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A universal N,O4-cavity strategy for precisely
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of Chemistry Diatomic catalysts offer greater promise than single-atom catalysts for the oxygen reduction reaction
(ORR), yet simultaneously controlling atomic spacing, maximizing performance, and suppressing
degradation remains challenging in conventional M—N4 frameworks. Here, we introduce an asymmetric
N>O4 coordination in place of traditional Ns symmetry and, via an oxygen-coordinated polydentate
ligand-electrospinning strategy, synthesize a MnMn-ON/C diatomic catalyst. MNMn-ON/C delivers a high
half-wave potential E;/, of 0.925 V, exceeding most reported asymmetric Mn-based diatomic catalysts.
After 50 000 cycles it lost only 11 mV, and it operated stably in a zinc—air battery for 1000 hours without
significant performance degradation, representing the best overall performance among asymmetric
manganese-based diatomic systems. In situ spectroscopy combined with DFT reveals that N,Og4-
induced electronic coupling at Mn diatomic sites strengthens *OOH adsorption, while oxygen

coordination tunes the density of states near the Fermi level. The cavity-confined architecture and
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Accepted 27th October 2025 strong Mn onding jointly suppress migration and aggregation of active sites, enabling reversible
valence regulation and recoverable activity. This asymmetric coordination-cavity strategy affords precise

DOI: 10.1039/d55c07897k control of diatomic spacing and extends to other transition metals (Co, Cu, Ni), offering a general route
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Introduction

The escalating global energy and environmental pressures
underscore the urgent need for sustainable, high-efficiency
energy conversion technologies."” The oxygen reduction reac-
tion (ORR), the pivotal electrochemical step in fuel cells and
metal-air batteries, ultimately governs the performance and
commercial prospects of these devices.*” Yet their broad
adoption is hampered by reliance on platinum catalysts.
Advancing high-performance, low-cost, non-precious metal
ORR catalysts is therefore a central scientific and technological
priority for the clean-energy transition. Single-atom catalysts
(SACs) have drawn intense interest for their fully exposed active
sites and 100% atomic utilization.*” However, isolated sites
enforce fixed adsorption modes, producing correlated adsorp-
tion energies across multi-step pathways.*® This scaling
behavior hampers simultaneous optimization of adsorption
and desorption for all intermediates, limiting overall activity.
Dual-atom catalysts (DACs) offer a path to relax these
constraints by enabling synergistic interactions and electron
transfer between adjacent metals. They provide additional,
cooperative adsorption motifs for multi-electron intermediates
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to mitigate performance degradation in non-precious metal ORR catalysts.

while tuning binding strengths.'®'* Most reported DACs,
however, adopt symmetric coordination—typically M,Ng
frameworks."»** Although such designs achieve dual-site
synergy, each metal center remains in a symmetric N environ-
ment. The resultant symmetric charge distribution weakens
adsorption of key ORR intermediates and slows reaction
kinetics," representing a critical bottleneck to further progress
in DAC development.™

Developing high-performance dual-atom catalysts faces
several foundational challenges.'®"” First, precise, atomic-level
control over the spacing between two metal atoms lacks
robust, generalizable design rules.'® Current approaches largely
depend on empirical screening, while conventional pyrolysis
and impregnation often lead to aggregation and broad spacing
distributions.” For example, although some team's pyrolysis
route yielded Mn dual-atom catalysts, the concurrent presence
of clusters indicates room to further optimize ORR perfor-
mance.” Likewise, some team demonstrated the feasibility of
dual-atom synthesis but focused mainly on single-element
systems, leaving scope for more systematic investigation
across metals and structures.** Second, heteroatom coordina-
tion can boost ORR activity but introduces serious stability
risks. Recent efforts to break the electronic and geometric
symmetry of M-N, sites—by varying the coordinating atoms
and local environments (such as C, P, S, Cl)—have delivered
notable performance gains, yet durability remains problematic.

Electron enrichment at the active centers enhances

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intermediate activation but weakens the anchoring of metal
sites. Bonds such as M-C,*>?* M-S,2*2” M-P,**° and M-CI** are
prone to dissolution and reconstruction under electrochemical
conditions, undermining long-term stability.>* For instance,
some team's Fe single-atom catalyst achieved strong ORR
activity by tuning Fe charge density to optimize adsorption of
*OH, *0, and *OOH, but further improvements in durability are
still needed.”® Finally, stability-protection strategies for Mn-
based catalysts are especially limited. Under operating condi-
tions, Mn can undergo complex, potential-dependent changes
in valence, coordination, and interfacial behavior, complicating
efforts to design targeted stabilization schemes.® Existing
studies have not fully clarified the intrinsic mechanisms of Mn
active-site degradation, which in turn hinders the translation of
these catalysts from laboratory demonstrations to practical
applications.

To address the central challenges of dual-atom catalysts, we
establish a comprehensive, multi-dimensional research frame-
work. First, we synthesize MnMn-ON/C with asymmetric N,O,
coordination. Incorporating O atoms breaks symmetry and
tunes the electronic structure of Mn active centers, enabling
a half-wave potential of 0.925 V. At the same time, Mn-O
coordination enhances durability during extended operation,
with only an 11 mV loss in E;), after 50 000 CV cycles—miti-
gating the typical trade-off between activity and stability.
Second, we integrate electrospinning with oxygen-coordinated
polydentate ligands to achieve atomic-scale control over dual-
atom spacing. This approach suppresses cluster formation
and addresses the long-standing issue of uneven site separation
in conventional syntheses. The strategy is general and extends
to other transition metals (Co, Cu, Ni). Third, we comparatively
probe degradation pathways in Mn-based catalysts. Conven-
tional N-coordinated systems suffer cumulative activity loss due
to Mn oxidation and Mn-N bond cleavage, which leads to Mn
dissolution. By contrast, MnMn-ON/C primarily undergoes
a transient increase in Mn valence under oxygen-rich condi-
tions, causing reversible intrinsic activity decreases rather than
bond rupture. This behavior makes post-operation recovery
feasible by alleviating high oxidation states. Finally, in situ
spectroscopy verifies the formation of ORR intermediates, while
DFT calculations show that O coordination optimizes the Mn d-
orbital configuration, improves catalytic performance, and
reduces the propensity for further metal oxidation. Together,
these advances provide a solid foundation for asymmetric dual-
atom catalyst design and for suppressing performance degra-
dation in non-precious metal coordination systems.

Results and discussion

Synthesis and characterization of MnMn-ON/C with
demonstration of method generality

To create highly dispersed and stable dual-atom catalytic sites, we
developed a coordination-guided, ligand-templated synthesis
(Fig. 1a). The process has two stages: (1) prepare a multidentate
oxygen-containing organic ligand (H,L), coordinate it with metal
ions to form a well-defined metal-ligand precursor (Mn complex).
(2) Blend the precursor with polymers, form fibrous intermediates
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by electrospinning, and then anneal to construct Mn-O-Mn
bridged dual-atom sites on a carbon support (MnMn-ON/C). By
substituting the metal salts, this strategy generalizes to Co, Ni, and
Cu dual-atom catalysts (Fig. S1).

The ligand H,L was obtained by a Schiff-base condensation
of CgHgO; with ethylenediamine in ethanol at 50-55 °C, fol-
lowed by recrystallization to afford H,L in 69% yield
(C1sH20N,04). '"H NMR (Fig. S2a) and mass spectrometry
(Fig. S2b) confirmed the expected structure and purity,
providing a reliable precursor for coordination and templating.
We then elucidated the coordination stoichiometry and binding
mode with Mn** using colorimetric observation, ESI-MS, FT-IR,
and fluorescence titration. Upon adding 2 equivalents of Mn>*
to a solution of H,L (1 equivalent), the solution color changed
immediately, indicating complex formation, ESI-MS showed
a peak at m/z = 436.06 (Fig. S2c), consistent with the complex.
FT-IR (Fig. S2d) revealed the disappearance of the O-H stretch
at ~3443 cm™ ' (deprotonated phenolates engaged in coordi-
nation), a slight red shift of C=N from ~1615 to ~1610 cm™"
(nitrogen coordination affecting conjugation), and a shift of the
Ar-O stretch from ~1283 to ~1247 ¢cm ' (aromatic oxygen
coordination). Fluorescence titration (H,L 1 x 107> mol L™, A¢x
= 280 nm, Mn** 1 x 10~® mol L™ ') showed strong ligand
emission at ~380 nm that quenched progressively and pla-
teaued near 2 equivalents of Mn>* (Fig. S2e), break-point anal-
ysis across repeats gave a clear inflection at Mn**/H,L = 2.0
(Fig. S2f), establishing a 1:2 H,L:Mn>" stoichiometry. Time-
dependent fluorescence and UV visualization (Fig. S2g) indi-
cated good complex stability. Together, these data confirm
a multidentate 1:2 coordination that molecularly templates
subsequent dual-atom site construction on carbon.

Building on this precursor, we co-blended the Mn complex
with PVP and PAN and produced uniform fibers by electro-
spinning, precisely controlling diameter via voltage, tip-to-
collector distance, flow rate, and ambient humidity. The as-
spun fibers were highly flexible (Fig. S3a). After annealing at
600 °C, the carbonized mats retained appreciable flexibility
(Fig. S3b), indicating good mechanical integrity suitable for
flexible devices (e.g:, flexible Zn-air batteries). Characterization
confirms that combining ligand templating with electro-
spinning and controlled annealing yields well-dispersed,
architected Mn-O-N bridged dual-atom sites on carbon fibers.
Replacing the metal salts under the same workflow affords
CoCo-ON/C, NiNi-ON/C, and CuCu-ON/C (Fig. S1), demon-
strating the generality of this ligand-templated approach across
multiple transition metals.

SEM imaging (Fig. S4a) reveals continuous MnMn-ON/C fibers
with diameters predominantly in the 300-400 nm range (Fig. S4b).
Higher-magnification SEM (Fig. 1b) provides additional surface
and morphological detail, confirming uniform fiber formation.
TEM images (Fig. 1c) show straight fibers with smooth surfaces,
while EDS elemental maps (Fig. 1d) demonstrate a homogeneous
distribution of Mn, N, O, and C across the fibers. SAED patterns
(Fig. 1e) lack polycrystalline rings, indicating an overall amorphous
carbon matrix and the absence of metallic Mn phases, consistent
with atomically dispersed Mn. Atomic-resolution HAADF-STEM
further assesses Mn dispersion. As shown in Fig. 1f, Mn occurs
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Fig. 1 Synthetic strategy and structural characterization of MnMn-ON/C. (a) Schematic of the MnMn-ON/C fabrication process. (b) SEM
micrograph (1 pm). (c) TEM micrograph (1 um). (d) Elemental mapping of the region highlighted by the red dashed box in panel (c) (500 nm). (e)
SAED pattern (5 nm™3). () AC-HAADF-STEM image (2 nm). (g) 3D structural model of Mn—Mn diatomic sites corresponding to the green box in
panel (f). (h) Statistical distribution of Mn—Mn interatomic distances. () Mn K-edge XANES spectra. (j) Fourier-transformed EXAFS of selected
samples, the green solid curve is the fitted Mn spectrum for MNMn-ON/C. (k) Wavelet transform contour of the Mn EXAFS.

predominantly as closely spaced atom pairs (highlighted in red) representative Mn pair (green box) was used to construct a 3D

uniformly distributed on the carbon support, occasional single Mn  structural model (Fig. 1g), in which C, N, and O appear darker due
atoms are present, and no metal clusters are detected. A to weaker scattering, while Mn appears bright blue. The measured
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Mn-Mn distance is 2.77 A. Population statistics from multiple
images (Fig. 1h) show Mn-Mn separations mainly between 2.0 and
3.2 A, with an average of 2.76 A. These observations support a dual-
atom configuration formed from a single H,L ligand coordinating
two Mn>" ions, where the N,O, and O, coordination cavities
spatially confine the interatomic distance.

X-ray absorption spectroscopy (XAS) was used to resolve the
Mn coordination environment and oxidation state. The Mn K-
edge XANES (Fig. 1i) shows clear distinctions among Mn foil,
MnMn-ON/C, and MnO. The absorption edge of MnMn-ON/C
falls between Mn foil and MnO, indicating an average Mn
valence between 0 and +2. k*-weighted EXAFS of the Fourier
transform (Fig. 1j) further clarifies the local bonding environ-
ment. In MnMn-ON/C, the Mn-N and Mn-O bond lengths are
approximately 1.77 A and 1.96 A, respectively. The characteristic
Mn-Mn peak of metallic Mn at 2.45 A is absent, ruling out
appreciable Mn metal clusters. Combined with electron
microscopy, the weak signal at 2.78 A can be assigned to
neighboring Mn atoms, indicating a Mn-Mn distance of
roughly 2.78 A. Wavelet transform analyses (Fig. 1k and S5a, b)
are consistent with the R-space assignments, and fitting in -
space also shows good agreement (Fig. S5c-e), the fitted
parameters are summarized in Table S1. Overall, XAS and AC-
HAADF-STEM together corroborate the presence of stable Mn
dual-atom pairs in MnMn-ON/C. To isolate the role of oxygen
coordination, a control catalyst, MnMn-N/C, containing only N
coordination, was synthesized. SEM (Fig. S6a) shows straight,
unbranched fibers, HAADF-STEM (Fig. S6b) reveals smooth
surfaces, and EDS maps (Fig. S6c) confirm uniform elemental
dispersion. SAED (Fig. S6d) shows no diffraction spots, indi-
cating the absence of Mn particles or clusters, analogous to
MnMn-ON/C. Conventional analyses further compare the two
catalysts.

XRD (Fig. S7a) displays a single broad reflection near 24° for
both samples, assignable to graphitic (002), with no peaks for
metallic Mn, consistent with atomic-level dispersion. Nitrogen
sorption (Fig. S7b) shows type-IV isotherms and similar surface
areas—232.13 m”> g~ ' for MnMn-ON/C and 225.72 m”> g~ for
MnMn-N/C—indicating comparable porosity and morphology.
These results ensure that differences in catalytic behavior can
be attributed primarily to the distinct coordination environ-
ments rather than to textural factors. Raman spectroscopy
(Fig. S7c) shows two characteristic bands at 1346 cm™* (D) and
1580 cm ! (G) for both catalysts. The intensity ratio (Ip/Ig) is 1.2
for MnMn-ON/C and 1.1 for MnMn-N/C, indicating a higher
defect density in MnMn-ON/C (e.g., edges, heteroatom sites,
increased sp® content, or smaller graphitic domains). Such
defects can facilitate charge transport and benefit ORR kinetics.
XPS survey spectra are broadly similar (Fig. S7d). MnMn-ON/C
exhibits a slightly stronger O 1s signal at 532 eV, consistent
with greater oxygen coordination. High-resolution Mn 2p
spectra show MnMn-N/C with Mn 2p;, at 654.0 eV and Mn 2p;,
at 642.0 eV (Fig. S7e).**** MnMn-ON/C displays a small positive
shift in both peaks, attributable to the higher electronegativity
of O relative to N: oxygen withdraws more electron density from
Mn, lowering the local electron cloud and increasing core-level
binding energies. Consistently, the Mn K-edge XANES of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MnMn-N/C (Fig. S7f) positions its absorption between Mn foil
and MnMn-ON/C, aligning with the XPS trend. Together, XANES
and XPS confirm that the coordination environment signifi-
cantly tunes the Mn electronic structure. Relative to N coordi-
nation, O coordination in MnMn-ON/C reduces Mn electron
density and raises the effective oxidation state, a factor expected
to influence catalytic behavior. FT EXAFS of MnMn-N/C
(Fig. S7g) resolves its local coordination, the fit (red line)
shows good agreement in both R-space and k-space (Fig. S7h),
with detailed parameters summarized in Table S1. These results
provide a consistent structural and electronic baseline for
comparing MnMn-ON/C and MnMn-N/C.

The oxygen-containing polydentate ligand plus electro-
spinning approach offers four advantages: (1) High atomic
utilization: each ligand anchors two metal atoms, minimizing
metal loss. (2) Precise spatial control: the rigid ligand scaffold
dictates metal-metal spacing with accuracy. (3) Mild process-
ing: a 600 °C anneal circumvents energy-intensive atom-
trapping procedures. (4) Broad applicability: the method
extends beyond Mn to multiple transition metals. Following the
same protocol, NiNi-ON/C, CoCo-ON/C, and CuCu-ON/C were
prepared. Their XRD patterns (Fig. S8a) show only a prominent
reflection near 24° assigned to graphitic (002), with no metal or
alloy peaks, indicating atomic-level dispersion. SEM images
(Fig. S8b-d) confirm morphologies comparable to MnMn-ON/C.
AC-HAADF-STEM and XAS establish dual-atom dispersion for
Ni, Co, and Cu on carbon (Fig. 2a, d and g), with interatomic
distance statistics summarized in Fig. S9a-c. K-edge XANES
places all three metals at oxidation states between 0 and +2
(Fig. 2b, e and h). R-space EXAFS fits identify dominant M-O
and M-N coordination (Fig. 2¢, f and i). Wavelet transforms of
k*>-weighted EXAFS (Fig. $9d-1) and corresponding k-space fits
(Fig. S10) are consistent with these assignments. Detailed fitting
parameters are provided in Table S1. Together, these results
verify that the ligand-templated electrospinning strategy is
general and reproducible across Mn, Ni, Co, and Cu, while
preserving dual-atom architectures and controlled local
coordination.

Electrochemical evaluation of MnMn-ON/C for the ORR

Electrochemical ORR measurements were carried out in 0.1 M
KOH. Because fiber diameter affects microstructure and mass
transport, MnMn-ON/C samples with different diameters were
screened by LSV. The best half-wave potential was obtained for
300-400 nm fibers (Fig. S11), thinner or thicker fibers lowered
activity by hindering electron transport, site accessibility, and
diffusion. All subsequent samples were therefore prepared
under identical electrospinning conditions to ensure compa-
rability. Under the optimized conditions, MnMn-ON/C, MnMn-
N/C, Mn-N/C, MnMn-ON/C-Air, N/C, and commercial Pt/C were
benchmarked. LSV curves (Fig. 3a) show MnMn-ON/C with the
most positive onset potential and the highest limiting current,
while N/C is the least active. Statistical analysis over repeated
tests (Fig. 3b) gives MnMn-ON/C an E; , of 0.925 V and J;, of 5.98
mA cm 2, outperforming Pt/C (Ey;, = 0.860 V, J, = 5.41 mA
cm™?) and meeting the U.S. DOE target = 0.90 V. MnMn-N/C is

Chem. Sci., 2025, 16, 23064-23076 | 23067
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Fig. 2 Generalizability of the synthesis strategy across Ni, Co, and Cu systems. (a) AC-HAADF-STEM image of the NiNi-ON/C catalyst (2 nm). (b)
Ni K-edge XANES spectra. (c) Fourier-transformed EXAFS of NiNi-ON/C, Ni foil, and NiO, the green solid curve denotes the fitted Ni spectrum for
NiNi-ON/C. (d) AC-HAADF-STEM image of the CoCo-ON/C catalyst (2 nm). (e) Co K-edge XANES spectra. (f) Fourier-transformed EXAFS of
CoCo-ON/C, Co foil, and CoO, the green solid curve denotes the fitted Co spectrum for CoCo-ON/C. (g) AC-HAADF-STEM image of the CuCu-
ON/C catalyst (2 nm). (h) Cu K-edge XANES spectra. (i) Fourier-transformed EXAFS of CuCu-ON/C, Cu foil, and CuO, the green solid curve

denotes the fitted Cu spectrum for CuCu-ON/C.

comparable to Pt/C, whereas Mn-N/C reaches only 0.771 V,
underscoring the advantage of dual-atom sites over single
atoms. The gap between MnMn-ON/C and Mn-N/C (AE;,, = 154
mvV) highlights electronic coupling and spatial synergy in the
dual-atom architecture. MnMn-ON/C-Air (0.762 V, 4.01 mA
em %) and N/C (0.721 V, 3.44 mA cm cm™ ) show substantially
lower activity. Tafel analysis (Fig. 3c) further clarifies kinetics:

23068 | Chem. Sci,, 2025, 16, 23064-23076

MnMn-ON/C exhibits a slope of 65.56 mV dec™ ", better than Pt/
C (71.48 mV dec™ ), indicating lower kinetic barriers and faster
ORR dynamics. RRDE measurements assess selectivity and
pathways. MnMn-ON/C exhibits an electron transfer number of
3.93 (Fig. 3d) and an H,0, yield of only 3% (Fig. 3e), both of
which are better than those of the other samples under identical
conditions (Fig. S12). These results demonstrate that MnMn-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical evaluation of the catalysts. (a) LSV profiles for the different catalysts. (b) Half-wave potentials and limiting current
densities extracted from the LSV data. (c) Tafel slopes derived from the LSV measurements. (d) Relationship between current density and rotation
rate for catalyst MNMn-ON/C (inset shows the calculated electron transfer number). (e) H,O, output for three representative catalysts. (f) EIS
Nyquist plots for the catalyst set. (g) Double-layer capacitive current as a function of scan rate. (h) Methanol tolerance tests for the three catalysts.

ON/C predominantly follows an efficient 4-electron pathway
while suppressing H,O, formation, a key advantage for fuel cells

and Zn-air batteries.

Electrochemical impedance spectroscopy (EIS, Fig. 3f) was
used to probe charge-transfer behavior. MnMn-ON/C shows the
smallest charge-transfer resistance R = 15.21 Q, substantially
lower than MnMn-N/C (26.21 Q), Mn-ON/C (55.52 Q), MnMn-
ON/C-Air (68.23 Q), and N/C (99.52 Q). This underscores the

coordination tunes
extracted from cycl

surface area. MnM

© 2025 The Author(s). Published by the Royal Society of Chemistry

advantages of dual-atom architectures: delocalization between
adjacent Mn atoms improves conductivity, while mixed O/N

the metal centers to facilitate rapid elec-

tron transfer and accelerate ORR. Double-layer capacitance Cyqj,

ic voltammetry in the non-faradaic region

(Fig. S13), was used as a proxy for electrochemically accessible

n-ON/C delivers the highest Cyq (14.4 mF

em™?, Fig. 3g), indicating a larger accessible active surface,

Chem. Sci., 2025, 16, 23064-23076 | 23069


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07897k

Open Access Article. Published on 31 October 2025. Downloaded on 12/13/2025 9:51:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

consistent with its superior ORR activity. To decouple geometric
effects and ensure fair comparison (Fig. S14), LSV currents were
normalized by ECSA and BET surface area, MnMn-ON/C
remains more active than MnMn-N/C after normalization.
Methanol tolerance was assessed to gauge resistance to fuel
impurities (Fig. 3h). After a methanol injection at 40 s, MnMn-
ON/C shows negligible current loss, whereas MnMn-N/C stabi-
lizes at ~93% and Pt/C exhibits clear decay. Following a second
injection at 80 s, MnMn-ON/C maintains ~96% of its current,
while MnMn-N/C and Pt/C drop sharply. These results demon-
strate strong anti-poisoning behavior for MnMn-ON/C, sup-
porting its suitability for fuel-cell applications. Compared with
leading literature catalysts (Table S2), MnMn-ON/C achieves
top-tier ORR metrics across multiple benchmarks, highlighting
the promise of dual-atom designs for practical energy devices.

Performance evaluation of flexible and liquid Zn-air batteries

Given its strong ORR activity and methanol tolerance, MnMn-
ON/C was deployed as the air cathode in rechargeable liquid
zinc-air batteries (ZABs) for practical evaluation (Fig. 4a). The
cells used MnMn-ON/C as the cathode, zinc foil as the anode,
and KOH electrolyte. The open-circuit voltage reached 1.55 V,
surpassing Pt/C-based ZABs (1.50 V, Fig. 4b). Power density was
derived from discharge profiles at varied current densities
(Fig. 4c). MnMn-ON/C ZABs delivered a peak power density of
209.1 mW cm 2, 61% higher than Pt/C + RuO, (129.7 mW
cm ?). The advantage stems from higher voltage retention
under load, reflecting favorable ORR kinetics and mass trans-
port. At 5 mA cm™ %, MnMn-ON/C achieved a specific discharge
capacity of 817.7 mA h gz, ", outperforming Pt/C (735.2 mA h
gzn ', Fig. 4d), indicating efficient Zn utilization via a dominant
four-electron pathway with minimal side reactions. For long-
term cycling, a bifunctional MnMn-ON/C + RuO, cathode
enabled stable operation over 1000 h with negligible voltage
decay, whereas Pt/C + RuO, failed within 150 h (Fig. 4e).
Discharge curves across current densities (Fig. S15a) showed
stable voltage output, demonstrating adaptability to diverse
power demands.

Building on the membrane flexibility of MnMn-ON/C, fold-
able solid-state ZABs were assembled (Fig. 4f). The open-circuit
voltage reached 1.37 V, higher than Pt/C (1.32 V, Fig. 4g). Under
bending, the voltage decreased by only 0.01 V to 1.36 V (Fig. 4h),
confirming mechanical and electrochemical stability. The flex-
ible MnMn-ON/C ZAB achieved a maximum power density of
81.29 mW cm >, outperforming Pt/C (52.47 mW cm 2,
Fig. S15b), indicating sustained catalytic performance in solid-
state configurations. A single flexible cell powered a miniature
fan (Fig. 4i), illustrating potential for portable electronics. In
cycling tests, MnMn-ON/C + RuO, maintained stable operation
for 100 h, while Pt/C + RuO, degraded within 50 h (Fig. 4j).
Charge-discharge curves at different bending angles (Fig. S15c¢)
further verified mechanical robustness for wearable applica-
tions. Across both liquid and flexible solid-state ZABs, MnMn-
ON/C demonstrated superior electrochemical performance
and stability. Relative to literature benchmarks (Table S3), it
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delivers leading metrics, underscoring the promise of dual-
atom catalysts for next-generation energy storage.

Performance fade in ORR catalysts: causes, diagnostics, and
solutions

In ORR catalysis, single-atom catalysts typically degrade via two
pathways: structural and electronic. Structural degradation
involves breaking metal-support coordination bonds and the
physical loss of active metal sites, it is irreversible. Electronic
degradation arises from increased metal oxidation state and
changes in electronic structure during operation, it lowers
intrinsic activity without breaking bonds and is, in principle,
reversible. To probe these mechanisms and evaluate recovery
strategies, accelerated durability tests (ADT) were performed
using cyclic voltammetry (CV).

Commercial Pt/C showed pronounced degradation under
extended CV. After 10 000 cycles, its ORR performance (Pt/C-
CV1W) dropped markedly, and after 50 000 cycles, Pt/C-CV5W
degraded to near the activity of the N/C support, underscoring
the stability limits of conventional precious-metal catalysts
(Fig. S16).

MnMn-N/C exhibited severe decay in ADT. After 10 000
cycles, the half-wave potential of MnMn-N/C-CV1W decreased
by 25 mV relative to the pristine catalyst. Extending to 50 000
cycles further widened the performance gap (Fig. 5a). SEM
revealed extensive surface corrosion in MnMn-N/C-CV1W, with
numerous pores across the fiber surface (Fig. 5b). TEM showed
deep pitting of the carbon fibers and compromised structural
integrity (Fig. S17a). Corresponding elemental maps recorded
a pronounced drop in local Mn signal (Fig. S17b). AC-HAADF-
STEM confirmed a strong decrease in Mn atom-pair density,
with only sporadic single Mn atoms remaining, evidencing
dissolution and loss of active sites (Fig. 5¢). ICP-MS corrobo-
rated this: Mn content declined from 4.23 wt% (fresh) to
3.59 wt% after 10 000 cycles (—15.1%), and to 2.03 wt% after 50
000 cycles (47.99% of the initial content, Table S4). These
findings identify metal-site loss as the primary cause of
performance decline in MnMn-N/C—an irreversible failure
stemming from the thermodynamic instability of Mn-N coor-
dination under prolonged high potentials, which promotes
oxidation and detachment. Concurrent electrochemical corro-
sion of the carbon support further destabilizes the local coor-
dination environment.

In sharp contrast to MnMn-N/C, MnMn-ON/C shows
outstanding durability. After 50000 CV cycles, its half-wave
potential decreased by only 11 mV relative to the pristine
sample (Fig. 5d). SEM revealed only minor surface defects
(Fig. 5e), and TEM showed superficial damage that did not
penetrate the fiber, with elemental distributions comparable to
the pre-reaction state (Fig. S18). AC-HAADF-STEM confirmed
that Mn atom pairs remained randomly dispersed on the
carbon surface without a noticeable change in density (Fig. 5f).
ICP analysis showed a small decrease in Mn content from
4.20 wt% to 3.91 wt% (—7%), far less than the loss observed for
MnMn-N/C (Table S4). These results indicate that metal-site
loss contributes only marginally to the modest activity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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circuit voltage comparison for flexible cells. (h) Open-circuit voltage measured after bending. (i) Photograph of a flexible Zn—air battery powering

a miniature fan. (j) Galvanostatic charge—discharge profiles at 2 mA cm™

decline. The superior stability of MnMn-ON/C is likely linked to
two factors.®'>3**3¢ First, the N,O, cavity provides a confined
coordination environment that limits metal migration and
aggregation. Second, oxygen incorporation tunes the Mn elec-
tronic structure, stabilizing the d-electron configuration and
lowering the tendency toward over-oxidation—an interpretation
supported by subsequent DFT results. During ORR, Mn centers

© 2025 The Author(s). Published by the Royal Society of Chemistry

2

interact with O, and OH ™ and shift from relatively low to higher
oxidation states. Given that Mn-N bonds have bond energies of
approximately 200-250 k] mol ", whereas Mn-O bonds reach
350-400 kJ mol ', the stronger Mn-O bonding offers enhanced
thermodynamic stability.

Oxidation of the metal centers is therefore another key driver
of performance decay. Building on this, suppressing high Mn
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(i) Normalized discharge voltage of MNMn-ON/C and Pt/C during continuous operation in a Zn—-air battery at 5 mA cm™=.

oxidation states after prolonged operation can enable activity
recovery. Annealing under a reducing atmosphere is effective
for this purpose. Hydrogen acts as a mild reductant that can
lower Mn oxidation state without over-reducing to metallic Mn,
while argon dilutes H, to control reduction extent and excludes
reactive impurities (such as O, and H,0). The temperature
program is designed to balance reduction efficacy and struc-
tural integrity: 300 °C tests the feasibility of low-temperature
reduction near the onset for many metal oxides. 400 °C

23072 | Chem. Sci,, 2025, 16, 23064-23076
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provides greater thermodynamic driving force while limiting
structural rearrangement. 500 °C approaches, but remains
below, the original synthesis temperature (600 °C), promoting
effective reduction while preserving the coordination cavity.
Under H,/Ar atmosphere, MnMn-ON/C-CV5W was treated at
300 °C, 400 °C, and 500 °C for 40 minutes, respectively. X-ray
absorption near-edge structure (XANES) spectroscopy analysis
of the Mn K-edge revealed that MnMn-ON/C-CV5W-HA500,
treated at 500 °C, exhibited spectral intensity nearly identical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to that of pristine MnMn-ON/C. Although MnMn-ON/C-CV5W-
HA300 and MnMn-ON/C-CV5W-HA400 also showed intensity
trends approaching that of MnMn-ON/C, the effect was less
pronounced than that observed for MnMn-ON/C-CV5W-HA500
(Fig. 5g). Correspondingly, X-ray photoelectron spectroscopy
(XPS) analysis demonstrated that the oxygen content in MnMn-
ON/C-CV5W-HA500 was nearly consistent with that of pristine
MnMn-ON/C (Fig. $19). Linear sweep voltammetry (LSV) test
results were consistent with XANES analysis, showing that the
half-wave potential of MnMn-ON/C-CV5W-HA500 was only 3 mV
lower than that of MnMn-ON/C (Fig. 5d). ICP testing revealed
that the Mn content in MnMn-ON/C-CV5W-HA500 was 3.89%,
virtually identical to the 3.91% in MnMn-ON/C-CV5W, indi-
cating that annealing treatment does not cause further
detachment of Mn species. Based on these observations, it can
be reasonably concluded that annealing at 500 °C for 40
minutes under H,/Ar atmosphere effectively mitigates the
oxidation state of Mn in MnMn-ON/C-CV5W, reducing high-
valence Mn to lower oxidation states approaching those in
MnMn-ON/C, thereby achieving partial activity recovery.

To further validate the hypothesis of oxidation-induced
performance degradation followed by reduction-induced
performance recovery, two key experiments were conducted.
Experiment 1: If the hypothesis is correct, then intentionally
oxidized MnMn-ON/C samples should recover to performance
levels approaching the original sample after H,/Ar reduction
treatment. Therefore, air-annealed MnMn-ON/C-Air samples
were used as “artificially oxidized” controls. MnMn-ON/C-Air
was treated under H,/Ar atmosphere at 300 °C, 400 °C, and
500 °C for 40 minutes, respectively, and their ORR performance
was subsequently evaluated (Fig. 5h). Results showed that the
ORR electrocatalytic activities of MnMn-ON/C-Air-HA300,
MnMn-ON/C-Air-HA400, and MnMn-ON/C-Air-HA500 exhibi-
ted an increasing trend, with MnMn-ON/C-Air-HA500 achieving
half-wave potential and limiting current density slightly inferior
to MnMn-ON/C. Considering that the preparation difference
between MnMn-ON/C-Air and MnMn-ON/C lies only in the final
annealing atmosphere, where the former may have undergone
Mn oxidation by oxygen participation during annealing in air,
these results demonstrate that mitigating high Mn oxidation
states through H,/Ar atmosphere annealing can indeed restore
catalyst activity.

Experiment 2: To validate the reduction-based recovery
strategy under practical conditions, zinc-air battery testing was
conducted for two reasons: Real-world validation: compared
with three-electrode tests, zinc-air batteries better emulate
operating environments, allowing assessment of practical effi-
cacy. Long-term stability: continuous 200 h operation evaluates
whether reduced catalysts maintain performance under sus-
tained load. MnMn-ON/C and Pt/C were each assembled into
zinc-air batteries and discharged at a constant 5 mA cm ™~ for
extended stability evaluation (Fig. 5i). At 150 h, the zinc anodes
were replaced, both cells showed some recovery, likely due to
renewal of the reaction interface. At 200 h, both cathodes were
annealed at 500 °C in H,/Ar for 40 minutes, then reassembled
for continued operation. The MnMn-ON/C cell increased its
discharge platform from 80% of the initial value to 86%,
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indicating partial recovery of electrochemical activity. In
contrast, the Pt/C cell suffered pronounced, irreversible voltage
loss. These two experiments fully demonstrate the reliability
and effectiveness of the annealing strategy.

To test whether activity recovery was a mere temperature
effect rather than a true reduction process, control anneals were
performed in pure Ar at the same temperatures. If temperature
alone were responsible, pure Ar treatment should yield similar
outcomes as H,/Ar. Instead, conventional Ar annealing failed to
mitigate Mn oxidation. After treating MnMn-ON/C-CV5W at
300 °C, 400 °C, and 500 °C for 40 minutes, Mn K-edge XANES
showed virtually no change (Fig. S20a). Even at 600 °C for 40
minutes, only a slight decrease in apparent oxidation state was
observed, while EXAFS Fourier-transformed k*-weighted x(k)
revealed a clear Mn-Mn scattering path at R = 2.45 A, indicating
metal aggregation and possible cluster formation (Fig. S20b).
Given that XAS reflects average valence, the slight drop is
attributable to low-valence Mn within clusters lowering the
overall signal. AC-HAADF-STEM directly confirmed Mn clusters
in MnMn-ON/C-CV5W-A600 (Fig. S20c). These findings show
that pure Ar annealing neither effectively reduces Mn oxidation
states nor preserves atomic dispersion at elevated temperatures.
These results clarify the degradation and recovery landscape.
Unlike the irreversible rupture of Mn-N coordination, Mn
oxidation within the Mn-O coordination framework primarily
manifests as changes in oxidation state rather than bond
cleavage, meeting the thermodynamic criteria for reversibility.
Moreover, the coordination cavity confines Mn atom pairs,
lowering the diffusion activation energy and enabling reduction
under relatively mild conditions, thus avoiding high-
temperature restructuring that drives clustering. Together,
these factors explain why MnMn-ON/C is not only more stable
than MnMn-N/C but also amenable to low-temperature
reduction-based recovery.

To assess generality, universality tests were designed under
strict variable control: preparation procedures were kept iden-
tical while only the metal species (Ni/Co/Cu) was varied.
Comparing stability across different metals within the same
cavity environment validated the stabilization mechanism. Both
current-time profiles (Fig. S21) and ICP measurements (Table
S5) showed excellent stability for these catalysts, confirming
that the robustness of the N,0, cavity is universal and not
limited to Mn.

ORR reaction mechanism on the MnMn-ON/C catalyst

To uncover why MnMn-ON/C delivers outstanding ORR activity,
we combined advanced characterization with density functional
theory (DFT) to interrogate its reaction mechanism. In situ
Raman spectroscopy, which tracks surface intermediates
during operation, provided direct evidence for oxygenated
species forming on MnMn-ON/C (Fig. 6a). At 0.5V, a character-
istic band near 1150 cm™?, assigned to the O-O stretch of O,
appeared, indicating activation of O, and formation adsorbed
intermediates.**7** Raising the potential to 0.7 V markedly
increased the peak intensity, consistent with a higher surface
coverage of oxygenated intermediates. This evolution is clearly
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C. (h) Top and side views of 3D differential charge-density distributions for three key ORR intermediates on MnMn-ON/C.

visualized in the 1000-1250 cm™" contour plots (Fig. 6b), which
map the potential-dependent build-up of intermediates during
ORR. To pinpoint the key species along the pathway, we further
conducted in situ ATR-SEIRAS for real-time monitoring on
MnMn-ON/C. Distinct features at 3470 cm™*, 1100 cm ™', and
860 cm ™' were observed and assigned based on prior reports
and theoretical expectations to *OH, *OOH, and *O, respec-
tively (Fig. 6¢).>** As the applied potential was lowered, the
absorption signals of all three intermediates increased signifi-
cantly (Fig. 6d), evidencing their progressive formation and
accumulation under working conditions. Together, these

23074 | Chem. Sci, 2025, 16, 23064-23076

observations substantiate a four-electron ORR pathway on
MnMn-ON/C and provide direct experimental support for the
proposed reaction sequence that DFT subsequently
rationalizes.

DFT-based reaction free-energy diagrams clarify the intrinsic
catalytic advantages of MnMn-ON/C (Fig. 6e). Relative to a con-
ventional N coordination, the mixed N,O, environment
strengthens adsorption of the first-step *OOH intermediate,
facilitating initial O, activation and lowering the entry barrier
for ORR. At the standard potential of 1.23 V, Mn sites within
N,O, coordination display reduced barriers at the rate-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determining step, primarily because *OH adsorption is
moderately weakened. This prevents overly strong binding
during product desorption and achieves a more balanced
adsorption strength across intermediates. Top/side-view
geometries for MnMn-N/C and MnMn-ON/C through the three
intermediate steps visualize these structural changes (Fig. S22
and S23). Electronic-structure analysis via PDOS reveals how O
coordination tunes Mn centers (Fig. 6f and g). Incorporating O
into the coordination sphere shifts spin-up and spin-down
states upward below the Fermi level and increases the density
of states near the Fermi level. This redistribution optimizes the
Mn d-electron configuration, stabilizes electron distribution,
and suppresses further oxidation of the metal centers,
enhancing both stability and activity under ORR conditions.
Differential charge density analysis provided microscopic
insights into electron transfer mechanisms during ORR reac-
tions (Fig. 6h). Upon *OOH intermediate adsorption, both the
Mn atom at the adsorption site and the adjacent N,O,-coordi-
nated Mn atom exhibited electron depletion phenomena, while
obvious electron aggregation zones formed between the
adsorption site Mn atom and O atom, with significant electron
enrichment also occurring around the non-adsorbed oxygen
atom of the *OOH intermediate. During *O intermediate
adsorption, clear electron aggregation zones appeared above
the oxygen atom, while both adsorption site and adjacent site
Mn atoms underwent substantial electron transfer. For *OH
intermediates, oxygen atoms similarly showed electron enrich-
ment characteristics, with continuous electron transfer from
adsorption site and adjacent Mn atoms to intermediates, while
slight electron depletion regions appeared around non-metallic
coordination atoms surrounding the adsorption site Mn atom.
This series of electron transfer processes revealed the syner-
gistic mechanism between adjacent metal centers in dual-atom
catalysts, where two Mn atoms jointly participate in ORR reac-
tions through electronic coupling, achieving more efficient
electron transfer and reaction activation than single-atom
catalysts.

Conclusion

This work reports the first successful construction of an MM-
ON/C diatomic catalyst by replacing conventional symmetric
M-N, coordination with an asymmetric N,O, design. The
catalyst delivers outstanding ORR performance, achieving
a half-wave potential of 0.925 V, 65 mV higher than commercial
Pt/C—and retaining performance with only an 11 mV loss after
50 000 CV cycles. In zinc-air batteries, it reaches a power density
of 209.1 mW cm > and operates stably for 1000 hours without
evident degradation. Crucially, we identify the primary cause of
performance decay in MnMn-ON/C after extended cycling as the
elevation of Mn oxidation states rather than rupture of coordi-
nation bonds. A targeted H,/Ar anneal at 500 °C restores 98% of
the activity, addressing the long-standing issue of irreversible
deactivation in traditional M-N coordinated catalysts. By inte-
grating in situ spectroscopy with DFT calculations, we elucidate
the cooperative mechanism of Mn dual-atom sites in MnMn-
ON/C. Adjacent Mn centers activate O, via electronic coupling,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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while mixed N/O coordination lower reaction energy barriers
and supports an efficient four-electron transfer pathway.
Finally, the oxygen-coordinated multidentate ligand-
electrospinning strategy shows strong generality, extending to
Co, Cu, and Ni to yield asymmetric diatomic catalysts with
controlled atomic spacing. These findings open avenues for
exploring diverse metal pairings, coordination environments,
and recovery protocols to advance durable, high-activity ORR
catalysts.
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