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Abstract: Direct methanol fuel cells (DMFCs) represent a promising pathway for energy
conversion, yet their reliance on platinum-group metal (PGM)-based anode catalysts poses
critical sustainability challenges, which stem from finite mineral reserves, environmentally
detrimental extraction processes, and prohibitive lifecycle costs. Current anode catalysts
for DMFCs are dominated by platinum materials; therefore, this review systematically
evaluates the following three emerging eco-efficient design paradigms using platinum
materials as a starting point: (1) the atomic-level optimization of low-Pt alloy surfaces to
maximize catalytic efficiency per metal atom, (2) Earth-abundant transition metal com-
pounds (e.g., nitrides and sulfides) and coordination-tunable metal-organic frameworks as
viable PGM-free alternatives, and (3) mechanically robust carbon architectures with engi-
neered topological defects that enhance catalyst stability through covalent metal-carbon
interactions. Through comparative analysis with pure Pt benchmarks, we critically examine
how these strategic material innovations collectively mitigate CO intermediate poisoning
risks and improve electrochemical durability. Such fundamental advances in catalyst de-
sign not only address immediate technical barriers, but also establish essential material
foundations for the development of DMFC technologies compatible with circular economy
frameworks and United Nations Sustainable Development Goal 7 targets.

Keywords: direct methanol fuel cells; sustainable catalyst materials; anode catalysts;
platinum-group metal alternatives; carbon supports

1. Introduction

The global decarbonization imperative has established fuel cell technology as a corner-
stone of sustainable energy system transitions [1-4]. Functioning as the fourth-generation
power generation successor to hydroelectric, thermal, and nuclear technologies, fuel cells
enable direct electrochemical energy conversion through the exploitation of Gibbs free
energy—a transformative advancement beyond conventional thermal cycles limited by
Carnot efficiency constraints. While theoretical energy conversion efficiencies reach 85-90%,
practical systems exhibit operational efficiencies of 40-60% due to multifaceted polariza-
tion phenomena. Despite these limitations, the advantages of fuel cells in sustainable
energy architectures demand systematic scientific investigations [5]. Hydrogen fuel cells
surpass conventional power systems through the following three strategic advantages [6-9]:
achieving carbon neutrality via renewable hydrogen integration, enabling silent urban de-
ployment through vibration-free operation, and maintaining peak efficiency across dynamic
loads via modular scalability.
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As schematically illustrated in Figure 1, the fundamental operating principle involves
simultaneous half-cell reactions at spatially separated electrodes: gaseous fuel oxidation
(e.g., Hp) at the anode and oxidant reduction (e.g., Oy) at the cathode.

Hydrogen flow path

Anode gas diffusion layer

O, flow path

Cathode gas diffusion layer

Figure 1. Basic structure of hydrogen fuel cell.

The electrochemical reaction of a hydrogen fuel cell is shown in the following equation:

2H; (g) + Oy (g)—2H,0 + energy 1)
Anode: 2H,—4H" + 4e~ (2)
Cathode: O + 4e~ + 4H* — 2H,0 3)

The rapid growth in multifunctional electronics (e.g., foldable displays and AR/VR)
has highlighted lithium-ion batteries’ limitations in energy density and cycling stability.
Fuel cells emerge as transformative alternatives, leveraging continuous electrochemical
conversion to bypass cycle-dependent degradation while achieving a higher energy density.
Their operation eliminates flammable electrolytes and dendrite risks, enabling a robust
performance under mechanical stress or overcharging. This paradigm shift addresses the
dual challenges of energy storage capacity and operational safety inherent to conventional
battery systems [10,11].

Fuel cell classification is governed by multidimensional engineering parameters, in-
cluding fuel phase state (gas/liquid), processing methodology (internal/external reform-
ing), operational thermodynamics (temperature/pressure ranges), and electrolyte material
properties. The current technological landscape predominantly features the following six
principal fuel cell archetypes: Proton Exchange Membrane (PEMFC), Direct Methanol
(DMEFC), Alkaline (AFC), Phosphoric Acid (PAFC), Molten Carbonate (MCFC), and Solid
Oxide Fuel Cells (SOFCs) [12-14]. AFCs utilize aqueous KOH electrolytes for hydrogen
oxidation, but exhibit sensitivity to atmospheric CO,. In contrast, PAFCs operate with
phosphoric acid electrolytes and are primarily deployed in stationary power plants. High-
temperature variants, such as MCFCs (650 °C, carbonate melt electrolytes) and SOFCs
(800-1000 °C, ceramic electrolytes), facilitate direct hydrocarbon reforming at the expense
of demanding thermal management systems. Among these, PEMFCs have emerged as the
leading candidate for portable energy applications due to their exceptional power density
(>1 W/cm?), moderate operating temperatures (60-80 °C), and sub-second transient re-
sponse capabilities [15]. DMFCs circumvent the infrastructural challenges associated with
hydrogen utilization—such as cryogenic storage inefficiencies, safety risks, and carbon
emissions—via direct methanol oxidation. Critically, Alkaline Direct Methanol Fuel Cells
differ from conventional AFCs in both fuel type and ion transport mechanism: AFCs rely
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on hydrogen fuel with pure OH™ conduction, whereas alkaline DMFCs utilize methanol
fuel with hybrid proton-hydroxide transport. This configuration eliminates hydrogen-
reforming byproducts, achieving a 30-50% reduction in fuel handling costs. As shown in
Figure 2, the system integrates the following five core components: (1) methanol oxidation
anode, (2) oxygen reduction cathode, (3) proton-exchange membrane, (4) nanostructured
catalysts, and (5) gas diffusion layers with optimized flow fields. This integrated design en-
ables continuous power generation distinct from conventional batteries’” charge—discharge
cycles, maintaining efficient proton transport and reactant separation through membrane-
mediated phase management.

CH,OH . H,0 | CO,

(acidic environment) air
catalyst layers

l' membrane

Anode Cathode

CH,0H . H,0 air . H,0
(acidic environment)

Figure 2. Structure sketch and working principle of DMFC.

The DMEFC architecture strategically integrates a methanol oxidation reaction (MOR)
catalyst at the anode to orchestrate the multi-step methanol dehydrogenation pathway,
while the cathode employs an oxygen reduction reaction (ORR) catalyst to overcome
the inherent kinetic limitations of tetra-electron oxygen reduction. The proton-exchange
membrane (PEM) fulfills the following dual critical functions: enabling selective proton
transport between electrodes while acting as an electronic insulator and methanol diffusion
barrier. In DMFC operation, methanol electro-oxidizes at the anode, producing electrons,
protons, and CO,. Electrons power external circuits while protons traverse the PEM. At
the cathode, oxygen undergoes efficient reduction using these protons and electrons to
form water. This closed-loop energy conversion process achieves over 90% theoretical
efficiency, directly transforming methanol’s chemical energy into electricity with minimal
environmental impact. Notably, DMFC systems demonstrate unique pH adaptability—their
core reaction mechanisms remain electrochemically viable in both acidic and alkaline media,
with the respective half-cell and overall reactions governed by the following potential-
dependent equations:

Total reaction equation for DMFC in acidic environment

4
CH30H + 3/20, — CO, + 2H,0 E® =121V @)
Anode reaction equation 5)

CH3;0H + H,O — CO; + 6H* + 6e~ E® =0.046 V
Cathode reaction equation ©)

3/20; + 6H" + 6e~ — 3H,0 E®=1229V
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Total reaction equation for DMFC in alkaline environment

7
CH30H + 3/20, — CO, + H,O E®=1.183V @)
Anode reaction equation ®)

CH30H + 60H™ — CO; + 5H,0 + 6e™ E®=-081V
Cathode reaction equation ©)

3/20; + 3Hy0 + 6e~ — 60H™ E® =0402V

Comparative analysis reveals that methanol electro-oxidation kinetics in acidic envi-
ronments significantly lag behind those in alkaline systems, primarily due to unfavorable
proton transfer mechanisms and insufficient generation of reactive intermediates [16,17].
This kinetic disparity drives the prevalent adoption of alkaline-based DMFC configurations,
where nickel or platinum anode catalysts synergize with silver-based cathode materials to
enhance methanol oxidation and oxygen reduction processes. However, the alkaline advan-
tage is partially negated by progressive carbonate accumulation within the electrolyte—a
phenomenon that physically obstructs catalytic active sites and degrades ionic conductivity,
cumulatively impairing cell performance. To mitigate these competing factors, the precise
optimization of electrolyte pH and chemical composition becomes essential for balancing
reaction kinetics with long-term stability. DMFCs demonstrate a remarkable theoretical
energy density (6100 Wh kg~! at 25 °C) and near-ideal thermodynamic efficiency (96.68%
at 25 °C, 1 atm) [18], yet practical systems achieve only 30-40% of these theoretical values
due to the following three well-documented limitations [19-22]:

(1) Methanol crossover: Uncontrolled methanol permeation through the membrane
induces parasitic reactions at the cathode while poisoning ORR catalysts.

(2) Electrochemical polarization: Combined activation losses (low current density) and
concentration polarization (high current density) substantially reduce operational voltage.

(3) Ohmic resistance: Interface resistance between catalyst layers and the membrane
contributes 10-20% of total voltage losses, particularly pronounced in alkaline systems.

In operational DMFC systems, mitigating these efficiency limitations constitutes the
foremost challenge for performance enhancement. Previous fundamental studies have
focused on mechanistic investigations of the MOR at the anode, with a particular emphasis
on elucidating the multi-step reaction pathways governing catalyst functionality. Seminal
work by Hamnett et al. [23] established platinum-based systems as the prototypical cat-
alyst platform for anode reaction analysis, delineating the following sequential reaction
mechanism under acidic conditions:

CH;OH + Pt — Pt-CH,OH + H* + e~ (10)
Pt-CH,OH + Pt — Pt,-CHOH + H" + e~ (11)
Pt,-CHOH + Pt — Pt;-COH + H* + e~ (12)
Pt;-COH — 2Pt + Pt-CO + H" + e~ (13)

The generation of CO arises from the direct dehydrogenation of methanol, a process
that follows an indirect reaction mechanism. In this mechanism, a hydroxyl (OH) group
first reacts with the carbon species on the catalyst surface, forming a series of intermediate
products such as dihydroxy hydrocarbons (C(OH);) and formic acid (HCOOH). These
intermediates undergo a series of dehydrogenation reactions, ultimately converting into
carboxyl groups (COOH) or formate esters (HCOO). Through further dehydrogenation
steps, these intermediate products are ultimately transformed into CO,. Additionally, there
is a pathway leading to the generation of CO,, where protons and electrons from water
molecules are separated, and the resulting hydroxyl group reacts with formaldehyde to
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form H,COOH. This intermediate is subsequently converted into HCOOH or H,COO, and
through further dehydrogenation reactions, it is transformed into formate, which undergoes
a similar reaction mechanism to ultimately yield CO; [24]. This reaction pathway not only
reveals the complexity of CO generation, but also provides a theoretical basis for optimizing
the methanol electrooxidation reaction. Figure 3 below shows the possible reaction products
and reaction pathways for methanol oxidation.

Deprotonation—1, 2, 3, 4, 5, 7, 8,
9, 10, 11, 13, 14, 16, 17, 18, 21,
22, 23, 24

Hydroxyl group addition—6, 12, 15,
19, 20

Figure 3. The possible reaction products and reaction paths for methanol oxidation.

Methanol crossover describes the uncontrolled diffusion of methanol fuel from the
anode compartment across the PEM to the cathode. This mass transport phenomenon trig-
gers parasitic MOR parallel to the ORR at the cathode, severely degrading DMFC efficiency
through the following two synergistic mechanisms: (i) cathodic mixed-potential formation
due to competing redox processes and (ii) irreversible electrocatalytic site poisoning through
CO-like intermediate adsorption [25,26]. Despite incremental advancements in PEMs, their
fundamental material constraints—particularly their compromised methanol-blocking
selectivity under mass transport limitations and accelerated carbonate precipitation in
alkaline environments—remain persistent technical barriers. This impasse has driven the
research paradigm to pivot toward developing anode catalysts with the following dual
functionality: superior intrinsic MOR activity and CO intermediate oxidation capability,
aiming to simultaneously accelerate reaction kinetics and suppress efficiency losses. Plat-
inum’s dominance as the anode catalyst of choice in DMFC systems stems from its unique
d-band electronic configuration, which optimally balances methanol adsorption strength
and intermediate desorption kinetics in accordance with the Sabatier principle [27-29].
In DMFC anodes, methanol undergoes dual adsorption on Pt surfaces—physisorption
followed by chemisorption via Pt-O bonds. Pt’s d-band mediates dehydrogenation through
orbital hybridization, while its metallic conductivity enables efficient charge transfer dur-
ing oxidation. However, Pt catalysts face the following two intrinsic limitations: (1) CO
intermediate accumulation from incomplete methanol oxidation, blocking active sites at
triple-phase boundaries, and (2) surface reconstruction from adsorbed intermediates, al-
tering d-band electronic states. These synergistic effects geometrically obstruct methanol
access and electronically destabilize catalytic centers, leading to irreversible performance
degradation [30-32].

Platinum-based catalysts remain the primary cost barrier for DMFC commercializa-
tion, dominating stack manufacturing expenses and undermining competitiveness against
conventional energy systems. Current research prioritizes the following three pathways:
enhancing Pt atomic utilization efficiency, developing ultra-low loading architectures via



Sustainability 2025, 17, 5086

6 of 31

support engineering, and exploring non-precious alternatives with a protonic functionality
comparable to Pt [33-35]. Low-platinum (low-Pt) catalysts represent a strategic mate-
rial class defined by a reduced precious metal content compared to conventional Pt/C
benchmarks. Contemporary catalyst design prioritizes atomic-level Pt utilization through
structural engineering and surface coordination modulation, aiming to reconcile the fun-
damental trade-off between methanol oxidation activity and long-term electrochemical
stability [36,37]. The enhanced dispersion of active sites in Pt catalysts—achieved via metal
alloying [38], structured oxide [39], and core-shell architectures [40]—has proven essential
for improving both catalytic activity and operational stability. Concurrently, non-Pt catalyst
exploration has gained momentum, with substantial research efforts targeting transition
metal oxides and their modified derivatives for methanol oxidation [41,42]. Recent ad-
vances include the design of non-precious metal alloy catalysts such as Pd- [43,44], Ru- [45],
and Fe-systems [46] and their derivatives [47,48]. These advancements substantiate the
viability of platinum-free catalytic systems for methanol electro-oxidation applications.

The dual challenges of platinum scarcity and CO poisoning have driven extensive
research into alternative DMFC catalysts, as evidenced by prior reviews focusing on alloy
engineering and surface-modified Pt architectures. While previous review studies have
laid an important foundation for activity—structure optimization, the emerging demand
for sustainable energy requires a paradigm shift towards system-level integration. As
schematically summarized in Figure 4, this review provides a comparative assessment of
platinum-based and alternative catalytic platforms, focusing on the following two critical
performance metrics: intrinsic MOR activity and CO intermediate tolerance. Furthermore,
we critically examine persistent technical barriers in DMFC anode development while
elucidating the mechanistic role of catalyst supports in modulating electronic structures
and mass transport dynamics. Collectively, these analyses establish fundamental design
principles for next-generation catalysts, offering a roadmap for optimizing both atomic
efficiency and long-term operational stability in practical DMFC systems.

Multi-alloyed Design Core-shell structures

Design of different carbon carriers

Sizes and crystalline surfaces

Catalytic
Mly 2 Advanced _ D
lechanism + M
MOR a F
L Catalysts =
Design C

MOF and its derivatives
Pa-based catalysts

Perovskite-type oxide catalysts Metal Carbide Catalysts

Figure 4. Comparative assessment of DMFC anode catalysts using platinum-based and non-platinum-
based catalytic routes.

2. Platinum-Based Catalysts for DMFC Anodes

The methanol electro-oxidation reactions in DMFCs are surface-mediated processes,
where exclusively exposed platinum atoms participate in catalytic cycles while bulk atoms
remain electrochemically inactive. To mitigate platinum dependency without compromis-
ing performance, the following three principal strategies have emerged: (1) the nanostruc-
tural control of platinum particles through precise size regulation and crystallographic facet
engineering; (2) multi-metallic alloying with metallic elements (Au, Mo, Ag, Pd, Fe, Ni,
Co, Rh, Ru, and Sn) to synergistically modulate surface electronic states; and (3) core—shell
architectures that confine platinum to atomically thin surface layers over cost-effective core
materials. These approaches collectively maximize platinum surface atom accessibility and
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intermediate adsorption/desorption kinetics, achieving catalytic efficiencies comparable
to pure platinum systems at significantly reduced metal loadings. Table 1 systematically
compares the composition—activity relationships of representative platinum alloys under
standardized testing conditions.

Table 1. Research results of platinum-based catalysts for DMFC anodes.

No. Author and Time  Refs Nfeattlilcl)}(:lstt)rp :Z‘eaﬁ:le;:\lt?zn Metals Catalyst Siz‘e or Catalyst Catalyst Pe.rforzmance or Key
Crystal Spacing of Interest Findings
Method
PtSnO, /C: <2 nm The methanol oxidation activity
1 Sanja Stevanovi¢l [49] Microwave-assisted Pt Sn SnOy: ~2 nm on PtSn/C was increased by about
etal., 2021 polyol process ! PtSn/C: ~2 nm two times compared to that on
Pt3Sn: ~3 nm Pt/C catalysts.
Pt intereranular spacing: Pto s AuNWNSs with a Pt content
Huixian Shi et al., Silicon monoxide & pacing: of 1 wt% were used as catalysts for
2 2020 [50] reduction Pt, Au  0.226 nm, corresponding to MOR. with tiviti hieh
process the Pt(111) crystal plane , with mass activities as hig
as 2282.3 mA-mgpt 1.
. . . In the PtMo/C series, the low
L. C. Ordéiiez . Microcrystalline size of molybdenum content had the
3 etal, 2016 [51] Metal carbonyl pyrolysis Pt, Mo PtMo/C: 4.7~9.3 nm, Pt/C: greatest promoter effect on the
~5.4 nm .
electro-oxidation of methanol.
PtAg/graphene demonstrated
4 Rui Zhang et al., [52] Electro-substitution Pt A The d(111)-spacing for PtAg superior specific/plasmonic
2018 reaction method '8 is 0.228 nm activity and CO tolerance
versus Pt/C.
Prepared by multi-stage The specific activity of this catalyst
5 V.5.Men'’shchikova reduction of metal was 5-7 times higher than that of
[53] . . Pt, Cu .
et al., 2020 precursors with sodium commercial
borohydride Pt/C catalysts.
PtPd alloys can effectively
6 Tingting Yang [54] Using Density Functional Pt Pd improve the catalytic efficiency of
etal., 2022 Theory (DFT) ’ single metals and also reduce
CO poisoning.
Sol-gel-synthesized TiO, Incorporating 5 wt% polyvinyl
Mustafa Ercelik was integrated into alcohol stabilized the polymer,
7 ot al.. 2017 [55] commercial PtRu/C with Pt, Ru while commercial TiO, addition to
v controlled loadings (5, 15, Pt-Ru/C enhanced
25 wt%). catalyst durability.
The peak current density of the
8 LiMinetal, 2017  [56] Hydrothermal method Pt, Fe The particle size of prepared Fe;0,@Pt catalyst was

Fe30,@Pt is 200~300 nm about 1.1 times that of the pure

Pt catalyst.

2.1. Platinum Catalysts of Different Sizes and Crystalline Surfaces

The implementation of nanoscale architectures substantially enhances platinum’s
surface-to-volume ratio, thereby improving mass-normalized catalytic efficiency. This
enhancement originates from the intrinsic high surface area characteristics inherent to
nanomaterial design. Optimal platinum utilization necessitates the following three critical
structural parameters: (1) homogeneous nanoparticle dispersion, (2) constrained particle
size distribution (<5 nm), and (3) robust metal-support interfacial interactions. As plat-
inum particle dimensions decrease below 5 nm, corresponding increases occur in atomic
utilization efficiency, surface Pt site density, and specific activity—collectively improving
overall catalytic efficacy. Frelink et al. [57] systematically investigated carbon-supported
Pt catalysts with controlled particle sizes (1.2-10 nm), revealing an inverse correlation be-
tween mass activity and a particle diameter below 4.5 nm, beyond which activity plateaued.
This size-dependent behavior stemmed from the following two competing phenomena:
smaller particles (<4.5 nm) exhibited a heightened surface oxidation susceptibility, pro-
moting Pt-OH species formation at reduced electrode potentials, while larger particles
(>4.5 nm) demonstrated CO poisoning resistance through preferential CO nucleation on
low-coordination surface sites rather than complete mono-layer coverage.
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The structure-sensitive nature of platinum-catalyzed methanol electro-oxidation has
been rigorously established through crystallographic surface studies. Pioneering work by
Koper’s group employed online electrochemical mass spectrometry (OLEMS) to decon-
volute pathway selectivity across low-index Pt surfaces [(111), (110), (100)] and stepped
configurations (Pt(554), Pt(553)) in H,SO, and HCIO, electrolytes [58]. Through syn-
chronized cyclic voltammetry (CV) and mass spectrometry-coupled CV (MSCV), they
quantified intrinsic activity trends while mapping potential-dependent product distribu-
tions. Key mechanistic insights emerged: In H,SO4, Pt(111)/(110) preferentially medi-
ated direct oxidation through solution-phase intermediates, whereas Pt(100) favored the
CO,4s-mediated indirect pathway. Stepped surfaces in HySO4 enhanced total oxidation
rates but suppressed direct pathway contributions (<30% current efficiency). HClOy elec-
trolytes enabled stepped surfaces to synergistically boost both total activity (>2x vs. flat
surfaces) and direct pathway selectivity (>60% current efficiency). This seminal work
establishes the following two critical design principles: (i) surface topology (terrace/step
ratios) governs intermediate adsorption configurations and (ii) electrolyte anion identity
(SO4%~ vs. ClO4 ™) modulates both pathway competition and surface poisoning dynamics
through competitive adsorption.

Jarvi et al. [59] elucidated the interfacial charge transfer kinetics, intermediate poison-
ing dynamics, and CO, evolution selectivity of low-index Pt(111) versus Pt(100) surfaces
during methanol electro-oxidation. Their quantitative analysis revealed that Pt(100) ex-
hibited a 2.3-fold higher dissolution charge density across the 0.4-0.8 V potential range
compared to Pt(111), indicative of its inherent electrochemical instability. Mechanistic inter-
rogation uncovered the following two distinct reaction regimes on Pt(100): (i) below 0.50 V,
methanol dehydrogenation predominantly yielded adsorbed CO (CO,q), with surface
coverage reaching 0co ~ 0.52, and (ii) above 0.65 V, a critical onset potential triggered CO,q
oxidative stripping, enabling CO; to dominate the product distribution. These findings
underscore Pt(111)’s optimal balance between activity and CO tolerance, contrasting with
Pt(100)’s activity—stability trade-off—a critical consideration for durable DMFC operation.

Ferrin et al. [60] employed DFT to analyze the free energy profiles of methanol electro-
oxidation intermediates on Pt(111) and Pt(100) surfaces, evaluating the potential thresh-
olds for direct and indirect reaction mechanisms. The computational analysis revealed
facet-dependent methanol oxidation mechanisms: Pt(111) favors direct oxidation at lower
potentials, while Pt(100) shows lower kinetic barriers for both direct and CO-mediated
pathways. These predictions suggest that Pt(111) may offer CO tolerance advantages under
specific conditions, though experimental validation under practical DMFC operation (with
methanol crossover and dynamic potentials) remains imperative. This facet-governed
reactivity dichotomy creates the following intrinsic activity—stability trade-off: high-index
facets theoretically enhance CO tolerance through adsorption energetics tuning, yet suffer
from thermodynamic instability and accelerated Ostwald ripening [61]. Contemporary
approaches prioritizing facet or size control fail to address concurrent DMFC require-
ments, necessitating alloy architectures that decouple activity—stability constraints through
multifunctional site engineering.

2.2. Multi-Alloyed Platinum-Based Catalysts

Recent progress in platinum alloy catalyst development encompasses systems such
as Pt-Ge, Pt-In, and Pt-Ru [62-64]. These multicomponent alloys demonstrate a markedly
improved CO tolerance compared to their pure platinum counterparts, effectively miti-
gating catalyst deactivation while achieving enhanced mass activity. The CO poisoning
resistance enhancement mechanisms in platinum alloys are predominantly governed by the
following two synergistic effects: (1) electronic modulation through heteroatom-induced
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d-band center downshifting, which attenuates CO chemisorption strength and lowers CO
oxidation overpotential, and (2) bifunctional catalysis, where secondary metal sites facilitate
hydroxyl (OH*) generation at reduced potentials, enabling efficient CO* oxidation through
Langmuir-Hinshelwood-type surface reactions [65]. The bifunctional mechanism postu-
lates that platinum alloys facilitate water dissociation at reduced overpotentials, generating
reactive hydroxyl species (OH*) that oxidize adsorbed CO intermediates (CO*) through
synergistic surface reactions. This dual functionality concurrently scavenges CO poisons
while regenerating metallic active sites via Langmuir-Hinshelwood-type mechanisms,
thereby enhancing both catalytic efficiency and long-term durability [66].

Platinum-ruthenium alloy systems are one of the most widely used fuel cell cata-
lysts due to their lower onset potentials compared to pure platinum [67]. Pt-Ru alloy
catalysts demonstrate superior methanol oxidation activity coupled with enhanced CO
poisoning resistance. For decades, these alloys have served as the benchmark anode ma-
terial in DMFCs [68]. In Pt-Ru alloy catalysts, the bifunctional mechanism enables Ru to
oxidize CO—a key methanol oxidation intermediate [69,70]. Common synthesis methods
encompass impregnation, microemulsion, colloidal synthesis, electrodeposition, and sput-
tering techniques [71-74]. Studies demonstrate that dual-potential pulse electrophoretic
deposition from RuCls/H,PtClg electrolyte solutions produces highly dispersed Pt-Ru
particles on carbon electrodes [75]. As illustrated in Figure 5, SEM micrographs reveal the
morphological characteristics of a pulsed-electrodeposited Pt-Ru electrode. The observed
microstructure originates from simultaneous nucleation at both carbon substrate interfaces
and pre-existing catalytic particles during the pulsed potential deposition process. Through
systematic variation of the pulse frequency, both the nanoparticle dimensions and the metal
deposition density can be precisely engineered.

Figure 5. SEM micrographs of Pt-Ru electrodes: (a) 50, (b) 100, (c) 200, (d) 300, (e) 500, and (f) 2000 cycles
of repetitive bipotential pulses, with electrolytes of 6.0 mM RuCl; and 14.0 mM H,PtClg [75].
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Binary platinum-based catalysts demonstrate an enhanced activity and CO tolerance
compared to monometallic systems while maintaining cost efficiency, yet their composi-
tional homogeneity fundamentally restricts further performance optimization. The strategic
incorporation of tertiary metallic components creates ternary alloy architectures that ef-
fectively mitigate hydrogen underpotential deposition (H_UPD)-induced site blocking
during methanol oxidation, thereby improving Faradaic efficiency through the selective
exposure of Pt active sites [76]. Ternary PtRuM (M = Fe, Co, Ni, Rh, and Ir) exhibits a
superior CO tolerance compared to pure platinum and platinum-ruthenium [77]. Iron is
a potential candidate material to achieve this goal. The introduction of iron into ternary
platinum alloy catalysts for DMFC anodes weakens the Pt-CO bond, thereby enhancing
the durability of the catalyst [78]. The strategic incorporation of iron—a cost-efficient alter-
native to platinum-group metals—significantly enhances the economic viability of DMFC
commercialization. Jeon et al. [79] demonstrated this through the synthesis of PtRuFe/C
(Pt:Ru:Fe = 2:1:1, 60 wt%) via impregnation, achieving a 2.5-fold mass activity enhancement
and 2-fold specific activity improvement over commercial PtRu/C, coupled with a 60 mV
reduction in onset potential (0.44 V vs. RHE). Remarkably, the catalyst exhibited negligible
iron dissolution in acidic electrolytes, despite Fe precursors costing merely 0.26% (vs. Pt)
and 0.71% (vs. Ru) of their noble metal equivalents. Mechanistic analysis attributed the
performance enhancement to ruthenium-mediated hydroxyl (OH™) adsorption and the
iron-induced electronic structure modulation of platinum, which collectively weakened
CO binding energetics. Complementing these findings, Cai et al. [80] developed ultrathin
branched PtRuFe nanodendrites via solvothermal synthesis, demonstrating exceptional
mass (6.02x) and specific (4.95x) activity enhancements relative to Pt/C. X-ray photoelec-
tron spectroscopy revealed a 0.35 eV negative shift in Pt 4f binding energies, indicative of
electron-deficient Pt sites that destabilize Pt-CO bonds. Concurrently, ruthenium incorpora-
tion promoted OH adsorption kinetics, synergistically accelerating CO oxidation through
Langmuir-Hinshelwood mechanisms. Extended chronoamperometry (24 h) and 1000-cycle
CV testing confirmed <5% activity decay, underscoring an exceptional structural integrity
and poisoning resistance.

Molybdenum’s unique combination of low onset potential and exceptional CO
tolerance positions it as a promising component for advanced DMFC anode catalysts.
Kakati et al. [81] demonstrated this potential through the hydrothermal synthesis of
PtRuMo/MWCNT catalysts, which exhibited superior methanol oxidation activity and
stability compared to PtRu/MWCNT benchmarks. The ternary system achieved the fol-
lowing three critical performance enhancements: (1) a 12% larger electrochemical active
surface area, (2) an 80 mV cathodic shift in onset potential, and (3) a 35% reduction in
charge transfer resistance. Chronoamperometric analysis revealed a 40% slower current
density decay over 3600 s of operation, while XPS identified MoOx species that facil-
itated water dissociation kinetics through electron donation to Pt, thereby weakening
Pt-CO adsorption strength. Complementing these findings, Park et al. [82] synthesized
Pt43-Ru43-Mo14/MWCNT catalysts displaying the following two key advantages: (1) a
150 mV lower onset potential versus pure Pt and (2) a 2.6-fold enhancement in the for-
ward/reverse current ratio. Electrochemical impedance spectroscopy quantified a 55%
lower charge transfer resistance, directly correlating with accelerated methanol oxidation
kinetics. These studies collectively establish molybdenum’s dual role as both an electronic
modulator and hydroxyl radical provider, synergistically mitigating CO poisoning while
enhancing reaction thermodynamics. Theoretical studies indicate negligible platinum
surface enrichment in PtNi alloys [83,84]. Unlike ruthenium in PtRu catalysts, nickel in
PtNi systems demonstrates an enhanced resistance to dissolution in DMFC electrolytes
through the formation of stable Ni(OH), passivation layers, thereby improving structural
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integrity. Liang et al. [85] synthesized PtRuNi/C catalysts via a microwave-assisted polyol
method, with TEM characterization confirming uniform nanoparticle dispersion (3.6 nm
average particle size versus 3.2 nm for PtRu/C). XRD analysis revealed lattice contraction
compared to PtRu/C, indicative of Ni-induced alloying effects and lattice distortion. A syn-
ergistic mechanism involving the following three interconnected processes was identified:
(1) conductive Ni(OH), layers enhanced interfacial charge transfer kinetics, (2) hydrogen
spillover effects accelerated CO oxidation through adjacent active sites, and (3) nickel
alloying modified the electronic structure of platinum, weakening Pt-CO interactions. The
dynamic Ni(OH), /NiOOH redox cycle further contributed to CO oxidation by supplying
reactive oxygen species. The following Table 2 compares the key performance data of the
above ternary alloy catalysts.

Table 2. Comparative data between ternary PtRu alloy catalysts and benchmark catalysts.

Catalyst Name Refs Mass A(Et1v1ty Mass Activity (Novel) Key Improvements/Mechanisms
(Baseline)
. 2.5x higher mass activity; Fe,O3 induces Pt
PtRuFe/C (2:1:1) (791 228 A/g catal 567 A/g catal electron deficiency, enhancing CO oxidation.
. 0.19 A/mg Pt 6x mass activity vs. Pt/C; ultrathin branches and
PtRuFe nanodendrites  [50] (Pt/C) 114 A/mg Pt ternary synergy improve CO tolerance.
12.6 A/em2-m Enhanced ECSA (138 vs. 134 m?/g); Mo
PtRuMo/MWCNT [81] ) & 15A/ Cm2~mg promotes water activation and reduces
(PtRu/C) .
CO adsorption.
Pt43-Ru43- 82] 0.19 A/mg Pt 1.14 A/mg Pt . 6% mass act1\/.1ty vs. Pt/C; flash synthesis
Mo14/MWCNT (Pt/C) improves dispersion; Mo enhances CO tolerance.
. 30.6 m?/g EAS 5 CO oxidation peak decline; Ni(OH), enables
PtRuNi/C (851 (PtRu/C) 40.7m”/g EAS H-spillover and proton conduction; high stability.

These combined properties enable ternary Pt alloys (PtRuFe, PtRuMo, and PtRuNj) to
outperform many of their bimetallic counterparts and pure Pt catalysts in terms of methanol
oxidative activity and carbon monoxide tolerance in specific environments, making them
favorable candidates for anode catalysts in persistent DMFC systems.

2.3. Platinum-Based Core—Shell Structures

The atomic-level precision of core—shell architectures enables the following dual func-
tionality through interfacial engineering: (1) electron transfer from core to shell induces
ligand and strain effects that optimize platinum’s d-band center position, thereby enhanc-
ing methanol dehydrogenation kinetics, and (2) subnanometer-scale platinum confinement
within the shell achieves a near-unity dispersion efficiency, maximizing surface atom acces-
sibility while minimizing noble metal consumption. This synergistic electronic-geometric
modulation establishes an ideal platform for simultaneous activity enhancement and re-
source economization in DMFC catalysis [86—89].

The precise control of platinum deposition constitutes the cornerstone of this method-
ology. Wet-chemical synthesis enables atomic-level control over Pt shell formation through
the strategic manipulation of precursor chemistry and reduction kinetics, facilitating tun-
able architectures from sub-mono-layer to multi-layer configurations on transition metal
cores. This approach leverages the competitive adsorption dynamics between Pt precursors
and core surface binding sites, achieving surface-selective deposition while suppressing
parasitic galvanic replacement reactions [90]. Core—shell architectures synergized with
alloying technology effectively reduce Pt content while enhancing catalytic efficiency. The
Pt shell acts as a corrosion barrier, prolonging core metal stability [90-92]. The integration
of alloying effects into epitaxial platinum overlayers preserves the geometric benefits of
core-shell architectures while enabling precise electronic structure modulation. This hierar-
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chical design strategy demonstrates significant potential for developing high-performance
DMEC catalysts with reduced platinum loading. Wu et al. [93] exemplified this approach
through the colloidal synthesis of PAPt@Pt/C core-shell catalysts, which exhibited 2.85-fold
and 3.91-fold enhancements in methanol oxidation peak currents compared to commercial
and laboratory-synthesized Pt/C benchmarks, respectively. At an operational cell voltage
of 0.65 V (vs. RHE), the catalyst achieved over an 80% higher current density than commer-
cial Pt/C. Comprehensive characterization via TEM, XPS, and XRD confirmed preserved
core-shell interactions and structural integrity during electrochemical operation. Cheng
et al. [94] developed dealloyed—-annealed PtRuCoy core—shell nanoparticles, where thermal
treatment at 450 °C yielded an ultrathin PtRu shell (~1 nm) with the following two key
advantages: (1) a 90 mV cathodic shift in onset potential (0.01 V vs. RHE) relative to bulk
PtRuCo alloys and (2) 75% higher steady-state current density retention versus PtRu/C af-
ter 5000 s of chronoamperometric testing. As illustrated in Figure 6, the enhanced methanol
oxidation activity and structural stability originate from the synergistic combination of
cobalt-rich cores and platinum-group metal shells, which collectively optimize interme-
diate adsorption energetics while suppressing metal dissolution. These studies establish
a universal framework for designing multi-metallic core-shell catalysts that transcend
conventional activity—stability trade-offs in DMFC applications.

g
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2

PiRuCo, 450

Figure 6. TEM micrographs, histograms, and Fast Fourier Transform (FFT) images of (a) PtRuCo,
(b) PtRuCoy, (c) PtRuCox-300, and (d) PtRuCoy-450 [94].

The catalytic activity of platinum-based catalysts exhibits a direct correlation with
compressive strain within platinum-rich surface layers. Strasser et al. [95] established
experimental and theoretical correlations between lattice parameter differences in plat-
inum shells compared to bulk platinum, identifying compressive strain—resulting from
atomic lattice distortions caused by interfacial forces and thermal gradients—as a criti-
cal factor enhancing electrocatalytic activity. Wang et al. [96] demonstrated this concept
through Ru-core/Pt-shell nanostructures, where the smaller lattice parameter of Ru cores
induced compressive strain in mono-layer Pt shells. This structural modification achieved
a 450% increase in DMFC power density and a 0.18 V improvement in open-circuit voltage
(OCV) compared to platinum nanoparticles. XRD, SAXS, and HRTEM characterization
confirmed the presence of 1.5-layer Pt shells under compressive strain. The performance en-
hancement was attributed to strain-optimized Pt-Ru electronic interactions that improved
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methanol electrooxidation efficiency. Wang et al. [97] engineered Cu@CuPt core-shell con-
cave octahedrons through solvothermal synthesis, achieving nanocrystals with high-index
facets containing high-density atomic steps and terraces. These structures demonstrated
8.6-fold higher specific activity and 13.1-fold greater mass activity for methanol oxidation
compared to commercial Pt/C, alongside an exceptional durability under prolonged po-
tential cycling. In parallel, dealloying-derived nanoporous metals/alloys have emerged
as promising DMFC anode materials. This process selectively dissolves electrochemically
active elements from parent alloys to create porous architectures [98]. Singh et al. [99]
exemplified this approach through the surface dealloying of PtAg alloys, where preferential
Ag dissolution generated nanoporous Pt-rich shells with retained core-shell interfaces.
The resulting porous PtAg nanoparticles exhibited intrinsic CO tolerance through opti-
mized *CO intermediate adsorption/desorption energetics, providing new pathways for
designing poison-resistant DMFC catalysts.

The systematic optimization of Pt-based catalysts through size engineering (<5 nm
nanoparticles), alloy design, and core-shell architectures has established well-defined
performance benchmarks for DMFC anodes: mass activities of 1.2-3.5 A mgPt~!, CO
oxidation initiation at 0.2-0.4 V vs. RHE, and an operational stability within 0.05-0.4 V.
However, evaluating non-Pt catalysts against these Pt benchmarks remains scientifically
fragmented due to inconsistent testing protocols. To enable meaningful comparisons,
future studies must enforce the following three operational alignments: (1) equivalent
methanol concentrations, (2) matched temperature ranges (60-80 °C for practical DMFCs),
and (3) identical catalyst loading. Under such standardized conditions, performance
metrics, including CO* oxidation efficiency (via in situ spectroscopy) and voltage cycling
stability, should be quantitatively contrasted. This framework not only contextualizes
non-Pt advancements relative to mature Pt systems, but also identifies condition-specific
advantages that may justify Pt-free alternatives.

3. Platinum-Free Catalysts for DMFC Anodes

While platinum-based catalysts exhibit an unparalleled catalytic performance in
DMEC anodes, their sustainable deployment has been fundamentally constrained by
the following tripartite nexus of limitations: resource scarcity stemming from finite global
reserves, the environmental ramifications of carbon-intensive extraction and processing,
and economic vulnerabilities exacerbated by market volatility coupled with inadequate
closed-loop recovery infrastructure. The exponential proliferation of fuel cell technologies
has critically amplified the structural disequilibrium between platinum supply chains and
industrial demand. Furthermore, legacy refining protocols generate substantial lifecy-
cle carbon footprints while demonstrating persistently suboptimal recovery rates (<30%
in most industrial economies). This synergistic interplay of multidimensional resource—
environment—economic constraints creates an imperative mandate for developing non-
platinum alternatives that harmonize operational sustainability with technologically viable
implementation pathways.

Non-Pt catalyst degradation arises from the following three primary mechanisms [100-103]:
(1) acid-driven metal dissolution, (2) CO*/intermediate poisoning through strong adsorp-
tion, and (3) nanoparticle coalescence. The strategy for mitigating the degradation of
non-Pt catalysts is usually a synergistic approach: alloying modifies electronic structures to
resist dissolution and weaken CO binding; heterointerfaces accelerate intermediate des-
orption via charge redistribution; and confined carbon architectures inhibit agglomeration
through spatial anchoring. This multiscale engineering framework—spanning atomic
(electronic), nanoscopic (interfacial), and mesoscopic (structural) regimes—overcomes
traditional stability—-activity trade-offs while preserving sustainable manufacturability.
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3.1. Palladium-Based Catalysts

The catalytic activity of palladium-based catalysts originates from synergistic bifunc-
tional and ligand effects [100]. The bifunctional mechanism requires the following two
distinct active sites: one for methanol adsorption and dissociation, and another for wa-
ter adsorption and activation. Ligand effects modify palladium’s electronic structure to
weaken CO adsorption, enabling CO oxidation at reduced potentials. Although palladium
is less expensive than platinum, its cost remains prohibitive for large-scale DMFC commer-
cialization due to inherent material scarcity and insufficient durability under operational
conditions [101,102]. This development has propelled research into non-precious metals (Ni
and Cu) exhibiting significant methanol oxidation activity in alkaline media combined with
cost advantages. Incorporating these metals into palladium-based catalysts has become
crucial for reducing DMFC costs. Mandal et al. [103] synthesized Pd-Cu (3:1) nanoalloys
via room-temperature soft chemistry, demonstrating superior methanol oxidation activity
compared to pure Pd while maintaining an equivalent catalytic efficiency. By significantly
reducing palladium usage without compromising performance, this approach effectively
lowers material costs. The Pd-Cu alloy system thereby emerges as a promising candidate
for commercial DMFC anode catalysts. Mansor et al. [104] prepared NiPd catalysts sup-
ported on mesoporous silica via the sol-gel method. Characterization with XRD, FESEM,
FTIR, BET, and XPS confirmed high NiPd dispersion. Electrochemical tests showed 61%
current retention after 3600 s, enhanced CO removal, a lower Tafel slope, and a higher
exchange current density compared to pure Pd. The activity improvement stemmed from
NiPd dispersion and synergy, adjustable through Pd content variation, with an optimal
performance at the highest Pd concentration due to reduced crystallite sizes. Tan et al. [105]
investigated Pd-CeO, nanoparticles on nitrogen-doped mesoporous carbon (NMCS) for
alkaline methanol oxidation. The NMCS support enabled uniform Pd/CeO, dispersion,
with optimized Pd(20%)-CeO;(20%)/NMCS exhibiting a 6 x higher current density and
93% activity retention after 1000 cycles versus PtRu/C. Strong Pd-CeO; interactions and
nitrogen doping reduced CO adsorption energy, enhancing CO tolerance. The strategic
encapsulation of catalytic species within ordered mesoporous frameworks enhances active
site accessibility through hierarchical mass transport channels while conferring an excep-
tional structural robustness against electrochemical degradation [106]. These technological
breakthroughs establish transformative design principles for palladium-based catalyst
systems, simultaneously achieving superior electrode kinetics and economically viable
DMFC deployment strategies via precision-engineered material architectures.

3.2. Perovskite-Type Oxide Catalysts

Perovskite-type oxides have emerged as highly promising DMFC anode catalysts
owing to their inherently ordered lattice frameworks and superior electronic conductivity.
The archetypal ABOj; structure exhibits A-site occupancy by rare-earth cations (e.g., La®*
and Ce**) or alkaline-earth species (e.g., Sr** and Ba?*), while transition metal cations
(e.g., Co®*, Mn®*, and Ni’*) predominantly populate the B-site sublattice [107]. Such an
exceptional compositional flexibility allows for precise control over methanol oxidation ac-
tivity via strategic A /B-site cation substitution [108]. Advances in synthesis protocols build
upon conventional approaches, including hydrothermal, sol-gel, and precipitation routes,
which remain industrially relevant due to their optimal balance of manufacturing econ-
omy and process scalability. Singh et al. [109] synthesized perovskite-type La;_,SrxNiOy4
(0 < x < 1) oxides via a modified citric acid sol-gel method. Through comprehensive
physicochemical characterization and systematic electrochemical analysis, they demon-
strated exceptional methanol oxidation activity in alkaline media coupled with resistance
to intermediate/product poisoning. Sr substitution concomitantly enhanced the oxide’s
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zero-point charge and methanol electro-oxidation efficacy. Notably, at 0.55 V vs. RHEin 1M
KOH (25 °C), the Laj 551 5NiO4 electrode achieved a sustained current density exceeding
200 mA /cm?, substantially surpassing most state-of-the-art electrodes reported to date.
Prince et al. [110] fabricated RuNiO3-modified nickel foam (RNO/NF) through solid-state
synthesis. Combined SEM/XRD/XPS characterization unambiguously confirmed a high
crystallinity, wherein Ru** and Ni?* preferentially occupied perovskite A /B-sites, respec-
tively. As evidenced in Figure 7, the optimized RNO/NF demonstrated high mass-specific
current densities while maintaining > 80% activity retention after 10,000 s of continu-
ous methanol oxidation, significantly outperforming commercial Pt/C benchmarks. This
performance enhancement originated from the synergistic coupling of Ni?* /Ni3* redox
catalysis, Ru-induced structural stability, and abundant surface oxygen functional groups,
establishing a cost-effective electrocatalyst paradigm for DMFCs.
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Figure 7. (a) CV of the bare nickel foam and the RNO-modified NF electrode in KOH medium. (b) CV
data of the RNO-modified electrode in varying concentrations of methanol with the inset indicating
the clear increase in current density at 0.8 V with varying concentrations of methanol [110].

Perovskite-type oxides manifest distinct advantages not merely through enhanced cat-
alytic activity and stability, but more significantly through an exceptional resistance to cok-
ing and poisoning phenomena [111]. These materials effectively suppress coke formation
during catalytic oxidation by virtue of unique surface electronic configurations that disrupt
intermediate aggregation and mitigate carbonization pathways. Rational doping engineer-
ing further improves impurity (e.g., sulfides/chlorides) tolerance via the precise control of
cationic composition to strategically tailor d-band center positions and surface chemisorp-
tion properties. Notably, their structural robustness under harsh thermal/mechanical
conditions ensures the preservation of active site coordination environments, thereby
guaranteeing a sustained catalytic efficiency throughout prolonged operation.

3.3. Metal Carbide Catalysts

The d-band electronic structure of transition metal carbides closely mimics that of
platinum, endowing them with a catalytic performance rivaling that of noble metals in
multiphase electrochemical reactions. In particular, tungsten carbide (WC) has garnered
sustained scientific attention since the 1960s owing to its atomic hybridization featuring
synergistic covalent, ionic, and metallic bonding characteristics, which collectively engender
platinum-like adsorption/desorption kinetics [112,113]. These fundamental attributes
establish WC as a compelling candidate for next-generation DMFC anode electrocatalysts.
Conventionally synthesized via the solid-phase carbothermal reduction of tungsten salts
at 1200-1600 °C, WC demonstrates an exceptional acid corrosion resistance coupled with
a methanol electro-oxidation activity comparable to benchmark Pt catalysts. Notably,
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excessive pyrolytic carbon deposition during gas-phase synthesis encapsulates active sites,
necessitating post-synthetic acid leaching protocols to restore surface accessibility. This
phenomenon underscores the intrinsic stability compromise dilemma in metal carbide
systems under oxidative potentials. Emerging approaches focus on strategic alloying
with transition metals to construct W-based bimetallic carbides with tailored electronic
structure modulation via synergistic d-band center regulation [114,115]. Nickel-based
materials have emerged as economically viable electrocatalysts, exhibiting a methanol
oxidation activity approaching noble metal benchmarks. The interfacial charge transfer in
Ni-WC heterostructures synergistically ameliorates CO adsorption via electronic coupling
effects, thereby boosting electrocatalytic turnover frequency and extending operational
durability [116-118]. Figure 8 below shows a tungsten surface species model.

Meng-ungstats Poly(—\:\L/Jgg)gstate WO, crystallites

Figure 8. Models of tungsten surface species evidenced by HRTEM [118].

Hou et al. [119] engineered a Ni-WC/CA composite electrode through the sequential
impregnation-annealing of nickel-based catalysts and 1.6 nm-average WC nanoparticles
onto bacterial cellulose-derived carbon aerogel (CA). When deployed in DMFC and DUFC
anode reactions, this architecture alleviated the CO-poisoning-induced activity decay
prevalent in conventional Ni catalysts via WC-mediated electron transfer pathways and
interfacial Ni-WC charge redistribution that attenuated CO adsorption strength. Advanced
material characterization revealed uniform nanoscale WC/Ni distribution accompanied by
verifiable interfacial electron transfer via XPS valence band analysis. Electrochemically, the
electrode delivered an MOR current density of 105.7 mA cm~2 at 0.8 V vs. RHE in 1 M KOH,
surpassing Pt-free counterparts by >40%. Accelerated durability testing demonstrated
48.94% peak current retention after 2000 potential cycles in used electrolyte, whereas reacti-
vation through electrolyte replenishment restored its performance to 88.42% of its initial
activity. This breakthrough establishes a scalable non-noble-metal catalyst platform with a
simultaneously enhanced CO tolerance and regenerative stability for fuel cell applications.
Collectively, modified tungsten carbide has been unequivocally validated as a frontier an-
ode material system. Kelly et al. [120] investigated the bond scission sequences (O-H, C-H,
and C-O) of methanol on Ni-, Rh-, and Au-modified WC surfaces. Methanol adsorption
predominantly occurred at atop sites of both pristine and modified WC surfaces, while
methoxy species exhibited varied adsorption configurations. Metal-modified WC surfaces
demonstrated stronger methanol/methoxy binding compared to pure metal surfaces, with
WC-based systems showing superior overall activity. Notably, Ni/WC and Rh/WC effec-
tively suppressed methane formation, contrasting with the reduced activity of Au/WC. The
initial O-H bond cleavage enabling methoxy formation was observed across all systems,
where Rh/WC and Ni/WC exhibited enhanced methoxy decomposition activity relative
to Au/WC. Al-Enizi et al. [121] synthesized CoCr;C3 nanorods encapsulated in carbon
nanofibers through electrospinning. Electrochemical evaluation in alkaline media revealed
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improved methanol electro-oxidation activity, particularly in surface oxidation processes.
CoCr;C3-CNF composites are not only cost-effective, but also highly active and stable,
highlighting the potential of metal carbides as promising anode catalysts for DMFCs, which
deserves further investigation.

While metal carbides demonstrate a compelling catalytic performance in DMFC
anodes, their transition from laboratory-scale synthesis to industrial deployment faces
significant scalability hurdles. Conventional high-temperature fabrication methods
(>800 °C)—essential for achieving phase-pure carbide crystallinity—impose substantial
energy penalties (>150 kWh kg~!) and induce irreversible particle agglomeration (e.g.,
growth from 5 nm to >50 nm during scale-up), thereby diminishing electrochemical surface
area. Emerging low-temperature routes (<300 °C), such as solution-phase carburization,
partially mitigate sintering but typically yield amorphous or carbon-overloaded phases
that degrade methanol oxidation kinetics. Furthermore, lifecycle cost analyses reveal a
critical trade-off: while carbide materials circumvent platinum’s scarcity, their synthesis
energy intensity may offset the cost advantages relative to Pt/C systems produced via
established low-energy pathways (e.g., wet impregnation at <100 °C). Addressing these
challenges necessitates synergistic advances in scalable reactor designs (e.g., roll-to-roll
plasma processing) and carbide structural engineering (e.g., MXene-templated porous
architectures) to decouple performance retention from energy-intensive synthesis.

3.4. MOF and Its Derivatives

The optimization of catalytic materials necessitates the synergistic convergence of mate-
rials science and electrochemical engineering principles. A maximized specific surface area
enhances catalytic efficiency by maximizing active site exposure and facilitating reaction
kinetics through an increased electrochemical interface density. Superior charge transfer
kinetics and reactant/product diffusion characteristics are imperative: rapid charge transfer
mitigates kinetic overpotential limitations, while optimized mass transport alleviates con-
centration polarization to maintain sustained reaction flux. Crucially, hierarchical porosity
dictates methanol adsorption dynamics via molecular-scale anchoring sites that orchestrate
subsequent electro-oxidation pathways. Emerging paradigms highlight metal-organic frame-
works (MOFs) and their derivatives as structurally programmable candidates for DMFC
anode catalysis. MOFs constitute crystalline coordination polymers featuring periodic porous
architectures formed through metal cluster/linker coordination assembly [122-126].

The ultrahigh porosity and large specific surface area of MOFs endow them with a
superior methanol adsorption capacity, which contributes to an enhanced DMFC energy
conversion efficiency. Zhou et al. [127] synthesized MOF-74(Ni) /NiOOH heterostructured
composites via the in situ transformation of NiOOH microsphere precursors. As demon-
strated in Figure 9, structural characterization revealed a hierarchical porous architecture,
with XPS analysis indicating interfacial interaction-induced electronic structure modifi-
cations of Ni species. Electrochemical testing in 0.1 M KOH/1.0 M CH3OH achieved a
peak current density of 27.62 mA cm~2 and mass activity of 243.8 mA mg~!, representing
1.8-fold and 1.76-fold improvements over pristine MOF-74(Ni), respectively. Mechanistic
analysis suggested that heterointerface-induced synergy enhanced active site exposure,
optimized charge transport, and facilitated reactant diffusion through the NiOOH structure.
This work provides a methodology for designing metal hydroxide/MOF heterostructures
via in situ conversion, advancing non-precious metal MOR catalyst development.
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Figure 9. (a) SEM image of NiOOH. (b,c) SEM image of MOF-74(Ni)/NiOOH. (d) TEM image
of MOF-74(Ni)/NiOOH, (e) SEAD pattern of MOF-74Ni/NiOOH. (f) HRTEM image of MOEF-
74Ni/NiOOH [127].

Sheikhi et al. [128] synthesized mesoporous Cuy_,Se@PCs through the carbonization—
selenization of a Cu-MOF precursor, retaining an octahedral morphology while forming
non-stoichiometric Cu*/Cu?*-Se?~ /C-Se-C active sites. The material exhibited a surface
area of 58.2 m? g~! with dominant pore sizes of 26.3 nm. In 1 M NaOH/0.5 M CH3;OH
electrolyte, it achieved a methanol oxidation current density of 629.3 mA cm 2, tripling
the performance of non-selenized Cu/Cu;O@PCs, along with reduced overpotential. The
low electronegativity of selenium enhanced OH™ adsorption and transport, facilitating CO
oxidation via bifunctional mechanisms, supported by a 66% reduction in charge transfer
resistance. Chronopotentiometric testing at 22.3 mA cm 2 for 4 h and 88.5% current re-
tention after 300 cycles demonstrated effective protective dispersion by the carbon matrix.
This performance exceeds conventional Ni/Co-based catalysts, confirming structural ad-
vantages for alkaline methanol oxidation. Rajpure et al. [129] developed a NiCo-MOF-P
bimetallic phosphide electrocatalyst via sequential electrodeposition, in situ MOF growth,
and the phosphorization of layered double hydroxide (LDH)-MOF precursors. Electro-
catalytic evaluation in 1 M KOH/0.5 M CH30H revealed an exceptional performance
attributed to the following: (i) structural stabilization by NiCo-LDH substrates suppress-
ing particle aggregation, (ii) Ni-P/Co-P active sites generated through phosphorization
augmenting interfacial electron transfer, (iii) bimetallic synergy accelerating Ni** /Ni®*
and Co?* /Co®* redox transitions crucial for methanol dehydrogenation kinetics, and (iv)
the three-dimensional porous architecture providing a 3.3 x higher electrochemical active
surface area than conventional Ni(OH),. This methodology establishes a carbonization-free
synthetic route for the scalable production of MOF-derived non-precious metal catalysts
surpassing state-of-the-art Ni/Co-based materials in activity—stability metrics.

Although significant advancements have been achieved for non-platinum catalysts,
practical benchmarking tests reveal that these alternatives exhibit a substantially inferior
performance to Pt/C catalysts in actual DMFC operation, demonstrating only 60-80% of
the current density attained by their Pt/C counterparts. Furthermore, they lag markedly
in durability parameters (displaying 2-3 times faster decay rates than Pt/C catalysts) and
onset potential consistency under operational conditions. Tungsten carbides approach
Pt-level activity in controlled environments, but suffer voltage hysteresis under dynamic
loads. MOF-derived systems maximize surface-area-driven activity, yet underperform in
full cell configurations due to mass transport limitations. These gaps necessitate hybrid
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strategies blending non-Pt active components with nanoscale Pt stabilization or advanced
support engineering to meet commercial viability thresholds.

4. Carbon Carriers for DMFC Anode Catalysts

Carbon-based materials serve as pivotal catalyst supports in DMFCs, systematically
categorized into the following four classes: (i) pristine carbon matrices, (ii) composite car-
bon architectures, (iii) heteroatom-doped (metal/non-metal) carbon frameworks, and (iv)
metal oxide/polymer-functionalized carbon materials [130,131]. These structural variants
exhibit tailored heterogeneities that govern discrete electrocatalytic performance profiles
through the following three mechanistic vectors [132,133]: morphological control of metallic
nanoparticles (size regulation, dispersion optimization, alloying precision, and stability en-
hancement), augmented mass/charge transfer capabilities via enhanced conductivity and
nanostructural stabilization, and kinetic pathway modulation enabled by three-dimensional
topological effects coupled with surface chemistry engineering. The rational design of
carbon carriers—achieved through hierarchical porosity engineering, targeted surface
functionalization, and interfacial electronic optimization—represents a critical pathway
for developing next-generation DMFC anode catalysts with superior activity-stability
metrics [134,135].

4.1. Single Versus Multiple Carbon Loads

While carbon-supported materials are not conventionally rigidly classified in aca-
demic research or practical applications, they are operationally categorized into single-
carbon-supported and multi-carbon-supported systems based on structural hierarchy.
Single-carbon-supported materials comprise mono-layer or few-layer carbon architec-
tures exhibiting a well-defined structural uniformity and enhanced surface reactivity ow-
ing to minimized interlayer screening effects. This classification framework provides
a foundational basis for rationalizing structure—property relationships in DMFC anode
catalyst design [136]. Prototypical single-carbon-supported systems encompass carbon
black, mesoporous carbon, carbon nanofibers, single-walled carbon nanotubes (SWCNTs),
and graphene [137-139]. Multi-carbon-supported materials, in contrast, are defined by
carbon-based architectures with multi-layered atomic configurations or complex hierarchi-
cal structuring, characterized by enhanced specific surface areas coupled with a superior
mechanochemical robustness. Exemplary implementations include multi-walled carbon
nanotubes (MWCNTs) featuring concentric graphitic cylinders and hierarchically porous
carbons with three-dimensionally interconnected micro/mesoporous networks [140].

The commonly employed carbon blacks include acetylene black [141], Vulcan XC-
72 [142], and Ketjen Black [143]. Vulcan XC-72 carbon black demonstrates an exceptional
specific surface area coupled with metallic-grade electronic conductivity, establishing it
as the benchmark support material in DMFC catalyst design. However, its propensity
for electrochemical corrosion and surface oxidation under prolonged DMFC operation
induces precious metal nanoparticle detachment, leading to irreversible performance
degradation via active site loss. In contrast, mesoporous carbons (MCs) leverage tun-
able mesoporous architectures to achieve simultaneous enhancements in the following:
(i) accessible surface area, (ii) interfacial charge transfer resistance, and (iii) mass transport
kinetics through engineered pore networks, collectively optimizing reactant flux to catalytic
active sites [144,145]. The structural taxonomy of mesoporous carbons (MCs) dichotomizes
ordered mesoporous carbons (OMCs)—featuring monodisperse pore size distribution and
long-range structural periodicity—from disordered mesoporous carbons (DMCs) with
polydisperse pore geometries. Carbon nanofibers (CNFs), as one-dimensional carbon
allotropes, are classified into the following three microstructural archetypes based on their
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graphene layer axial alignment: (i) platelet-type CNFs with basal planes orthogonal to the
fiber axis, (ii) herringbone-type CNFs exhibiting multidirectional stacking (6 = 0-90°), and
(iii) tubular-type CNFs containing coaxial graphene layers parallel to the growth axis [146].
SWCNTs manifest seamless cylindrical nanostructures via the helical winding of singular
graphene sheets, while MWCNTs comprise concentric graphene cylinders that synergize
metallic conductivity with an exceptional Young’s modulus. Notwithstanding these merits,
practical deployment remains constrained by inherent structural imperfections and inter-
tubular Van der Waals interactions, precipitating a compromised macroscopic performance
through electron scattering and mechanical failure pathways.

While conventional graphite served as a foundational carbon support in early fuel cell
development due to its moderate conductivity and chemical inertness, its limited accessible
surface area and sluggish interfacial charge transfer kinetics constrain its applicability in
next-generation electrodes requiring atomic-level precision. In contrast, graphene’s 2D con-
finement effect and edge-rich architecture enable unparalleled electrocatalytic functionality,
making it a quintessential upgrade over traditional graphite-based systems. Graphene,
a two-dimensional monolayer of sp2-hybridized carbon atoms arranged in a hexagonal
lattice, manifests an exceptional electrical conductivity, ultrahigh specific surface area (theo-
retical limit: 2630 m? g~!), and superior electrochemical stability coupled with mechanical
robustness [147]. These intrinsic properties establish it as a paradigm material for electro-
catalytic systems, particularly in direct methanol fuel cell applications where simultaneous
demands for rapid charge transfer, maximized active site exposure, and structural durabil-
ity must be reconciled. Extensive studies focus on graphene functionalization strategies to
modulate supported nanoparticle morphology and properties. Choi et al. [148] synthesized
oxygen-functionalized graphene nanosheets (GNSs) through chemical oxidation and ther-
mal exfoliation, achieving 80 wt% platinum loading. The functionalized GNSs exhibited
a specific surface area of 487 m? g~! and electrical conductivity of 3095 S m~!. Surface
oxygen groups enabled uniform Pt nanoparticle dispersion with a minimal size of 2.9 nm at
80 wt% loading, outperforming conventional supports that showed 7.0 nm particles under
identical conditions. This enhancement originated from the three-dimensional layered
GNS structure, which shortened reactant transport pathways through ultrathin catalytic
layers while providing high-conductivity electron transfer networks. Figure 10 shows
a synthesis schematic of graphene derived from graphite, with structural diagrams and
scanning electron microscopy images (inset displays a high-resolution view).

Graphite | GO ? GNSs |

0.72 nm

Lhemlcal l hermal
oxidation exfoliation

Figure 10. (a) Chemical oxidation to form GO from graphite. (b) Thermal exfoliation to synthesize
surface functionalized GNSs from GO. The red- and blue-colored atoms on the surface of graphite
oxide and GNSs represent oxygen and hydrogen species, respectively [148].
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While graphene and CNTs offer a superior conductivity and surface area, their prac-
tical implementation faces cost and manufacturing hurdles. High-quality graphene syn-
thesis remains energy-intensive with a limited throughput, while CNTs require complex
post-synthesis purification to remove metal residues. In contrast, conventional carbon
black provides cost-effective scalability despite a moderate performance. As a result, re-
searchers have attempted to develop multicarbon composites that synergistically integrate
the advantages of multiple carbon qualities. A predominant approach involves grafting
one-dimensional carbon materials (e.g., carbon nanotubes) onto substrates to construct
hierarchical structures. The coral-like multicarbon material (Coral-C), comprising curled
multi-walled carbon nanotubes grown on carbon black, demonstrates an exceptional elec-
tronic conductivity, chemical stability, and hydrophobicity [149]. Pt catalysts supported on
Coral-C achieve a superior catalytic activity and power output in DMFCs, outperforming
single-component MWCNT and carbon black-supported counterparts. Zhang et al. [150]
developed a Pt-based catalyst using vertically aligned carbon nanotube/carbon fiber paper
(VACNTs/CFP) supports. Ethylene glycol reduction deposited 3.5 nm Pt nanoparticles,
while VACNTs formed ordered three-dimensional porous networks. The Pt/VACNTs/CFP
system exhibited an enhanced CO tolerance and stability in methanol oxidation, attributed
to one-dimensional electron transport pathways reducing intermediate adsorption resis-
tance. This design overcomes conventional carbon limitations such as a low surface area
and disordered porosity, thereby improving catalyst utilization.

4.2. Doped Heteroatom Carbon Loading and Metal-Oxide-Modified Carbon Loading

Heteroatom doping effectively modulates carbon material properties by incorporat-
ing elements such as nitrogen, boron, and sulfur into nanostructures, altering electronic
structure, chemical reactivity, and conductivity while preserving intrinsic characteristics.
Nitrogen, with its carbon-comparable atomic radius, is widely adopted for stable dop-
ing [151]. A representative approach involves direct nitrogen doping during synthesis [152].
Forootan Fard et al. [153] prepared nitrogen-doped carbon nanotubes (N-CNTs) through
ammonia pyrolysis and fabricated PtRu/N-CNT catalysts for passive DMFCs. Nitrogen
doping increased structural defects, reducing PtRu nanoparticles to 3.5 nm with a surface
area of 91 m? g~!, representing 32% and 12% enhancements compared to carbon black and
undoped CNTs, respectively. The N-CNT-based membrane electrode assembly achieved
a peak power density of 26.1 mW cm~2 at a 3 M methanol concentration, surpassing
CNT- and carbon black-supported systems by 18% and 62%. This work demonstrates that
nitrogen doping optimizes electronic structure and enhances metal-support interactions,
advancing the design of novel DMFC catalysts.

The development of metal-oxide-modified carbon materials originates from the in-
trinsic limitations of pure metal oxides, notably their low specific surface area and poor
electronic conductivity. Strategic hybridization approaches integrate metal oxides with
carbon matrices to synergistically optimize component deficiencies. Transition metal
oxides (e.g., Co304, CuO, Fe;O3, and MoOj3) demonstrate the capacity to enhance the
catalytic activity, stability, and durability of carbon systems through composite formation,
thereby improving DMFC performance. CeO, has emerged as a prominent co-catalyst for
methanol oxidation due to its exceptional corrosion resistance and mechanical robustness.
Fluorite-structured CeO, enables reversible Ce3* /Ce** redox transitions coupled with an
oxygen storage capacity that regulates surface oxygen availability. Manthiram et al. [154]
synthesized Pt-CeO,/C via reverse microemulsion (RME), systematically investigating
nanostructure—property relationships in methanol oxidation. Compared to conventional
borohydride reduction (CBR), RME employs oil-phase micelles as nanoreactors for spatially
controlled Pt-CeO; codeposition on carbon, whereas CBR induces Pt/CeO, agglomera-
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tion through bulk-phase precipitation. Electrochemical evaluation in 0.5 M H,SO4 + 1M
CH3OH demonstrated that RME-Pt-CeO, /C achieved a 52% higher mass/specific activ-
ity than CBR-derived counterparts, attributed to interfacial oxygen transfer at Pt-CeO,
junctions. Post 100-cycle durability testing, RME-Pt-CeO, /C retained 80% of its initial
activity, outperforming Pt/C and PtRu/C through CeO;-mediated Pt stabilization. This
study validates microemulsion-enabled interfacial engineering as an effective strategy to
balance methanol adsorption-oxidation kinetics.

As a prototypical metal oxide, TiO, exhibits the following dual functionality in cat-
alytic enhancement [155]: (i) accelerating Pt-CO bond cleavage via strong metal-support
interactions (SMSI) to promote CO intermediate desorption and (ii) stabilizing Pt nanoparti-
cles against Ostwald ripening through interfacial anchoring effects. The synergistic Pt-TiOp
interaction in Pt-TiO, /C composite systems has been precisely engineered through ad-
vanced synthesis protocols, including co-sputtering deposition, sol-gel assembly, and
hydrothermal crystallization [156,157]. These controlled synthetic methodologies enable
the optimal dispersion of Pt nanoparticles on TiO,-modified carbon substrates, maximizing
interfacial charge transfer kinetics. Concurrently, MnO; has emerged as a multifunctional
additive for MOR enhancement, leveraging its inherent proton transport pathways and
sustainable redox characteristics [158]. The structural engineering of MnO;-PtRu/CNT
hybrid architectures demonstrates sequence-dependent performance optimization. The
sequential deposition of MnO, on CNT supports enables conformal oxide coatings that
(i) mitigate PtRu dissolution during electrochemical cycling and (ii) inhibit CNT substrate
corrosion. Zhou et al. [159] elucidated this protective mechanism through comparative
studies of Pt and PtRu catalysts supported on MnO;-decorated CNTs. Mechanistically, the
MnO;, interlayer serves the following dual functionalities: establishing 3D proton/electron
conduction networks to reduce charge transfer resistance and the redox-mediated scaveng-
ing of CO-like poisoning species, thereby preserving catalytically active Pt sites.

4.3. Polymer-Modified Carbon Loading

Polymer-modified carbon supports entail the strategic incorporation of polymeric
materials into carbon matrices to augment catalytic performance, operational stability, and
long-term durability. Polymers are judiciously integrated via physical /chemical methodolo-
gies, affording tailored functionalities. These hybrid systems primarily utilize the following
two polymer classifications: (i) m-conjugated conductive polymers and (ii) ionomer poly-
electrolytes. Conductive polymers emerge as viable DMFC anode catalyst supports owing
to extended m-electron delocalization, metallic-range conductivity, reversible redox doping
capability, and structure—property tunability. Notably, polyaniline (PANI), a hierarchical
nanostructured conductive polymer, has been extensively investigated as a multifunc-
tional catalyst scaffold through precisely controlled aniline oxidative polymerization path-
ways [160,161]. Prasad [162] and Lin Niu et al. [163] demonstrated PANI's effectiveness
as a support for methanol electro-oxidation, with PANI/Pt electrodes showing a superior
activity. Zhiani et al. [164] synthesized PANI nanofiber-Pt/C composites via in situ aniline
oxidative polymerization. The PANI incorporation significantly enhanced (i) catalytic activ-
ity, (i) intermediate poisoning resistance, and (iii) mechanical robustness. Complementarily,
polyelectrolyte-modified carbon architectures enable the precise fabrication of atomically
dispersed noble metal catalysts with a high site density through electrostatic confinement
phenomena. Zhao et al. [165] demonstrated polypyrrole-functionalized graphene as a high-
performance DMFC support, where conductive polymers synergistically enhanced electron
transfer kinetics and nucleation uniformity during catalyst deposition. Luo et al. [166]
engineered polydiallyldimethylammonium (PDDA)-functionalized graphene nanosheets
for precision Pt deposition through the electrostatic self-assembly of PtCls?~ precursors,
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achieving 2.8 nm Pt nanoparticles with <8% size dispersity. The charged polymeric interface
amplified functional group density while suppressing Pt aggregation, yielding a 3.2-fold
higher methanol oxidation activity compared to conventional carbon supports. This in-
terfacial engineering strategy enhanced catalysis through the following three synergistic
mechanisms: spatial confinement effects inhibiting nanoparticle coalescence, electronic
structure modulation weakening intermediate adsorption strength, and proton-conductive
interfacial networks accelerating reaction kinetics. Current challenges center on establish-
ing quantitative correlations between polymer chain architectures and long-term stability
under operational DMFC conditions, particularly regarding polymer backbone degrada-
tion during voltage cycling. Future research must integrate operando characterization
with multiscale simulations to decipher the dynamic evolution at catalyst/electrolyte/gas
interfaces while advancing scalable synthesis methods to translate laboratory innovations
into industrially viable DMFC technologies.

While polymeric coatings (e.g., conductive polymers and ionomers) initially enhance
catalyst adhesion and corrosion resistance, prolonged operation under acidic, high-potential
conditions triggers progressive degradation. The following two dominant failure mecha-
nisms emerge: (i) the temperature-dependent hydrolytic degradation of polymer matrices,
which compromises interfacial integrity and promotes catalyst detachment, and (ii) the ox-
idative decomposition of functional groups, accelerating carbon support corrosion through
pore structure deterioration. Recent advancements in crosslinked polymer networks and
inorganic—polymer hybrids demonstrate an improved stability, though their durability
remains inferior to that of commercial carbon supports under operational voltage cycling.
Rigorous evaluation via accelerated stress tests mimicking multi-year DMFC operation—
particularly potential cycling across anode-relevant ranges—is essential to establish reliable
lifetime predictions for these engineered materials.

5. Conclusions

Recent advancements in DMFC anode catalysts highlight divergent yet comple-
mentary development pathways for platinum-based and non-platinum catalytic systems.
Platinum-optimized catalysts, despite delivering unparalleled methanol oxidation kinetics
and near-term industrial applicability, remain constrained by inherent limitations, including
material scarcity, voltage-cycling-induced degradation, and unsustainable long-term cost
structures. Conversely, non-platinum alternatives exhibit a superior corrosion resistance
and scalable manufacturing potential, but suffer from inconsistent catalytic activity. To
reconcile these divergent trajectories, emerging support-engineered low-PGM architectures
and hybrid configurations synergistically enhance platinum atom utilization efficiency
while establishing transitional pathways toward sustainability. These systems concurrently
mitigate CO poisoning and acidic degradation through precisely engineered nanostructures
and alloy phase optimization.

Future advancements necessitate a phased, integrated strategy that balances immedi-
ate technological pragmatism with next-generation innovation. Near-term priorities should
emphasize the following: (1) platinum surface engineering via defect modulation and
ultra-low loading techniques to satisfy emission-sensitive applications and (2) industrial-
scale catalyst recovery protocols to alleviate supply chain volatility. Parallel efforts must
accelerate non-platinum catalyst development through atomic-scale active site engineering,
stability-optimized architectures, and alkaline membrane compatibility to resolve intrinsic
activity-stability compromises. Critically, system-level integration must align fundamental
material breakthroughs with stack engineering innovations. This holistic approach will
enable the scalable deployment of DMFC as economically viable and environmentally
sustainable energy conversion platforms.
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