis method, featuring densely
populated active sites that significantly enhanced both ORR activ-
ity and DMFC performance in acidic media. As shown in Fig. 5d,
HAADF-STEM image revealed Mg-Co dual sites, with brighter spots
corresponding to Co atoms due to the higher atomic number com-
pared to Mg. Atomic-resolution images (Fig. 5e) and intensity line
profiles (Figs. 5f and g) further confirmed the atomic dispersion
of metal species without long-range ordering. High-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF-
STEM) simulations suggested the possible presence of Mg-N,_Co
configurations in the dual-site structure (Figs. 5h and i). Simulation
and experimental results deduced the possible a Mg-N,_Co moiety
in Mg-Co atomic pairs (Fig. 5j). The Mg-Co-based DMFC achieved a
peak power density of 200mW/cm? and exhibited negligible per-
formance decay after 12 h of operation in a 10 mol/L methanol so-
lution at 80°C. Precise engineering of local coordination environ-
ments enables the rational design of high-performance catalytic
systems.

Research on M-N-C catalysts has predominantly emphasized ac-
tivity and selectivity, with comparatively less attention given to
the electrochemical dissolution of metal sites. This is particularly
concerning since metal leaching not only contaminates the elec-
trolyte but also degrades active sites, ultimately leading to perfor-
mance degradation. Although interactions between metal nanopar-
ticle and single atom have been shown to enhance the stability
of single-atom catalysts and mitigate metal leaching, the under-
lying stabilization mechanisms remain poorly understood. Herein,
Gao et al. [87] proposed and demonstrated a universal mecha-
nism by which metal nanoparticles suppress the dissolution of Fe
single atom sites. As illustrated in Fig. 5k, the projected crystal
orbital Hamilton population (-pCOHP) was employed to quantita-
tively evaluate the strength of Fe-N bonds based on its negative
values. A positive linear correlation was observed between the in-

tegrated negative of the -pCOHP (-ICOHP) and N values, a higher N
value corresponds to greater electron density at Fe sites and lower
Fe oxidation states, while a higher -ICOHP value indicates stronger
Fe-N bonds, thereby inhibiting demetalation. This correlation con-
firms that metal nanoparticles act as electron donors, enhancing
Fe-N bond strength by increasing electron density at FeN, centers
and thus mitigating Fe dissolution. Electrochemical results revealed
a 78% reduction in Fe dissolution with the nanoparticle-decorated
Fe single-atom catalyst, enabling continuous DMFC operation for
430h at a constant current density of 0.1 A/cm? (Fig. 51).

Through strategies such as confinement engineering, optimiza-
tion of the coordination micro-environment, increased active site
density, and suppression of demetalation, significant progress has
been made in the intrinsic activity of catalysts. However, the in-
herently high surface energy of monodisperse site catalysts still
readily leads to migration and aggregation phenomena. Coupled
with the generally low metal loading in such catalysts, these is-
sues severely restrict the accessibility and effective exposure of ac-
tive sites. Furthermore, the dynamic changes in active site struc-
ture during catalytic reactions and the difficulties in characteriza-
tion add to the complexity of understanding structure-activity rela-
tionships. Therefore, achieving simultaneous improvements in both
stability and metal loading while maintaining high activity remains
a fundamental challenge in the development of single-atom cata-
lysts.

3.3. Electronic structure tailoring

The electrocatalytic activity of materials is primarily gov-
erned by the surface electronic structure. Typically, the electronic
structure of catalysts can be effectively optimized by regulating
the composition, defects, and heterostructures. Such electronic
structure modulation strategies enable precise adjustment of the
electron states, band structure, and surface adsorption capacity of
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catalysts. For instance, approaches including heteroatom doping,
strain engineering, alloying, and heterointerface construction have
become critical pathways for optimizing electronic structures and
enhancing catalytic performance [88-91].

Carbon-based materials are widely studied as ORR electrocata-
lysts due to the high surface area, low cost, and tunability. How-
ever, the intrinsic activity is limited and often requires modifica-
tion. Heteroatom doping, particularly with N, effectively tunes the
morphology, electronic structure, and chemical properties of car-
bon catalysts. The electronegativity difference may induce charge
redistribution, break the electrical neutrality of the carbon ma-
trix and creating charged active sites that promote O, adsorp-
tion and reduction [92]. Beyond the catalytic role, carbon ma-
terials also function as excellent catalyst supports. Graphene is
a highly conductive carbon allotrope ideal for framework mate-
rials with excellent thermal and electrical conductivity. Farzaneh
et al. [93] hydrothermally synthesized a novel three-dimensional
(3D) mesoporous N-doped reduced graphene oxides (NRGOs) with
tunable N content (1.0 %—4.7 %) by controlling melamine/graphene
oxide ratios. It was found that N-doping activates i -electrons
to enhance low-potential ORR, while pyridinic-N boosts high-
potential ORR via lone electron pairs. Integrating synergistic het-
eroatoms can also adjust spin density and charge polarization
to enhance catalytic performance. Liu et al. [94] reported a 3D
porous carbon nanosphere doped with O/N atoms, with diame-
ters below 200nm and specific surface area exceeding 659 m?/g,
which displayed similar Eonset and Ej;, compared to commercial
40 wt% Pt/C.

Alloying has attracted significant research interest due to its
ability to alter the local electronic environment of metals and in-
duce electronic structure reconstruction. Varying alloy composi-
tions lead to distinct electronic and physicochemical properties,
which in turn yield diverse catalytic performances. Current de-
sign of alloy catalysts focuses on composition optimization, size
control, morphology engineering, and structural design [95-97].
Guided by these strategies, researchers have performed system-
atic and in-depth studies on alloy catalysts. Introducing transi-
tion metals into binary or multicomponent alloys can effectively
modulate electronic and ligand effects. Gavidia et al. [98] synthe-
sized various carbon-supported Pd-based alloys (PdFe, PdIr, and

PdFelr) via borohydride method with precisely controlled compo-
sitions. The results demonstrated that the charge transfer from
Fe/lr to Pd played a pivotal role in performance enhancement. Li
et al. [99] employed an “activity-assisted” strategy to synthesize
branched one-dimensional PdBiAu alloy nanochains (size < 6.5nm)
with abundant interfaces. The d-band center of Pd significantly
downshifted due to the electronic modulation by adjacent Bi/Au
species, weakening the adsorption strength of oxygen intermedi-
ates. Benefiting from the synergistic effects, including rich surface
defects, lattice strain, optimized d-band center, enhanced methanol
tolerance and charge transfer capability, the DFMCs modified with
Pdg 60Big35AUg5/C catalyst achieved remarkable power densities
of 140.1 and 112.4 mW/cm? under 6 mol/L methanol solution when
operating in pure O, and air atmospheres, respectively. To over-
come the kinetic limitations of Pd, Sathyaseelan et al. [100] in-
corporated oxyphilic Ni atom into Pd, successfully synthesizing a
sphere-like PdNi alloy (sPdNiA). The incorporation of Ni into the
Pd lattice facilitates electron transfer from Ni to Pd, leading to a
downshift of the d-band center due to the alloying effect, which
confirms the strain effect induced by doping. Fig. 6a illustrated the
schematic configuration of a DMFC employing sPdNiA as a bifunc-
tional catalytic layer. As the operating temperature increases, the
reaction kinetics accelerate significantly, resulting in a notable im-
provement in open-circuit voltage and peak power density, reach-
ing 0.68V and 34mW/cm? at an operating temperature of 60 °C,
respectively (Fig. 6b).

Enhanced catalytic performance through interface engineering
mainly results from strong metal-support interactions. Downsiz-
ing metal components from nano- to atomic-scale allows precise
tuning of metal-oxide interfacial effects. Lyu et al. [101] reported
a two-dimensional (2D) RuOx/Pd nanosheet featuring atomically
dispersed interfaces that significantly enhance metal-oxide interac-
tions. As shown in Fig. 6¢c, electron transfer from the Pd(111) sur-
face to RuOx/Pd interface resulted in electron enrichment at the
interface, leading to the formation of a dual-end adsorption config-
uration for O,. Free energy theoretical calculations further revealed
that the optimal O, adsorption configuration transformed into one
oxygen atom adsorbed at the interfacial Ru site while the other
bound to an adjacent Pd site after the formation of RuO,/Pd(111)
interface (Fig. 6d). The dense RuOyx/Pd interface effectively pro-
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Fig. 7. (a) HAADF-STEM of MNDCS-0.3. (b) ORR polarization curves. Reproduced with permission [107]. Copyright 2020, Wiley. (c) Schematic of the triple-phase interface
with N-YS-CS hydrophobic cathode structure. Reproduced with permission [108]. Copyright 2017, Elsevier. (d) Scheme of the microstructure for Fe/N/C cathodes. Reproduced
with permission [110]. Copyright 2017, American Chemical Society. (e) Schematic of structural advantages. (f) Power density curves of DMFCs. (g) Short-term stability tests
of DMFCs at 100 mA/cm?. Reproduced with permission [111]. Copyright 2021, American Chemical Society.

moted O, activation, O-O bond cleavage, and intermediate conver-
sion processes. CeOx exhibits abundant surface oxygen species, ex-
cellent oxygen storage capacity, and variable valence states, which
collectively contribute to its enhanced catalytic performance. As
demonstrated by Wang et al. [102], the improved activity of PtMo-
CeOy composite primarily stems from the ligand effect and syn-
ergistic interactions between Mo and CeOx nanoparticles. Leverag-
ing the electronic modulation effect of low-electronegativity Ce on
Pt and the catalytic effect of CeO,, Wan et al. [103] introduced Ce
as a secondary component to tailor the electronic structure of Pt
while constructing PtCe-CeO, heterointerfaces to enhance reaction
kinetics. The heterogeneous interaction between PtCe and CeO, fa-
cilitated the spontaneous electron donation from Ce to Pt, thereby
enhancing the ORR kinetics.

Wang et al. [104] synthesized a Fe-urea-formaldehyde resins
carbon/MnO, composite (Fe-UFC/MnO,) via an in-situ redox ap-
proach. The resulting Fe-Nx moieties function as effective electro-
catalytic active sites. Moreover, Fe incorporation narrows the band
gap, promotes the conversion of Mn3*+ to Mn**, and directly sup-
plies free electrons to oxygen-adsorbed species, significantly en-
hancing ORR efficiency. Liu et al. [105] prepared bimetallic NiCo;04
with 3D dandelion-like (DL) and flower-like (FL) morphologies via
a facile hydrothermal method. Electrochemical tests indicated elec-
tron transfer numbers of 3.97 and 3.91 under alkaline conditions,
respectively. DMFC performance improved considerably with in-
creasing operating temperature, reaching maximum power densi-
ties of 151 and 114mW/cm? at an operating temperature of 65 °C
when assembled with NiCo,04-DL and NiCo,0s5-FL, respectively.
Mechanistic studies revealed that Co3* acts as an electron donor,
directly supplying excited electrons to O, for reduction, while Co**
serves as an electron acceptor from the external circuit and is re-
duced to Co3*, establishing an efficient electron exchange process.
In addition, Liu et al. [106] developed a novel Mn,03@Co;;Ni;gOy4
hybrid by decorating ultrathin and highly conductive Co;,Ni;gOy4
nanosheets onto Mn,03 surfaces. The hybrid exhibited exceptional
methanol tolerance even in high-concentration methanol solution
and delivered a remarkable power density of 70.5 mW/cm? at near
room temperature. As shown in Fig. 6e, the enhanced electrocat-
alytic performance primarily stems from the narrow bandgap of
hybrid material, which facilitates electron transition from the va-
lence band to conduction band.

Optimizing the electronic structure of catalysts through strate-
gies such as doping, alloying, and heterostructure engineering
serves as a core approach to enhance catalytic performance by
modulating the charge distribution and band structure of active
sites. This method offers significant advantages, including effec-
tively reducing reaction energy barriers, optimizing the adsorp-
tion/desorption behavior of intermediates, and enhancing intrinsic
activity and selectivity. Nevertheless, this strategy still faces mul-
tiple challenges, such as the complexity of electronic modulation
mechanisms, difficulties in precisely controlling doping sites and
concentrations, susceptibility to phase separation and component
segregation, as well as insufficient interfacial stability and charge
transfer efficiency.

3.4. Surface and interface micro-environment engineering

Traditional catalyst design has primarily focused on electronic
structure optimization, geometric structure modulation and com-
ponent engineering. However, as a typical electrode-electrolyte in-
terfacial reaction, the catalytic performance of ORR is profoundly
influenced by the macro- and micro-environment at the inter-
face, including factors such as pore structure, surface geometry, hy-
drophilicity/hydrophobicity, and the degree of active site exposure.
These strategies collectively enhance reaction kinetics and struc-
tural stability by improving the effective specific surface area, elec-
trical conductivity, mass transport efficiency, electronic structure,
interfacial free energy, as well as the density and accessibility of
active sites.

Porous carbon offers a high surface area and abundant pore
structures, which facilitate mass transfer and increase the acces-
sibility of active sites. However, conventional synthesis methods
typically yield mesoporous carbon with limited pore size, large
particles (up to micrometers), and a tendency to aggregate, all of
which restrict mass transport in fuel cell applications. As shown
in Fig. 7a, Shu et al. [107] utilized N-rich m-phenylenediamine
to modulate N active sites and pore structure during the syn-
thesis of mesoporous N-doped carbon spheres (MNDCS). The in-
corporation of m-phenylenediamine effectively modulated precur-
sors nucleation, with the surface structure directly dependent on
loading amount. The surface/interface of carbon spheres exhibited
abundant functional N species (~6.5wt%), predominantly pyrrolic
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N and pyridinic N species. The optimized micro/mesoporous ra-
tio combined with enhanced N-containing species significantly
improved the ORR activity. The MNDCS-0.3 sample (30wt% m-
phenylenediamine) achieved a high E;j, of 0.81V (Fig. 7b). Due to
electrode structural constraints and prolonged operation, cathode
water flooding progressively worsens, significantly impairing cat-
alyst activity and overall fuel cell performance. This issue under-
scores the need to construct robust oxygen transport channels tai-
lored for ORR. Shu et al. [108] synthesized N-doped yolk-shell car-
bon spheres (N-YS-CS) with a distinctive core-shell structure, fea-
turing precisely controlled mesoporous surfaces and well-defined
core-shell boundaries. Fig. 7c illustrated the membrane electrode
assembly in which the PTFE-treated N-YS-CS exhibited high hy-
drophobicity and flexibility, making it an ideal hydrophobic cath-
ode material. The mesoporous framework of N-YS-CS effectively
accommodated hydrophobic agents and formed robust hydropho-
bic channels within the structure, resulting in a remarkable power
output of 142 mW/cm? at an operating temperature of 60 °C.

Xu et al. [109] developed a microwave-assisted method to
rapidly synthesize Fe-doped ZIF-8 precursor, which was further
etched with NH3 under a protective atmosphere to obtain the Ms-
FeNC-NHj3 catalyst with a hierarchical micro/mesoporous structure.
NH3 etching treatment not only generated new micropores but
also expanded some existing micropores into mesopores, while si-
multaneously increasing the specific surface areas of micropores
and mesopores to 749.9 and 554.6 m?2/g, respectively. The inter-
connected porous network facilitated efficient mass transport of
reactants, enabling the resulting DMFC to achieve a peak power
density of 61 mW/cm? and maintain 95.6% voltage retention after
24h with a 0.5mol/L methanol solution. Although catalytic active
sites are typically located within micropores, these pores are highly
susceptible to water flooding, which obstructs oxygen diffusion to
the active sites and disrupts the three-phase interface. Wang et
al. [110] introduced hydrophobic dimethyl silicone oil (DMS) as an
additive into Fe/N/C catalyst to create a microporous environment
that balances hydrophobicity and mass transfer. When the molec-
ular weight of DMS reached 14kDa, its distribution within the
micropores was optimally regulated, effectively mitigating water
flooding (Fig. 7d). Polarization curves revealed that DMFC perfor-
mance initially improved and then declined with increasing DMS
molecular weight, peaking at 14kDa. Under this optimized con-
dition, the DMFC achieved a peak power density of 102 mW/cm?
using a 3 mol/L methanol solution, matching the performance of
Pt/C-based DMFC.

In practical applications of Fe-N-C catalyst, a significant por-
tion of inactive FeNy sites is embedded deep within the carbon
matrix, increasing mass transport resistance and limiting active
sites utilization. As shown in Fig. 7e, Xu et al. [111] adopted a
size-confinement strategy to anchor EDTA-Fe groups on the exter-
nal surface of ZIF-8, followed by pyrolysis to obtain ZIF@EDTAFe-
1%-950. The resulting material features exposed FeN, sites within
an epitaxial growth layer. Electrochemical analysis indicated an
exceptional active site utilization efficiency of 59.6%. The highly
accessible Fe-N-C configuration, combined with optimized mass
transport, enabled the DMFC to reach a peak power density of
71mW/cm? at 0.5mol/L methanol solution (Fig. 7f). Additionally,
PVDF modification of the catalyst layer formed robust hydropho-
bic channels around the active sites, effectively mitigating flooding.
This configuration demonstrated outstanding durability, maintain-
ing 83.9% voltage retention after 24 h of operation at 100 mA/cm?
(Fig. 7g).

Surface and interface micro-environment engineering effectively
enhances catalytic performance by modulating the local physic-
ochemical environment around active sites. The advantages are
primarily demonstrated through the construction of hierarchical
pore channels, optimization of interfacial electronic structures, and
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regulation of hydrophilicity/hydrophobicity, which collectively im-
prove reaction mass transfer, increase the accessibility of active
sites, and enhance reaction selectivity, thereby significantly boost-
ing catalytic efficiency and stability. However, this strategy still ex-
hibits certain limitations. For instance, precise control of the micro-
environment often relies on complex multi-step synthesis, pos-
ing challenges for scalable production and reproducibility. More-
over, the dynamic evolution mechanisms of the micro-environment
under practical operating conditions remain unclear, and current
characterization techniques are inadequate for real-time resolution
of multiphase interfacial processes, hindering in-depth understand-
ing of structure-activity relationships and rational design.

3.5. Additional modulation approaches

The activity of catalysts can be effectively modulated through
multi-scale strategies ranging from macro to micro levels, encom-
passing various dimensions such as morphology, pore structure,
particle size, phase composition, surface and interface modifica-
tion, active site micro-environments, and electronic structure. The
mechanisms of strain effects, defect engineering, phase transforma-
tion, and ensemble effects on electrocatalytic activity are system-
atically summarized, with their practical applications discussed in
this section.

Tremendous works have demonstrated that electronic and ge-
ometric structures are the key influencing factors that determines
catalytic activity [42,112-115]. Meanwhile, the use of highly con-
ductive substrates helps improve the catalytic performance of pre-
cious metals by reducing resistance-induced polarization losses.
For instance, further surface modification of carbon nanotube
(CNT) can strengthen interaction with precious metals, thereby
preventing the detachment, aggregation, and dissolution of active
species [116]. Although defect formation on CNT promotes the
growth of Pt nanoparticles, effective methods for precisely control-
ling such defects remain scarce. To address this, Hu et al. [117]
employed plasma treatment on N-doped CNT, which generated
abundant surface defects that facilitated the uniform dispersion
and stabilization of Pt nanoparticles (p-Pt@p-NCNT). Meanwhile,
plasma reduction resulted in Pt nanoparticles with a lower pro-
portion of surface atoms in high oxidation states. As illustrated
in Fig. 8a, p-Pt@p-NCNT consisted of Pt nanoparticles supported
on bamboo-shaped NCNT featuring numerous defects. Pt 4f X-ray
photoelectron spectroscopy (XPS) spectrum (Fig. 8b) and DFT cal-
culations further revealed that plasma-treated surface provided fa-
vorable sites for Pt nanoparticles attachment, inducing strong elec-
tronic coupling between Pt and NCNT support. This modification
optimized the surface oxidation state of Pt, thereby lowering the
energy barrier of rate determining step in ORR. Consequently, the
p-Pt@p-NCNT-based DMFC achieved a high peak power density
of 81.9mW/cm? at an operating temperature of 80°C. Liu et al.
[118] introduced trace amounts of Ru into Co nanoclusters, result-
ing in atomically dispersed Ru on Co. Benefiting from the ligand
and strain effects, the catalyst demonstrated significantly enhanced
ORR activity, achieving a E;j, of 0.908V and high selectivity toward
the 4e- pathway. When tested in fuel cell, the catalyst demon-
strated a 60% improvement in performance compared to commer-
cial Pt/C, highlighting the strong potential for practical fuel cell ap-
plications.

Currently, systematic studies on hollow-structured PtM
(M =transition metal) alloy catalysts remain scarce, especially
in terms of the controllable synthesis of diverse alloy phases and
architectures, as well as the understanding of how compositional
and morphological synergies govern electrocatalytic performance.
Through precise adjustment of precursor ratios and pyrolysis
temperature, Fan et al. [119] realized gradient composition control
and ordered atomic arrangement in PtNi alloy nanotube. Lattice
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Fig. 8. (a) Aberration-corrected HRTEM. (b) high-resolution XPS spectra of Pt 4f. Reproduced with permission [117]. Copyright 2023, Wiley. (c) Schematic of the
CoFe@NCNF/BCNT synthesis. (d) The peak power densities obtained at different operating temperatures. Reproduced with permission [121]. Copyright 2023, Elsevier. (e)
Structure diagram of flexible DMFC. (f) The electrochemical performance of DMFC under consecutive bending from flat to 180°. Reproduced with permission [12]. Copyright

2021, American Chemical Society.

contraction effect induced by Ni-doping (wall thickness: 19 nm)
resulted in optimal electrocatalytic performance at a Ni/Pt atomic
ratio of 2.2. The catalyst retained 91.2% of its initial mass activity
after 10,000 accelerated durability test cycles. Zou et al. [120]
systematically explored the structural evolution from disordered
PtNi alloys to ordered PtNi intermetallic compounds and its impact
on catalytic behavior. The ordered PtNi intermetallic nanoparticles
demonstrated markedly improved ORR activity, durability, and
methanol tolerance compared to the disordered counterparts.

The metal ion ratio in precursors determines the composi-
tion and electronic structure of the resulting alloy nanoparti-
cles. As shown in Fig. 8¢, our group developed a nanoengineer-
ing strategy to synthesize a series of CoFe alloy catalysts con-
fined in N-doped carbon nanofibers (NCNF) and bamboo-like car-
bon nanotubes (BCNT) by pyrolyzing precursors with precisely con-
trolled Co/Fe molar ratios (1:0, 3:1, 1:1, 1:3, 0:1) [121]. Owing
to optimized N coordination, precisely tuned alloy composition,
and strong electronic coupling effects, the DMFCs assembled with
Co1Fe;@NCNF/BCNT and Co;Fe3@NCNF/BCNT demonstrated high
power densities of 29.10 and 31.11 mW/cm? when operating at an
operating temperature of 80°C, respectively (Fig. 8d). Ultra-thin
2D materials have garnered growing research attention owing to
their distinctive performance advantages. Nevertheless, synthetic
strategies for ultrathin 2D Pd-based nanomaterials with multicom-
ponent compositions are still scarcely reported. In an innovative
approach, Zhao et al. [122] developed a visible-light-induced tem-
plating method to fabricate quaternary PdAuBiTe alloy nanosheets
(PdAuBiTe ANSs) with a thickness of approximately 5nm. The
prepared catalyst demonstrated exceptional electrocatalytic perfor-
mance, which can be attributed to its abundant edge and sur-
face defects, lattice strain effects, optimized d-band center, and en-
semble effects. These advantages ultimately enabled the DMFC to
achieve remarkable maximum power densities of 235.7 mW/cm?
(in 0y) and 173.5mW/cm? (in air) at 10 mol/L methanol solution.
Conventional DMFC are often hindered by bulky volume, high cost,
and severe methanol crossover, which present major obstacles to
the development of flexible DMFC devices. As shown in Fig. 8e, Li
et al. [12] innovatively proposed a flexible DMFC design strategy
employing a highly active Fe(Fc)-N/S-C cathode material integrated
with a mechanically robust potassium polyacrylate hydrogel (PAK

10

gel) electrolyte. Deformation-discharge tests demonstrated that the
assembled flexible DMFC maintained a stable output voltage of ap-
proximately 0.458V even after returning to its flat state (Fig. 8f).
This design offers new insights for developing flexible DMFC that
combine both low cost and high energy conversion efficiency.

In the modification of electrocatalysts, multiple strategies such
as strain effects, defect engineering, phase transformation, and
ensemble effects work synergistically to regulate catalytic per-
formance across various dimensions, including electronic struc-
ture, coordination environment, crystal phase, and active-site mi-
crostructure. Specifically, lattice strain can be introduced to modu-
late surface electronic structure; unsaturated coordination sites can
be constructed to enhance local charge density and reaction activ-
ity; structural reconstruction can be utilized to expose highly ac-
tive crystal facets; and synergistic mechanisms can be employed
to promote efficient multi-step reaction processes. However, these
strategies still face significant challenges, such as difficulties in pre-
cisely controlling defect concentration and distribution, the irre-
versibility of phase transformation processes, the reliance on pre-
cise assembly for complex structures, and the unclear synergistic
mechanisms among multiple effects, which represent critical bot-
tlenecks for further development.

4. Conclusions and perspectives

Advances in nanotechnology have opened new opportunities for
the design and optimization of electrocatalysts. This review begins
with an overview of the fundamental working principles of DMFC
and the mechanisms of the ORR, then systematically summa-
rizes recent advances in modification strategies for ORR catalysts.
These include methanol tolerance optimization, precise design
of active sites, electronic structure modulation, surface/interface
micro-environment engineering, and other synergistic methods.
Multi-scale strategies, such as core-shell structure, nanoengi-
neering, heteroatom doping, alloying, metal-support interactions,
defect engineering, and interface engineering are emphasized, with
the mechanisms for improving catalytic activity and methanol tol-
erance discussed in detail. However, current ORR catalysts still
require considerable improvements in structural design and overall
performance. The following key challenges remain to be addressed:
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(1) The aforementioned activity modulation strategies primarily

(2

)

=

cover precious metal catalysts, carbon-based materials, single-
atom catalysts, alloy catalysts, and metal oxides. For precious
metal catalysts, it is necessary to reduce precious metal loading
while maintaining catalytic activity and improving methanol
tolerance. Carbon-based materials suffer from low activity and
poor long-term stability, with the catalytic mechanism of het-
eroatom doping remaining unclear. Single-atom catalysts re-
quire enhanced stability and loading capacity, the ORR activ-
ity strongly depends on the M-N-C coordination environment
and metal centers, making precise structural control critical. Al-
loy catalysts encounter issues such as poor synthesis controlla-
bility, component segregation, and high precious metal depen-
dence, urgently demanding advanced synthesis techniques and
stability enhancement strategies. Additionally, metal oxides ex-
hibit low conductivity, necessitating surface defect/doping en-
gineering, conductive network construction, crystal structure
modulation, and interface engineering to synergistically im-
prove both conductivity and ORR activity. Catalyst design aims
to achieve high activity, high stability, and low cost simultane-
ously, yet balancing all three remains challenging. An ideal cat-
alyst should combine high site density to achieve high activity
while maintaining a low dissolution rate to ensure long-term
stability.

With the advancement of catalytic science, traditional meth-
ods have become inadequate in deciphering the complex
and non-linear structure-activity relationships between high-
dimensional features of catalysts (e.g., chemical composition,
morphology, size distribution, coordination environment) and
the performance metrics including activity, selectivity, and sta-
bility. Recent breakthroughs in characterization techniques, in-
cluding aberration-corrected transmission electron microscopy
(AC-TEM), in situ Raman spectroscopy, and in situ X-ray absorp-
tion fine structure (XAFS) spectroscopy, now allow real-time
tracking the coordination environment and valence changes of
active sites, providing direct evidence for mechanisms behind
ORR activity. DFT calculations complement experiments by re-
vealing adsorption free energy changes of intermediates and
electronic properties. Meanwhile, machine learning identifies
patterns in data to build predictive models and guide inverse
catalyst design, uncovering new mechanisms and shifting re-
search from trial-and-error to precision approaches. Together,
these integrated techniques deepen understanding of catalytic
processes and establish a robust foundation for designing next-
generation high-performance catalysts.

The ORR catalysts developed in laboratories often demon-
strate superior intrinsic activity compared to commercial Pt/C
in three-electrode system, primarily due to the idealized test-
ing environment (including high O, solubility, ultrathin catalyst
layers, and efficient mass transport conditions), which maxi-
mizes active site utilization and optimizes ion/electron trans-
port pathways. However, in practical DMFC operation, complex
gas-liquid-solid interfaces, mass transport resistance caused by
thicker catalyst layers, electron/proton conduction imbalance,
and material degradation during long-term operation (e.g., sup-
port corrosion and active metal leaching) significantly limit the
practical performance of electrocatalysts. In contrast, precious
metal catalysts still dominate the fuel cell field due to the ma-
ture electrode engineering technology. This performance gap
highlights the critical technical challenges in transitioning from
intrinsic material properties to device-level engineering appli-
cations. Three-electrode measurements are essential in basic re-
search for rapid material screening and mechanistic studies. In
applied research and development, integrated testing of flexi-
ble/wearable DMFC is crucial to evaluating device performance,
system compatibility, and practical engineering challenges.
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