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Abstract: Dual single-atom catalysts (DSAs), leveraging 

synergistic dual-site interactions, represent a promising frontier 

in electrocatalysis. However, the precise synthesis of dual-atom 

pairs and fine-tuning of their electronic structures remain 

significant challenges. Herein, we construct a defect-engineered 

heteronuclear FeMn-DSA anchored on a porous nitrogen-doped 

carbon matrix (FeMnDSA/dNC) through a customized trinuclear-

defect trapping strategy. This defect modulation strategy 

effectively stabilizes dual atomic pairs while optimizing electronic 

structures to approach Sabatier's optimality, significantly 

boosting oxygen reduction reaction (ORR) performance. The 

FeMnDSA/dNC achieves a high half-wave potential of 0.921 V in 

alkaline media, with assembled zinc-air batteries demonstrating 

291 mW cm-2 peak power density and stable charge/discharge 

cycling for over 500 h. Theoretical calculations reveal that defect-

mediated coordination adjacent to Fe-Mn diatomic centers 

triggers charge redistribution, suppressing antibonding orbital 

populations while strengthening Fe 3dz
2 with O 2p orbital 

hybridization. This modulation weakens O-O bonding through 

optimized *OOH adsorption configurations, thereby enhancing 

ORR kinetics. The present work provides valuable insights into 

the precise modulation and the underlying mechanisms of DSAs, 

advancing the design of electrocatalysts for energy storage and 

conversion applications. 

Introduction 

Amidst escalating global energy crises and the imperative drive 

toward carbon neutrality, transformative advances in sustainable 

energy storage and conversion systems have become 

indispensable.[1] Central to these technologies, the oxygen 

reduction reaction (ORR) governs the efficiency of metal-air 

batteries and fuel cells through its multistep proton-coupled 

electron transfer pathways, yet suffers from inherently sluggish 

kinetics that constrain practical implementation.[2] Currently, 

platinum-based materials remain the benchmark for ORR, their 

widespread adoption is fundamentally limited by prohibitive costs 

and finite reserves.[3] Therefore, the development of earth-

abundant electrocatalysts that combine exceptional activity, 

long-term stability, and economic viability to propel next-

generation energy technologies. 

Single-atom catalysts (SACs), renowned for their maximal 

atomic utilization and well-defined active-site architectures, have 

garnered significant attention in heterogeneous catalysis.[4] 

Among these, Fe SAC stands out as particularly notable for ORR, 

yet its typical Fe-N4 coordination governed by D4h symmetry, 

which constrain adsorption/desorption dynamics for critical 

intermediates like *OH.[5] Rational incorporation of a secondary 

heterometal to construct dual-single-atom catalysts (DSAs) 

emerges as a strategic solution, where asymmetric dual-site 

coordination disrupts local symmetry while synergistically 

redistributing electron density. This coordination engineering 

enables precise modulation of intermediate adsorption 

energetics, thereby enhancing ORR activity.[6] For instance, Fe 

adsorption on ZIF-8@ZIF-67 followed by pyrolysis yields FeCo-

DSA, which features a high density of accessible active sites and 

demonstrates a half-wave potential of 0.889 V.[7] The Fe-Se DSA, 

synthesized via high-temperature treatment of Fe/ZIF-8 and Se 

powder, exhibits asymmetrical p-d orbital hybridization and 

superior bifunctional oxygen activity with a 0.698 V potential 

difference.[8] Despite advancements in DSAs, two persistent 

challenges impede their widespread adoption: (1) the lack of 

atomic-level precision in spatially arranging heteronuclear 

diatomic pairs, and (2) the inability to systematically approximate 

the Sabatier volcano apex through conventional bimetallic 

coordination strategies. While electronic modulation via 

heteroatom doping or strain engineering can enhance ORR 

activity, such approaches often fail to concurrently stabilize 

geometrically precise atomic configurations and 

thermodynamically optimize intermediate absorption energies. 

Defect engineering emerges as a transformative strategy to 

address these dual limitations. Structurally, vacancy defects (e.g., 

N vacancies, edge sites) act as topological anchoring points, 

strengthening metal-support interactions, thereby mitigating 

metal aggregation and enhancing structural robustness.[9] 

Electronically, these defects reconfigure the local coordination 

environment of dual-metal sites, enabling precise d-band center 

modulation and tailored oxygen absorption energetics. Therefore, 

the defect-driven approach holds significant potential for 

optimizing DSA catalyst performance, bringing it closer to the 

theoretical activity ceiling. 

Drawing from prior insights, we strategically integrate defects 

into the FeMn-DSA system (FeMnDSA/dNC) via a tailored 

trinuclear-defect trapping strategy, which stabilizes atomic pairs 

and precisely optimizes the electronic properties, driving the 

system toward its theoretical performance optimum. As 

anticipated, the FeMnDSA/dNC catalyst demonstrates exceptional 

ORR performance with a half-wave potential (E1/2) of 0.921 V, 

while zinc-air batteries utilizing it as the cathode achieve a power 

density of 291 mW cm-2 and maintain remarkable long-term 

stability, sustaining charge/discharge cycles at 5 mA cm-2 for 

over 500 h. Theoretical calculations reveal that defect 

incorporation near the FeMn diatomic site in FeMnDSA/dNC 

triggers electron redistribution, promoting Fe 3dz
2 and O 2p 

orbital hybridization, which elongates the O-O bond and 

enhances *OOH adsorption, ultimately optimizing ORR kinetics. 

Results and Discussion 

The FeMnDSA/dNC catalyst was synthesized through a precisely 

engineered trinuclear-defect trapping (TDT) strategy (Figure 1a), 

involving the co-encapsulation of a Fe2Mn trinuclear cluster and 

melamine (MA) within ZIF-8 frameworks via a host-guest 

assembly. Pyrolysis of the resulting Fe2Mn/MA@ZIF-8 precursor 

induces thermal decomposition of MA, generating ammonia that 

etches the carbon matrix to create a defect-rich architecture 

while simultaneously enriching nitrogen content.[10] This 

engineered defect environment stabilizes Fe/Mn species 

liberated from Zn evaporation and cluster ligand decomposition, 

ensuring their atomic dispersion through strong metal-support    
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Figure 1. Synthesis and characterizations of FeMnDSA/dNC. (a) Schematic illustration of the synthetic process for FeMnDSA/dNC. (b) TEM, and (c) HRTEM images 

of FeMnDSA/dNC. (d) Elemental mapping images of FeMnDSA/dNC. (e) HAADF-STEM image of FeMnDSA/dNC, showing the dual atom (red ellipse). (f) The intensity 

profiles and (g) 3D model in the A1 region. (h) The intensity profiles in the A2 region. (i) Raman spectra and (j) N2 adsorption/desorption isotherms of FeMnDSA/dNC 

and FeMnDSA/NC. (k) C 1s XPS spectra for FeMnDSA/dNC. 

 

interactions. The process yields a defective carbon matrix with 

uniformly anchored FeMn dual-atom pairs (FeMnDSA/dNC). 

Control samples of FeMnDSA/NC (MA-free), FeSA/NC (Fe2Zn-

based), and dNC (Fe2M-free) were synthesized analogously for 

comparative analysis (see Supporting Information). The 

trinuclear metal clusters, Fe2M feature a highly coordinated 

structure where each FeIII
2 and M atom is coordinated by six 

carboxylic acid ligands, with a µ3-oxo bridge seamlessly 

connecting the three adjacent metal centers (Figure S1). The 

crystal structure and composition of Fe2M were thoroughly 

characterized using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and Fourier transform infrared spectroscopy  

(FT-IR), with results consistent with previous literature (Figures 

S2‒S4).[11] Further, XRD patterns of Fe2Mn/MA@ZIF-8 align 

closely with those of pristine ZIF-8 (Figure S5), and SEM 

characterization collectively demonstrates that Fe2Mn/MA 

incorporation preserves both the crystallographic integrity and 

morphological features of the ZIF-8 framework (Figures S6 and 

S7). 
Transmission electron microscopy (TEM) and SEM images of 

FeMnDSA/dNC unveil a defect-rich, porous architecture with 

preserved rhombic dodecahedral morphology, devoid of metallic 

aggregates or oxides (Figure 1b,c and Figure S8a), ensuring 

maximal active-site exposure and enhanced mass transport 

kinetics. In contrast, FeMnDSA/NC and FeSA/NC samples exhibit 

limited pore structures (Figures S8b,c and S9), highlighting the 
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crucial role of MA in creating defects. XRD pattern of 

FeMnDSA/dNC displays only two graphitic carbon peaks at ~25° 

and ~44° (Figure S10), with no detectable diffraction peaks for 

metal particles. Energy-dispersive X-ray spectroscopy (EDS) 

mapping reveals a homogeneous spatial distribution of C, N, Fe, 

and Mn elements throughout the structure (Figure 1d). Spherical 

aberration-corrected high-angle annular dark-field STEM 

(HAADF-STEM) directly visualizes Fe-Mn diatomic pairs (bright 

spots in Figure 1e) preferentially anchored at nanopore 

edges. Intensity profiles in Figure 1f and 1g (region A1) quantify 

an Fe-Mn interatomic distance of ~2.78 Å, while Figure 1h 

(region A2) reveals a 0.267 nm distance between Fe and Mn 

atoms, confirming successful construction of robustly coupled 

FeMn diatomic configurations. Inductively coupled plasma 

optical emission spectroscopy (ICP-OES) measurements 

confirm Fe and Mn loadings of 2.82 wt% and 1.16 wt%, 

respectively. Raman spectroscopy analysis of FeMnDSA/dNC 

reveals two characteristic peaks (Figure 1i): the defect-related D 

band (1350 cm-1) and the graphite-related G band (1590 cm-1).[12] 

The calculated ID/IG ratio of 1.27 for FeMnDSA/dNC is higher than 

that of FeMnDSA/NC (1.16), suggesting a greater degree of 

defects in FeMnDSA/dNC. Moreover, nitrogen adsorption-

desorption isotherms demonstrate that FeMnDSA/dNC displays a 

typical Type IV isotherm, with the pore size distribution analysis 

revealing the presence of both micropores and mesopores 

(Figure 1j, Figure S11 and Table S1). The higher Brunauer-

Emmett-Teller (BET) specific surface area of FeMnDSA/dNC (841 

m2 g-1) compared to FeMnDSA/NC (743 m2 g-1) underscores MA’s 

crucial role in defect engineering and pore structure optimization. 

This MA-derived defect engineering synergistically enhances 

atomic anchoring, reactant accessibility, and charge/mass 

transfer dynamics, as rationalized by the superior 

electrochemical performance of the catalyst. 

The surface chemical composition and valence states of the 

synthesized samples were analyzed by X-ray photoelectron 

spectroscopy (XPS). The survey spectrum of FeMnDSA/dNC 

confirms the coexisting peaks for C, N, Fe and Mn signatures 

(Figure S12), with attenuated metal signals reflecting their 

atomic-level dispersion. The high-resolution C 1s spectra of 

FeMnDSA/dNC, FeMnDSA/NC, and FeSA/NC (Figure 1k and Figure 

S13) can be deconvoluted into three components: sp2-hybridized 

graphitic C=C (284.8 eV), sp3-hybridized defective C-C (286.0 

eV), and C-N/O (289.1 eV).[13] The elevated sp3/sp2 ratio of 

FeMnDSA/dNC (0.42 vs. 0.37 for FeMnDSA/NC) indicates its 

increased defect density, aligning with Raman spectroscopic 

trends. The high-resolution N 1s spectrum of FeMnDSA/dNC

 
Figure 2. X-ray adsorption spectroscopy results for FeMnDSA/dNC and reference samples. (a) Normalized Fe K-edge XANES spectra, and (b) Fourier transform of 

k3-weighted EXAFS spectra. (c) The normalized Mn K-edge XANES spectra, and (d) Fourier transform of k3-weighted EXAFS spectra. (e,f) FT-EXAFS fitting curve 

in R space of FeMnDSA/dNC at the Fe and Mn K-edges, with the inset showing the corresponding schematic model. (g) WT plots of FeMnDSA/dNC, FePc and MnPc 

samples.
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(Figure S14) can be resolved to pyridine N (398.4 eV), metal-N 

(399.3 eV), pyrrole N (400.5 eV), graphitic N (401.4 eV), and 

oxidized N (403.2 eV), respectively.[14] Quantitative analysis 

reveals a higher Fe/Mn-N coordination ratio in FeMnDSA/dNC 

(17.1%) compared to FeMnDSA/NC (14.2%), directly confirming 

the increased density of catalytically active sites, which drives 

enhanced ORR activity. As depicted in Figures S15 and S16, the 

Fe 2p spectrum features peaks at 711.0 eV (2p3/2) and 724.5 eV 

(2p1/2), whereas the Mn 2p spectrum manifests peaks at 641.6 

eV (2p3/2) and 653.3 eV (2p1/2).
[15] FeMnDSA/dNC exhibits a shift 

in Fe 2p and Mn 2p peaks towards higher and lower binding 

energies compared to FeMnDSA/NC, indicative of electron 

redistribution between Fe and Mn due to defect engineering, 

which favors the regulation of intermediate 

adsorption/desorption during ORR.  
To elucidate the electronic structure and local coordination 

environment of the FeMnDSA/dNC catalyst, X-ray absorption 

near-edge structure (XANES) and extended X-ray absorption 

fine structure (EXAFS) spectroscopy were further conducted.[16] 

The Fe K-edge XANES spectrum (Figure 2a) reveals an 

absorption edge positioned between FeO and Fe2O3, indicating 

an oxidation state of Fe between +2 and +3. Fourier-transformed 

k3-weighted EXAFS spectrum (Figure 2b) exhibits a primary Fe-

N coordination shell at ~1.50 Å and a secondary Fe-Mn 

scattering path at ~2.45 Å, unambiguously confirming 

heteronuclear Fe-Mn coupling.[17] Similarly, the Mn K-edge 

XANES (Figure 2c) aligns with MnPc, signifying a predominant 

Mn2+ oxidation state, while EXAFS (Figure 2d) identifies Mn-N 

bonds at ~1.38 Å and replicates the Fe-Mn interatomic distance 

at ~2.45 Å, validating reciprocal metal-metal coordination. The 

least-squares EXAFS fitting (Figure 2e,f) deciphers the diatomic 

architecture: Fe atoms are coordinated with four nitrogen atoms 

and are bonded to one Mn atom, while Mn atoms exhibit 

analogous N4 coordination and reciprocally couple to Fe via 

antipodal Mn-Fe bonds (Figure S17 and Table S2). Wavelet-

Transform (WT) analysis was further employed to resolve 

atomic-scale coordination environments. As shown in Figure 2g 

and S18, the maximum intensity values for Fe and Mn in 

FeMnDSA/dNC (4.8 Å-1 and 5.1 Å-1 in k-space) differ from those of 

Fe foil (8.2 Å-1) and Mn foil (7.7 Å-1), unambiguosuly validating 

the absence of metal clustering and establishing heteronuclear 

Fe-Mn diatomic pairs. These comprehensive characterizations 

verify the defect-stabilized FeMn dual-site architecture within N-

doped carbon matrix, achieved through the precisely engineered 

TDT synthetic protocol. 

Electrocatalytic ORR performance of the synthesized catalysts 

was quantitatively assessed using a rotating disk electrode (RDE) 

in O2-saturated 0.1 M KOH electrolyte, with polarization curves 

acquired at 1600 rpm under a standard three-electrode 

configuration. As depicted in Figure 3a, FeMnDSA/dNC 

demonstrates superior ORR performance, achieving a half-wave 

potential (E1/2) of 0.921 V (vs. RHE), which is 27 mV, 39 mV, and 

46 mV higher than that of FeMnDSA/NC, FeSA/NC, and 20 wt% 

Pt/C, respectively. This remarkable activity is attributed to the 

defect-engineered FeMn diatomic architecture, which optimizes 

d-band electron distribution to promote ORR. To prove the MA-

induced defect effects, we systematically evaluated the ORR 

performance of FeMnDSA/dNC catalysts under varied MA 

loadings (200-600 mg). As evidenced in Figure S19, 

FeMnDSA/dNC-400 mg delivers peak activity due to an optimal 

balance between defect density and structural stability.

 
Figure 3. Electrochemical ORR performance. (a) LSV curves recorded for FeMnDSA/dNC and reference samples at 1600 rpm in O2-saturated 0.1 M KOH. (b) Tafel 

plots. (c) Comparison of Jk at 0.85 V and E1/2. (d, e) LSV curves of FeMnDSA/dNC at varied rotating speeds and calculated K-L plots. (f) Electron-transfer number 

and H2O2 yield of FeMnDSA/dNC. (g) Chronoamperometric responses of FeMnDSA/dNC and Pt/C. (h) LSV curves of FeMnDSA/dNC before and after 5000 CV cycles. 

(i) Comparison of Eonset and E1/2 values for FeMnDSA/dNC and previously reported ORR catalysts. 
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Kinetic superiority is further evidenced by the Tafel slope of 

FeMnDSA/dNC (56.8 mV/dec, Figure 3b), which is lower than that 

of FeMnDSA/NC (59.2 mV/dec), FeSA/NC (60.1 mV/dec), and Pt/C 

(75.9 mV/dec). Additionally, the kinetic current density (Jₖ) of 

FeMnDSA/dNC at 0.85 V vs. RHE reaches 62.98 mA cm-2, 

exceeding all counterparts (Figure 3c). Electrochemical 

impedance spectroscopy (EIS) confirms its minimal charge 

transfer resistance (Figure S20), indicative of rapid interfacial 

electron dynamics of FeMnDSA/dNC.[18] Rotating speed-

dependent linear sweep voltammetry (LSV)  and derived 

Koutecky-Levich (K-L) plots (Figure 3d,e and S21) exhibit 

linearity within the potential range of 0.4-0.7 V (vs. RHE), 

resulting in an electron transfer number (n) of ~4.0 for 

FeMnDSA/dNC. Rotating ring-disk electrode (RRDE) analyses 

(Figure 3f) corroborate a dominant four-electron pathway, with 

H2O2 yield below 2.5% and n ≈ 4.0 across 0.2-0.8 V vs. RHE. 

The stability of FeMnDSA/dNC was assessed through 

chronoamperometric testing. As depicted in Figure 3g, it 

maintains 94.5% initial current after 20 h of continuous operation 

in 0.1 M KOH, while the Pt/C catalyst remains only 83.2%. After 

5000 cyclic voltammetry (CV) cycles between 0.6 V and 1.0 V vs. 

RHE (Figure 3h), the E1/2 of FeMnDSA/dNC decreased by just 12 

mV, both confirming its excellent long-term stability. Notably, the 

FeMnDSA/dNC catalyst surpasses other non-precious metal-

based electrocatalysts documented in the literature (Figure 3i 

and Table S3), positioning it at the forefront of advanced 

electrocatalyst design. 

In-situ attenuated total reflectance surface-enhanced infrared 

absorption spectroscopy (ATR-SEIRAS) was conducted to 

identify critical oxygen reduction intermediates on FeMnDSA/dNC. 

Progressive potential polarization from open-circuit voltage to 0.1 

V vs. RHE intensifies interfacial water bending (1643 cm-1) and 

O‒H stretching (3370 cm-1) modes (Figure 5a), signifying 

hydroxyl group accumulation during ORR.[19] Meanwhile, the 

distinct vibrational bands at 1170 cm-1 (*OOH) and 1068 cm-1 

(*O2-), confirm mono-site adsorption of *OOH intermediates[20], 

highlighting the well-defined adsorption characteristics of the 

active sites. Density functional theory (DFT) calculations were 

performed to elucidate the ORR mechanism of FeMnDSA/dNC 

and assess the impact of defects on the local coordination 

environment and electronic structure at the atomic level. Three 

configuration models, FeSA/NC, FeMnDSA/NC, and FeMnDSA/dNC, 

were constructed for comparative analysis (Figure S22). Gibbs 

free energy (ΔG) profiles (Figures S23,S24) for each ORR step 

indicate a spontaneous exothermic reaction at U = 0 V. At the 

equilibrium potential (U = 1.23 V), the rate-determining step 

(RDS) for *OH desorption in FeSA/NC has an energy barrier of 

0.83 V. In contrast, for FeMnDSA/NC and FeMnDSA/dNC, the RDS 

shifts to *OOH formation, with energy barriers of 0.72 V and 0.40 

V, respectively (Figure 4b). Density of states (DOS) analysis was 

employed to investigate the electronic structural modifications of 

DSAs mediated by defects. The d-band center of the Fe site in 

FeMnDSA/dNC shifts from -1.52 eV to -1.38 eV relative to 

FeMnDSA/NC, indicating a decrease in antibonding orbital           

 
Figure 4. In-situ ATR-SEIRAS and theoretical analysis. (a) Potential-dependent in-situ ATR-SEIRAS spectra for FeMnDSA/dNC, with the potential interval of 100 

mV. (b) Free energy diagrams for the corresponding three samples. (c) DOS of Fe site for FeMnDSA/NC and FeMnDSA/dNC. (d) Charge density difference and Bader 

charge analysis of *OOH adsorbed on FeMnDSA/NC and FeMnDSA/dNC. (e,f) pCOHP of *OOH adsorbed, (g,h) PDOS of Fe 3d and O 2p orbital for FeMnDSA/NC and 

FeMnDSA/dNC. (i) Schematic illustration of Fe-*OOH bond formation for FeMnDSA/NC and FeMnDSA/dNC. 
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occupation and a more robust interaction with O2 (Figure 4c). 

Charge difference density and Bader charge analyses (Figure 4d) 

reveal that defect engineering amplifies electron donation from 

Fe active sites in FeMnDSA/dNC to adsorbed *OOH intermediates 

(0.36 e- vs. 0.34 e- in FeMnDSA/NC), reinforcing stronger Fe-O 

interactions. Correspondingly, *OOH adsorption on 

FeMnDSA/dNC features an elongated O-O bond (1.45 Å vs. 1.42 

Å) and a shortened Fe-O bond (1.85 Å vs. 1.92 Å) compared to 

FeMnDSA/NC, collectively strengthening *OOH activation kinetics. 

Further analysis through crystal orbital hamiltonian population 

(COHP) analysis reveals that the Fe-O bond strength in 

FeMnDSA/dNC (-3.002 eV) is stronger than that in FeMnDSA/NC (-

2.313 eV) upon *OOH adsorption. This enhancement is primarily 

attributed to the hybridization of Fe 3dz
2 orbitals with O 2p orbitals, 

accompanied by additional contributions from the dyz and dxz 

orbitals (Figure 4e,f and Tables S5‒S7). Projected DOS (PDOS) 

analysis of Fe 3d and O 2p orbitals after *OOH adsorption (Figure 

4g-i) reveals a larger energy gap between bonding and 

antibonding states in the spin-up configuration of FeMnDSA/dNC 

compared to FeMnDSA/NC, which enhances Fe-O bonding and 

corroborates Bader charge analysis. DFT calculation results 

demonstrate that the synergistic interplay between 

heteronuclear DSA coordination and defect-driven electronic 

restructuring reduces the ORR activation energy barrier, 

approaching the Sabatier volcano plot apex.  
The practical efficacy of FeMnDSA/dNC was validated in zinc-

air batteries (ZABs) employing it or Pt/C as air cathodes (Figure 

5a). The FeMnDSA/dNC-based ZAB achieves a superior open-

circuit voltage of 1.50 V, surpassing that of the Pt/C-based ZAB 

(1.48 V) (Figure 5b). Additionally, it delivers a peak power density 

of 291 mW cm-2 at a current density of 557 mA cm-2, higher than 

the Pt/C-based ZAB (217 mW cm-2 at 419 mA cm-2) (Figure 5c). 

The stepped discharge curves (Figure 5d) illustrate that the 

FeMnDSA/dNC-based ZAB sustains a stable discharge plateau 

even at elevated current densities. When the current density is 

reduced back to 2 mA cm-2, the plateau remains virtually 

unaffected, underscoring its remarkable reversibility and stability. 

At a constant 10 mA cm-2, the FeMnDSA/dNC-based ZAB 

demonstrates a specific capacity of 817 mA h g-1, outperforming 

the Pt/C-based ZAB (665 mA h g-1) (Figure 5e). Furthermore, a 

single FeMnDSA/dNC-based ZAB powers a blue light-emitting 

diode (LED), showcasing its practical viability (Figure 5b inset). 

To evaluate the cycling performance, a ZAB with the 

FeMnDSA/dNC+RuO2 cathode was tested through to charge-

discharge cycling at 5mA cm-2. Impressively, the     

FeMnDSA/dNC+RuO2-based ZAB maintains a stable voltage  

 
Figure 5. Zinc-air (ZAB) battery performance of FeMnDSA/dNC-based ZAB and comparison with Pt/C-based ZAB. (a) Schematic illustration of ZAB. (b) Open circuit 

potential, with an inset photograph of an LED lamp powered by FeMnDSA/dNC-based ZAB. (c) Polarization curves and corresponding power densities. (d) 

Galvanostatic discharge curves at various current densities. (e) Specific capacity evaluation at 10 mA cm-2. (f) Peak power density and runtime of rechargeable 

FeMnDSA/dNC-based ZAB compared to previously reported ZABs. (g) Galvanostatic discharge-charge cycle profiles of ZAB based on FeMnDSA/dNC+RuO2 and 

Pt/C+RuO2 at 5 mA cm-2.
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gap of 0.79 V over 500 h of prolonged functioning with negligible 

voltage decay (Figure 5g), whereas the Pt/C+RuO₂-based ZAB 

degrades rapidly within 50 h. The FeMnDSA/dNC-based ZAB 

rivals the majority of state-of-the-art ZABs reported in recent 

literature (Figure 5f and Table S4), accentuating its potential as 

a high-performance and durable alternative to Pt-based systems. 

Conclusion 

In summary, we have achieved atomic-precision immobilization 

of heteronuclear Fe-Mn diatomic pairs within defect-rich 

nitrogen-doped carbon matrices through the precisely 

engineered TDT synthetic protocal, where orchestrated defect 

traps simultaneously stabilize metal sites and tailor d-orbital 

hybridization. The synergistic electronic effects endow 

FeMnDSA/dNC with exceptional ORR electrocatalysis in alkaline 

media, exhibiting a high half-wave potential of 0.921 V, 46 mV 

superior to benchmark Pt/C. When integrated into zinc-air 

batteries, it achieves a peak power density of 291 mW cm-2 and 

sustains stable charge-discharge cycling for 500 h. In-situ 

spectroscopy and DFT calculations reveal that defect-mediated 

FeMn interactions enhance electron transfer from Fe sites to 
*OOH intermediates, reinforcing Fe 3dz

2-O 2p hybridization, 

which consequently alters the RDS and reduces the ORR 

activation energy barrier, bringing it closer to the Sabatier 

volcano peak. This work presents a novel strategy for the 

targeted synthesis of DSAs and elucidates the mechanisms of 

their intrinsic activity, driving the development of advanced 

electrocatalysts for energy storage and conversion. 
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