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Figure 1 (Color online) Two primary mechanistic pathways of the electrochemical ammonia oxidation reaction (eAOR). (a) Oswin—Salomon (O-S)

pathway: NH; undergoes stepwise dehydrogenation to —NH, species, possibly leading to surface adsorbed N, intermediate. (b) Gerischer-Mauerer
(G-M) pathway: NH; undergoes successive dehydrogenation to -NH, intermediates, followed by N-N bond formation via surface coupling to produce N,
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Figure 2 (Color online) Dependence of eAOR on Pt crystal facets and interfacial pH. (a) Comparison of eAOR activity on different Pt facets

[39]

(b) Variation of eAOR current density on Pt(100) as a function of electrolyte pHMO]
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Figure 3 (Color online) Representative LDH-based electrocatalysts for ammonia oxidation and their structure—activity correlations. (a) Cu doping
induces a—a/p phase transition in Ni(OH),, forming enlarged interlayer spacing and enriched active sites®"). (b) In the CuCo-LDH self-supporting
electrode, Cu sites enable NH; adsorption and Co sites enable dehydrogenation, achieving high N, selectivity®”. (¢) N-NiZnCu-LDH/rGO hybrid
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electronic structure and OH™ microenvironment®. (¢) B-doped NiFe-LDH forms amorphous—crystalline interfaces and high-valent active sites for
bifunctional AOR/HER catalysis!®"!
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Figure 4 (Color online) Illustration of structure—activity relationship and mechanistic insight of eAOR in molecular electrocatalysts. (a) Pyridine-

functionalized ferrocenyl Fe complexes enable hydrogen-bond-assisted PCET, generating *NH, radicals that couple to form hydrazine intermediates

[19]

(b) Ru-bds-Mepy molecular catalyst achieves efficient eéAOR via sulfonate-mediated H-bonding, facilitating proton transfer (TON = 390, TOF =
51.47 s ). (c) Illustration of renewable energy-driven nitrogen—ammonia energy cycle, demonstrating the energy coupling between DAFC with
eAOR as anode reaction and NH; synthesis®”. (d) Macrocyclic Fe(Il) complexes exhibit sequential NH; coordination, illustrating the molecular model

with tunable coordination environment'®*!
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The growing urgency of global energy transition and the pressing demand for carbon neutrality have positioned ammonia
(NHj3;) as a promising hydrogen carrier and carbon-free fuel. Owing to its high hydrogen content (17.6 wt%), ease of
liquefaction, and globally established production infrastructure, NH; will play a pivotal role in the envisioned hydrogen—
nitrogen integrated energy system. Direct NH; fuel cells (DAFCs) rely on the electrochemical NH; oxidation reaction
(eAOR), a strategically important anodic reaction in various application scenarios including green hydrogen release,
nitrogen recycling, environmental remediation, and NHj-based energy storage. However, the eAOR is a kinetically
sluggish and multistep reaction involving multiple proton—electron transfers, N-N bond formation, and the evolution of
strongly adsorbed intermediates. These complexities often result in poor activity, low selectivity toward N, formation, and
severe catalyst poisoning, which considerably constrain practical implementations of the eAOR.

In recent years, efforts to overcome the aforementioned challenges have driven the field toward two parallel approaches:
(i) fine-tuning the active sites of noble-metal catalysts—particularly the Pt(100) facet—through facet engineering,
alloying, and electronic structure modulation, and (ii) exploring emerging non-noble-metal systems and molecular
electrocatalysts to expand the catalyst library beyond traditional metallic frameworks. Concurrently, advances in in-situ
spectroscopy, density functional theory (DFT), and surface-sensitive characterization techniques have provided deep
mechanistic insights, transitioning research from activity-oriented studies to mechanistic reconstruction and structure—
function correlations.

This review presents a comprehensive and structured summary of recent developments in the design principles,
mechanistic understanding, and performance regulation of eAOR catalysts. We first discuss the two primary reaction
pathways (Oswin—Salomon and Gerischer—Mauerer), the dependence of these pathways on catalyst surface orientation,
and the critical roles of *NH, intermediates in determining activity and poisoning resistance of the catalyst. We then
systematically explore the structural engineering of Pt-based materials—including the role of Pt(100), high-index facets,
and compositional modulation—highlighting the performance—stability trade-offs and the synthetic challenges of precise
facet exposure.

Furthermore, we focus on alloy strategies (e.g., PtIrCu, PtMoNi, and Pt;PdNi). We illustrate the modulating effect of
multimetallic synergies and strain engineering on the d-band centers, which enhances the catalytic efficiency and
selectivity. In addition, we discuss the ability of hybrid systems involving Pt—oxide and Pt-layered double hydroxide
(LDH) interfaces to regulate local OH environments and suppress undesired side reactions. Emphasizing that LDH
constructs dynamic OH™ microenvironments, we critically analyze their oxidation reconstruction behavior, interfacial
coordination, and compatibility with Pt-based active sites.

The review also introduces homogeneous molecular catalysts as an emerging frontier. Featuring iron, ruthenium, and
dinuclear complexes that facilitate NH; activation and selective N-N coupling under mild conditions, these catalysts can
enable precise control over the intermediate states and proton-coupled electron transfer (PCET) steps.

Finally, we highlight recent breakthroughs in non-noble-metal catalysts, including oxygen-vacancy-rich CuO, atomically
dispersed NiCu dual-site systems, and CeO, with engineered vacancy structures. These materials are viable alternatives to
Pt-based systems, demonstrating competitive performance, stability, and mechanistic versatility.

Besides mapping the current landscape of eAOR catalyst development, this review identifies the key design principles,
mechanistic bottlenecks, and opportunities for cross-disciplinary integration of eAOR catalysts. As future directions, we
propose cross-scale mechanistic mapping, interface-specific engineering, and practical evaluations under real-device
conditions. Such studies would provide theoretical insights and strategic guidance for advancing ¢AOR technologies
within the green energy and nitrogen cycle paradigms.

electrocatalysis, ammonia oxidation, nitrogen, catalyst design
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