
Small

www.small-journal.com

RESEARCH ARTICLE

Synergistic Charge Redistribution in a Dual-Atomic
Fe−CoN6 on Nanofiber With Fe−N Site Preference of
Intermediates Compared to Pristine Fe Single Atoms for
Oxygen Redox in Zinc-Air Battery
Anubha Yadav1 Antra Mohini2,3 Babasaheb M. Matsagar4,5 Norman C.-R. Chen4,6 Ahin Roy7
Kevin C.-W. Wu4,8,9,10 Amreen Bano2,3 Saikat Dutta1

1Electrochemical Energy & Sensor Research Laboratory, Amity Institute of Click Chemistry Research & Studies, Amity University, Noida, India 2Research
Institute for Sustainable Energy, Centres For Research and Education in Science and Technology (TCG-CREST), Kolkata, India 3Academy of Scientific and
Innovative Research (AcSIR), Ghaziabad, India 4Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan 5Graduate School of
Biotechnology and Bioengineering, Yuan Ze University, Taoyuan, Taiwan 6Molecular Science and Technology Program, Taiwan International Graduate
Program, Academia Sinica, Taipei, Taiwan 7Materials Science Centre, Indian Institute of Technology Kharagpur, Kharagpur, West Bengal, India 8Department
of Chemical Engineering and Materials Science, Yuan Ze University, Taoyuan, Taiwan 9Department of Applied Chemistry, Graduate School of Engineering,
Tohoku University, Sendai, Miyagi, Japan 10Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok, Thailand

Correspondence: Amreen Bano (amreen.bano@tcgcrest.org) Saikat Dutta (sdutta2@amity.edu)

Received: 22 January 2026 Revised: 21 May 2026 Accepted: 9 June 2026

Keywords: DOS of FeCoN6 | electron conduction | Fe−Co bridging dual-atom | Fe−N-preferred O2 adsorption | synergistic charge redistribution

ABSTRACT
Reducing the reaction barriers of the oxygen reduction reaction (ORR) and accelerating the reaction kinetics of zinc-air
batteries (ZABs) requires unique advantages in regulating electron orbitals with weakened adsorption of oxygen intermediates
and conductive dissociation with a negative shift of the d-band center. The sluggish ORR and unstable Zn/electrolyte
interface at relatively high-rate ability require bifunctional electrolysis. Herein, a multi-walled carbon nanotube (MWCNT) and
resorcinol-formaldehyde (RF) polymer composite resulted nanofiber in which Fe and Co-atomic sites were incorporated in FeA-
CoA/MWCNT-NC. As compared between the bridging Fe−Co and lateral Fe−Co model by Density Functional Theory (DFT)
simulation and Bader charge analysis, optimal charge transfer at bridging with faster ORR kinetics as a result of balanced
adsorption energy and electron distribution suggests a Fe−Co bridging model is more active. A comparison of ORR and ZAB
with single-atomic FeSA950NC supports the DFT results of charge distribution and weakened adsorption of ORR intermediates.
ORR and ZAB results reveal: 1) bridging atom sites with moderate charge polarization due to delocalization of d-band electrons,
2) significant electron conduction, 3) more adsorption-desorption on Fe−N sites. These findings offer insights into the electron
redistribution in sites of electrodes and rational design for high-performance electrodes in energy storage devices.
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Introduction

ual-atomic site containing electrodes offer a synergism between
onstituent elements on a graphenic matrix are capable of
odulating the multiple reaction intermediates via regulating
lectron orbitals with negative shifts of the d-band center [1].
ingle-atom materials exhibit distinct atomic structures and
lectrical characteristics that are different from their nanopar-
iculate. The synergistic interactions between metal atoms and
he coordinating atoms have a vital role in altering the electronic
haracteristics of the metal active sites, therefore regulating the
lectrochemical processes [2, 3]. Diatomic-sites naturally inherit
he alteration of electron distribution around metal atoms as
ompared with isolated single-atoms via the utilization of two
djacent metal atomic species to achieve synergistic effects in
hich negative shifts of d-band center, more conductive to the
issociation of oxygen intermediates, and optimized reaction
inetics have built the foundation for improving the performance
f zinc-air batteries (ZABs) [4]. Generally, orbital coupling from
wo adjacent metal atoms (dxy and dxz orbitals) decreases the
rbital energy levels for weakening the bond strength of inter-
ediate species [5]. The single-atom-dimer (SAD) can buffer
he multiple reaction intermediates with a strategy to modify
he electronic structure and environment around the synergistic
etal atoms bridged by one oxygen [6, 7]. Pd−O−Cu bridged
imer-site facilitates the photoelectron transfer to the active
ite for inhibiting the recombination, for balancing adsorption-
esorption in photo H2 evolution [8]. Regulation of electrons in
ingle-atom CoN4 to Co2N5 dual atoms by using an atomization
nd sintering strategy via an N-stripping and thermal migration
rocess, including a tailored spin-state, could achieve balanced
dsorption/desorption of intermediates [9]. Therefore, thermal
igration forming paired single-atom CoN4 into a dimer Co2N5
as confirmed from X-ray absorption spectral contour analysis
9]. In situ trapping of Ni and Co ions in molybdenum poly-
opamine nanosheet, followed by annealing with precise tuning
f the nitrogen moieties as ultrathin Ni−Co single-atom dimer
10]. Randomly anchored Pt and Ru single atoms on a g-C3N4
esult from Pt-Ru dimers depending on the orbital coupling of
eighboring atoms [5]. Programmable phthalocyanine dimer on
-doped graphitic carbon by delocalized dispersion during pyrol-
sis results in excellent ORR and zinc-air battery performance,
herein a synergistic interaction balances the d-band center and
ree energy O* intermediates [11]. Such a dimeric atomic interface
s electrochemically different from the bimetallic nanoclusters
omparable to single-atom nanozymes [12]. In this context, the
ontrolled formation of dimer atom Au-Ru on activated carbon
nd spatially isolated single-atom on NC, which exhibits distinct
ignatures of HER based on two of their different architec-
ures, emphasizes the relevance of intermetallic coordination for
ptimally structured atom dimers [13]. Due to the interaction
etween dual-atom sites, including precise adjustment of dual-
tom coordination sites, inheritance of single-atom materials in
he dimeric-diatom system was not perfectly carried including
dentification of diatom sites and challenges in structural stability
14]. Bimetallic dimer structure as dual atom dimers via atomic
ayer deposition offer improved stability and higher mass activity
ith Pt−Ru−N structural unit [15]. These kinds of diatom
imers is distinctly from the surface d charge of bimetallic alloy
. g. AuPd [16, 17].
of 21

reat
Owing to promising ORR by dual-atom sites in air-cathode,
bottleneck of durability by oxidative by-products is a major
hurdle. The precisemodulation of local electronic environment is
another challenge for weakening *OH adsorption as rate limiting
step of ORRwithmaximized peak power density for longer hours
[18]. Therefore, the durability of the electrode and the desired
electronic environment for intermediate adsorption remain the
key bottlenecks for the ZABs. Fe, Zr-NC achieves a high half-
wave potential (0.891 V) vs reversible hydrogen electrode (RHE))
with minimum activity loss over 5000 cycles along with peak
power density of 185.7 cm−2 for 453 h [19]. Dual Fe-Ni pair
in FeNi−NHC offers a peak power density of 126mWcm−2 at
204mAcm−2, 1.45 times higher than that of its counterparts
Fe−N4 or Ni−N4, along with a ZAB FeNi−NHC air-cathode
with open-circuit voltage (1.49V) than Pt/C−RuO2 (1.46V) [20].
Dual single-atomic sites in CoMn/NC activate the O─O bond
for the 4e− ORR via a dissociative mechanism [21]. Fe/CoNx-
C cathode excels in liquid and quasi-solid ZABs with a peak
power density of 134.97 mW cm−2 by facilitating reversible ORR
as the rate-determining step [22]. ORR/ZAB oxygen reduction
kinetics also depend on the two-dimensional structural features
of electrode [23–25]. Additionally, site-specific synergy of a het-
eronuclear environment of atomic sites alters d-band centers for
pushing the ORR in alkaline and acidic medium with higher
stability boundaries [26]. ORR kinetics and required electronic
environment modulation by a Co-SA and Co-low nuclear clus-
ter optimizes the adsorption/desorption strength of oxygenated
intermediates on the atomic sites for lowering half-wave potential
and overpotential [2, 3]. This eventually provides better durability
as compared to a single-atom Fe−N4 system, which motivates
the next level of investigation on site-preferences and synergistic
charge distribution in dual-atomic sites for ZABs as compared
to single-atomic sites. However, beyond DFT analysis and shifts
of d-band centers, the factors driving the charge-distribution
and site-preference of intermediate adsorption for ZABs by a
dual-atomic system are not fully revealed.

Herein, we report the introduction of Fe−Co dual-atomic sites
in aMWCNT and resorcinol-formaldehyde (RF) polymer-derived
matrix denoted as FeA-CoA/MWCNT-NC with two adjacent Fe
and Co atoms at the interface MWCNT-NC with a ribbon-like
architecture. This was used as air cathodes for ORR-driven ZABs.
Dual-atomically dispersed FeA-CoA/MWCNT-NC promotes elec-
tron transfer in ORR to the active dual-atomic interface along the
ribbon-like MWCNT-NC. In addition, the FeA-CoA/MWCNT-NC
possesses a specific surface area of 102 m2 g−1 in a microporous
network with high pyridinic-N and isolated atomic sites of dual-
atoms as intermediate adsorption sites. These characteristics offer
novelty in promoting the FeA-CoA hetero-dual atomic sites for
the ORR and extension to the ZABs as an air cathode. Thus,
FeA-CoA/MWCNT-NC exhibits an exceptional positive half-wave
potential 0.783 V, with accelerated kinetics (53.3 mV dec−1 Tafel
slope), and excellent ORR stability for 10000 cycles as revealed
from RRDE experiment. A home-made assembly of ZABs with
6.0 M KOH/0.2 M Zn(AC)2 mixed solution as the electrolyte,
the open circuit voltage of FeA-CoA/MWCNT-NC-based ZAB is
1.522 V, very close to that of Pt/C (1.47 V) and with maximum
power density 213 mW cm−2. The aqueous ZAB cell with FeA-
CoA/MWCNT-NC cathode present voltage plateaus of ≈1.28 V,
higher than that of Pt/C. When ZAB of FeA-CoA/MWCNT-NC
Small, 2026
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FIGURE 1 Schematic illustration of the synthetic strategy for the FeA-CoA/MWCNT-NC involving 1) trapping of metal ions in 2-methylimidazole
into resorcinol-formaldehyde in the presence of MWCNT under stirring for 12 h, 2) pyrolysis of the resulting composite at 900◦C under argon for 2 h.
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reat
athode was compared with a control sample FeSA950NC, the
ual-atomic ieffect was substantial resulting from 1) the syner-
istic effect of dual-atom interfaces, 2) nano-ribbon-like structure
f MWCNT-NC. FeA-CoA/MWCNT-NC exhibits an exception-
lly pH-universal ORR activity, requiring only 50.1 and 61 mV
verpotential at −10 ms cm−2 in acidic and alkaline media. Our
FT analysis reveals that Fe−Co dual-atom exhibits improved
lectronic cooperation due to 1) symmetric bridging, 2) favorable
RR intermediates adsorption, and 3) least charge-transfer strain.
he dual-atomic bridging site enhances O−O activation and
educes ORR energy barriers, as confirmed by the combined
DOS and Bader-charge analyses by shared and optimal charge
ransfer. The symmetric bridging Fe−Co performs superior to
he single-atom system and the lateral dual-atom configuration
ighlights the novelty and advancement in realizing electronics
f dual-atoms. The FeSA950NC control sample used in this study
as adopted from our previously reported work [27].

Result and Discussion

recisely, by controlling the amount of N, dual-atomic sites
ould be generated, with an optimum amount of N-moieties
used with MWCNT’s structural feature, incorporated with
eteronuclear dual-atom sites. Briefly, the synthetic strategy
f FeA-CoA/MWCNT-NC could be divided into two steps, as
chematically illustrated in Figure 1. First, the targetedmetal ions
Fe+2 and Co+2) were trapped in situ into a polymer resorcinol-
ormaldehyde (RF) and zeolitic imidazolate framework-8 (ZIF-
) composite, including MWCNT marked as Fe+2-Co+2@RF-
WCNT under continuous stirring. This was followed by the
nnealing of Fe+2-Co+2@RF-MWCNTat 900◦C for 2 h in an argon
tmosphere to result in a desired dual-atomic interface in FeA-
oA/MWCNT-NC. The pyrolysis at 900◦C led to the formation
f MWCNT-NC with fiber-like networks, which resulted from
he formation of a non-graphitic structure composed of randomly
riented curved and defective graphene nanosheets with a larger
nterlayer distance.
mall, 2026
2.1 Structural Analysis

The X-ray diffraction (XRD) pattern of the FeA-CoA/MWCNT-
NC exhibits graphitic carbon planes at (002) and (101) at 24◦
(sharp) and 43◦ (broad peak) 2θ correspond to the crystal planes
of disordered graphite domains, respectively, which is typical
of graphitic carbon (Figure 2a). Exhibiting a sharp peak at 24◦,
demonstrating that the graphite-like layers are highly stacked and
the corresponding interlayer spacing is close to that of graphite.
The pattern shows 24◦ diffraction peak assigned to (002) reflec-
tion of graphite [28]. This sharp peak confirms high graphitic
crystalline characteristics of NC fused to MWCNT. Therefore,
the possibility of forming Fe-Co alloy or Fe and Co purely
metallic nanoparticles is excluded because of the use of a suitable
proportion of 2-methylimidazone and resorcinol-formaldehyde
polymer (RF) in forming a Fe-Co dual atomic interface with N-
moieties in the Fe+2-Co+2@ZIF-8-RF. Therefore, dispersion of
a dual metal atom site, along with carbon lattice defects was
resulted in FeA-CoA/MWCNT-NC. No peaks ascribed to Fe or
Co nanoparticles were observed, confirming the high dispersion
of dual atoms [29]. Raman spectra of FeA-CoA/MWCNT-NC was
obtained by using a spectrometer equipped with argon (532 nm)
lasers, shows characteristics D and G band (Figure 2b) with ID/IG
1.03, corresponds to defect concentration alongwith the graphene
sheets and consistent with their corresponding XRD results [30].
To get an insight into the Brunauer–Emmett–Teller (BET) specific
surface area (SSA) and pore size information, the N2-adsorption-
desorption isotherm was observed. Figure S1a displayed an SSA
of 102.791 m2 g−1. The pore size distribution indicates that the
Mn−N4−N−CNF comprises meso- and micropores below 10 nm
(Figure S1b).

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) measurements were
conducted to determine the chemical state and coordination
environment of the Fe and Co atoms in FeA-CoAN6. These
techniques, as shown in Fe and CoK-edge XANES spectra of FeA-
CoA/MWCNT-NC, along with Fe and Co metal foil as references,
3 of 21
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FIGURE 2 (a) XRD spectra of FeA-CoA/MWCNT-NC. (b) Raman spectral plot of FeA-CoA/MWCNT-NC recorded at 532 nm. Structural
characterization by X-ray absorption spectroscopy. (c) Fe-K-edge EXAF spectra of FeA-CoA/MWCNT-NC (The inset zoom in over the near edge feature).
(d) Co-K-edge EXAF spectra (The inset zoom in over the near edge feature). (e) R-space Fe-K-edge spectra of FeA-CoA/MWCNT-NC (f) R-space Fe-K-
edge spectra of FeA-CoA/MWCNT-NC. (g) WT-EXAFS of Fe-K-edge of FeA-CoA/MWCNT-NC. (h) WT-EXAFS of Co-K-edge of FeA-CoA/MWCNT-NC.
(i) Soft-X-ray absorption spectra of L3-edge for FeA-CoA/MWCNT-NC.
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reati
xhibited a characteristic pre-edge peak around 7114.023 eV
n the Fe K-edge XANES spectra (Figure 2c) due to a 1s to
pz shakedown transition of square-planar coordination with a
4h local symmetry [31]. The weak pre-edge peak intensity of
eA-CoA/MWCNT-NC as compared to Fe-foil can be ascribed
o the distorted D4h symmetry, indicating the coordination
f the central Fe-atom with the nearest four N and adjacent
etal atoms [32]. Such a distortion of D4h symmetry of the
e-center resembles the weak pre-edge peak intensity of NiPC
PC = phthalocyanine) along with a possible higher oxidation
tate of FeA in FeA-CoA/MWCNT-NC, as found compared to
eSA-NC [33]. Similar pre-edge peak around 7712.21 eV for
eA-CoA/MWCNT-NC in the Co K-edge profile (Figure 2d),
uggesting the presence of X-ray absorbing Co-centers with N-
oordination. Inset of Figure 2d shows the pre-edge feature to
dentify the electronic transition as compared to the Co-foil.
s compared to the near-edge and white line features in the
o K-edge XANES profile of Ni-SA-NC and Ni-PC, a negative
hift of the XANES profile at 7727.61 eV for FeA-CoA/MWCNT-
C was observed (Figure 2d), which is comparable with that
of 21
of the NiCo-SAD-NC atom dimer [33]. Figure S2a,b repre-
sent Fe and Co K-space K-edge spectra of FeA-CoA/MWCNT-
NC. Furthermore, Figure 2e,f displays the Fe and Co K-edge
Fourier-transformed (FT) k3-weighted EXAFS spectra of FeA-
CoA/MWCNT-NC, with control samples Fe-foil and Co-foil. In
the Fe K-edge FT-EXAFS spectra, the predominant peaks in
the R-space at around (Figure 2e) 1.34 and 2.08 Å correspond
to Fe─N bond and Fe−Co scattering path, respectively, as dual
sites. Excluding the possibility of Fe─Fe bonding of metallic
Fe as reference (2.23 Å), FeA-CoA/MWCNT-NC contains a dual
site with predominantly Fe−Co and Fe−Nx path in which a
major peak at 2.08 Å corroborates the formation of Fe−Co
coordination, such cannot be found in pristine Fe−N−C single
atom [34]. Similarly, in the Co K-edge FT-EXAFS spectra, the
predominant peaks in the R-space at 2.23 Å correspond to
a Co−Fe scattering path, along with a small peak at 1.56 Å
corresponds to Co−N scattering path. A possible elongation from
Co─N bond to 1.56 Å, as compared to Co−N SA sample, suggests
a distortion resulting from D4h symmetry of Co atom center
with the formation of an additional Fe─Co bond scattered at
Small, 2026
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.23 Å, suggesting a Fe−Co dimer structure. In this context,
etero-atom dimer formation was confirmed by Co K-edge
XAFS R-space and fitting analysis for NiCo-SAD-NC wherein
Ni−Co scattering occurs at 2.40 Å [33]. Curve fitting anal-
sis for the collected EXAFS data was performed to acquire
uantitative local structural parameters for FeA-CoA/MWCNT-
C. As illustrated in Figure S3 and Table S1, the Fe─N and
o─N bonding pairs in Fe and Co possess the coordination
umbers of 4 (Table S1). It indicates that each isolated Fe
toms are bound by four N atoms while the neighboring Co
toms are found to be three Co/Fe atoms. These results con-
irm the formation of a composite architecture with Co−N4
oieties and CoFeNCs. By contrast, EXAFS fitting results for
eA-CoA/MWCNT-NC show that the Co atom adopts only the
o−N4 structure. The detailed fitting parameters and results
re shown in Table S1. After analysis and comparison, FeA-
oA/MWCNT-NC has strong coordination absorption peaks of
e–N, and Co–N. Generally, the synchrotron radiation plot line
s not very accurate, especially since the distance will have an
rror of ≈0.5 Å. Therefore, an elaborate structure model fitting
s employed for further quantitative analysis, and the accurate
oordination number and atomic spacing. R-space Fe K-edge
nd Co K-edge FT-EXAFS spectra of FeA-CoA/MWCNT-NC
howing characteristic Fe–Co scattering peaks at 2.05 and 2.20
, respectively. These peaks are absent in unsymmetric Fe–Co
tom pairs butmatch the symmetric dimer scattering reported for
iCo-SAD-NC [33, 35].

he FT-EXAFS results were corroborated by the wavelet trans-
orm WT-EXAFS at the Fe K-edge (Figure 2g) and Co K-edge
Figure 2h). WT-EXAFS Fe K-edge shows a peak 7.47 K(Å−1)
orresponding to Fe─Co bond, with a small contour extension to
.66 K(Å−1) corresponding to Fe−N. This WT-contour of hetero-
tom dimer of Fe−Co is significantly different from dual-atom
aterials, which consist of a Co─Co bond scattering to exhibit
contour at around 9 K(Å−1) [9]. Furthermore, WT-EXAFS Co
-edge shows a peak 7.79 K(Å−1) corresponding to Fe─Co bond
ith an additional contour peak at 4.36 K(Å−1) corresponding to
o−N as the secondary coordination sphere. To determine the
etailed coordination structure of the Fe and Co atoms in FeA-
oA/MWCNT-NC, fitted EXAFS at the Fe K-edge and Co K-edge
ere conducted. Soft X-ray L3-edge Co and Fe peaks in Figure 2i
onfirmed the presence of L3-edge and L2-edge peaks of both Fe
ndCo, which correspond to Fe+3 and Co+2 atom centers. L3-edge
nd L2-edge of Co correspond to L3 edge 778.7 eV and L2 edge at
93.5 eV, respectively.

hemical bonding of metal-ions with the organic linker to ensure
tomic dispersion followed by the encapsulation of second metal
alts in the small ZIF-8 cavities results into Ni/Fe-N-C dual atom
ites consisting of N-coordinated carbon and Ni−Fe coordination
s metal-metal scattering path from EXAFS analysis [34]. In
ontrast, Ni and Co K-edge XANES spectra of NiCo-SAD-NC
s reference samples showed a positive shift as compared to
i-SA-NC, suggesting a higher oxidation state of Ni, and the
pposite due to a negative shift for Co K-edge spectra, suggesting
lower oxidation state of Co with 4-coordination of N [33].
distorted D4h local symmetry of Ni atom site with a Ni-
etal peak at 2.18 Å, corroborating the formation of additional
i−Co coordination along the Ni─N bonds, which is similar
mall, 2026

reat
to the bonding of Zn−Co and Co−Fe dual sites [36]. Atomi-
cally scattered dual sites CoN4/FeN4 with adjacent nanocluster
defects exhibit Co−N coordination shell at R ≈ 1.58 A, almost
similar as in Co−N of CoPc. Least square curve fitting for
the EXAFS data for quantitative local structural parameters for
Co, Fe-DACs/NCs@PCF reveals coordination numbers of 3.79
and 2.66 respectively for Co─N and Co─Co/Fe bonding pairs
with Co coordinating to four N atoms, while neighboring Co
atoms are bound to three Co/Fe atoms resulting architecture of
CoN4 moieties [37]. Unsymmetrical Fe−Co diatomic pairs offer
strong charge polarization between Co and Fe atoms. Spin-down
electrons around Co atoms are much higher than those spin-
up electrons, which results in a seesaw effect occurring between
Co atoms and Fe atoms, resulting a negative shift of the d-
band center. This means such a structural configuration of dual
atoms in unsymmetrical mode weakens the adsorption of oxygen
intermediates and is more conductive to their dissociation, which
is reflected in peak power density 215 mW cm−2 [35]. FeNi-DSAs-
PNCH as air cathode in ZABs for a higher open-circuit voltage
(1.48 V) with larger specific capacity results from abundant
adjacent Ni−Nx atomic sites, which modulate the d-band center
of Fe−Nx single atomic centers which balancing the adsorption-
desorption affinities to O2 and O-containing intermediates on
Fe−Nx [38]. EXAFS spectral analysis of FeA-CoA/MWCNT-NC
includes peaks at 1.34 and 2.08 Å corresponding to Fe−N and
Fe−Co along with a possible elongation from Co─N bond to 1.56
Å. These suggest a strong Fe−Co coordination inwhich electronic
balance during the ZAB and ORR performance is obvious which
needs density functional theory (DFT) analysis for determining
the electron flow of dual atomic sites.

It is found that attempts are made to closely compare and reveal
the potentials and contributions of di-atomic and tri-atomic sites,
including models of diatomic-triatomic comparison, along with a
symmetric planner heterogeneous M−N4 configuration of atoms
on porous N-carbon for optimal utilization of robust performance
for ZABs [39]. Based on the observation of EXAFS spectral peaks
for Fe-K and Co-K R-space (Figure 2e,f) for FeA-CoA/MWCNT-
NC as compared to FeSA950NC [27] as cathodes in ZABs, peaks
correspond to 1.31 Å (Fe−K) and 1.04 Å (Co−K) for Fe−N and
Co−N, respectively, along with peaks at 2.05 Å (Fe-K) and 2.20
Å (Co-K), which correspond to Fe−Co scattering, unlike Fe and
Co metal foils. Such dual-atom scattering of Fe−Co in FeA-
CoA/MWCNT-NC was likely similar to what was observed in
the EXAFS spectral pattern of a Ni−Co dual atom in NiCo-
SAD-NC, with a specific peak assigned to Ni−Co scattering
for both Ni−K and Co−K EXAFS [33, 40]. However, in an
unsymmetric arrangement of dual atoms Fe and Co, only peaks
correspond to Fe−N and Co−N without any scattering peak for
Fe−Co [35]. Therefore, EXAFS analysis of FeA-CoA/MWCNT-NC
suggests the possibility of a bridging structure of Fe−Co with X-
ray scattering, which is unlikely in an unsymmetric dual atom
Fe−N and Co−N sites. Our experimental results need theoretical
support to demonstrate that the strong metal-carrier interaction
interface supports the dynamic electron transfer between FeNx
andCoNx units to enhance electronic conductivity and stability of
the electrode. Strongmetal-carrier interaction interface promotes
dynamics of electron transfer between dual atomic sites, such
as CoFe2O4 and Co atoms, by improved electronic conductivity
and enhanced stability [41]. As in the case of carbon dots
5 of 21
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CDs), we have used nanofibrous architecture ofMWCNT-NC for
osting dual atomic sites, wherein electron mobility from FeSA
o CoSA through the nanofibrous architecture would optimize
he adsorption of O*/OH* and promote the release of the final
roduct.

o further validate the symmetric bridging configuration of the
e–CoN6 sites, we compared our EXAFS results with literature
recedents. In contrast to the unsymmetric Fe–Co diatomic pairs
eported by Li et al., which exhibit no detectable Fe–Co scattering
n either the Fe or Co K-edge R-space EXAFS and are therefore
lassified as non-dimeric atompairswith a seesaw-type electronic
ffect [35], the FeA-CoA/MWCNT-NC catalyst displays clear and
ntense Fe–Co scattering peaks at 2.05 Å (Fe K-edge) and 2.20
(Co K-edge) (Figure 2e,f). These features are analogous to the
trong Ni–Co dimer scattering observed in the benchmark NiCo-
AD-NC system [33], confirming the presence of direct symmetric
etal–metal interaction. Combined with the paired bright spots
n AC-HAADF-STEM imaging (Figure 3e,f, blue circles) showing
patial overlap of Fe andCo at the atomic scale, these data provide
ompelling evidence for a bridging Fe–CoN6 dimer geometry
ather than isolated or purely lateral atom pairs.

ransmission electron microscopy (TEM) analysis (Figure 3a)
eveals a nanofiber network of N-MWCNT-NC, a low-
agnification bright-field image of the synthesized sample
ith the metal atoms. High resolution-TEM (HR-TEM) data
f FeA-CoA/MWCNT-NC (Figure 3b,c) reveal multi-walled
arbon matrix with both randomly oriented graphite layer
nd uniformly long multi-walled structures as lattice planes
f the MWCNT side walls are clearly visible. Moreover, the
RD of FeA-CoA/MWCNT-NC exhibit two broad reflections
t ≈26.2◦ and ≈43.3◦, corresponding to the (002) and (101)
lanes of the graphite lattice, without any Co or Fe crystalline
hase peaks [42]. Low magnification STEM image (Figure 3d)
hows the network of MWCNT-NC with large particles too.
AADF-STEM image of FeA-CoA/MWCNT-NC (Figure 3c)
hows the white spots in dark-field mode, indicating Fe and
o atom density and uniform dispersion. HRTEM image of
eA-CoA/MWCNT-NC (Figure 3d) reveals multi-walled fiber
rchitecture. The BF-TEM and HRTEM depend on diffraction
nd phase contrast, respectively, making it difficult to discern
ingle atoms. On the other hand, being devoid of any aberrations,
berration-corrected HAADF imaging in STEM mode can
everage the Z-contrast to discern the presence of Fe or Co
toms, as they have comparatively higher Z than C. Figure 3d
hows a low magnification STEM of the sample, showing
right particles. Upon increasing the magnification, very bright
ontrast from atoms can be seen in Figure 3e, indicating the
ossible presence of Co and Fe. Aberration-corrected high-angle
nnular dark field-scanning transmission electron microscopy
AC-HAADF-STEM) (Figure 3e,f) demonstrates the uniform
istribution of bright spots corresponding to Fe/Co single-atoms
n MWCNT-NC marked with blue circles for atoms/dual-atoms
nd red circles for multi-atoms in Figure 3f. By contrast, the
AADF-STEM and EDS elemental mapping analysis for FeA-
oA/MWCNT-NC demonstrate a uniform distribution of C, Co,
nd Fe across the MWCNT-NC, with no evidence of Fe NCs or
Ps. Figure 3g shows the electron image of FeA-CoA/MWCNT-
C with elemental mapping images corresponding to C-K, N-K,
-K, Co-K, and Fe-K edges. The overlay of the electron map
of 21
(Figure 3g) with yellow yellow-marked arrow shows the overlay
of Fe and Co atoms, revealing the possible presence of Fe-Co
nanoclusters at the atomic dispersion along with Fe and Co
atoms as seen individually in the electron map (Figure 3g, Fe and
Co atoms). The EDS mapping from a particle shows the presence
of Co and Fe in the same region, indicating atomic nanoclusters,
excluding the presence of alloy particles as supported by the XRD
pattern. While comparing with controlled sample Fe-SA950NC
which exhibit slightly concave rhombododecahedron shape with
a hierarchical rough surface, revealing the conformal structure
due to pyrolysis [27]. The AC-HAADF-STEM electron image
of Fe-SA950NC is shown in Figure S5 showing the Fe atoms in
elemental mapping. X-ray photoelectron spectroscopy (XPS) was
used to investigate the chemical states (element composition)
of the FeA-CoA/MWCNT-NC at the surface by Ar+ etching.
The elemental contents of C, N, Fe, Co, O were analyzed by
the deconvolution of corresponding peaks for effective fitting
analysis with Fe-atomic content attributed to the specific surface
areas and exposed active sites. Distinct Fe and Co atom signals
were detected due to the content being above the detection
limit, wherein a Fe 2p3/2 and 2p1/2 peaks at 710 and 715 eV were
observed, respectively, suggesting the +3 valence of Fe−Nx
sites. Three significant peaks in the deconvoluted Co 2p3/2 and
2p1/2 at 781 and 786 eV suggest the presence of Co+3 atom sites
(Figure 4a,b). N 1s spectra (Figure 4c) correspond to significant
pyridinic-N (399.5 eV), pyrrolic/graphitic-N/C−N (402 eV)
without any oxidized-N (404 eV), providing evidence of the
co-existence of varied types of Ns with significant pyridinic N
in the MWCNT-NC matrix wherein the pyridinic-N can play a
substantial role in forming the isolated FeCo−Nx structure [43].
Thus, a significant ∼20% pyridinic-N can help form a higher
percentage of single Fe-atom sites along with a significantly high
graphitic-N/pyrrolic-N ∼58% at 401 eV broad peak, indicating
the formation of an increased number of Fe-N and Co-N active
sites in FeA-CoA/MWCNT-NC. Additionally, the high-resolution
Fe 2p spectra of FeA-CoA/MWCNT-NC were well-fitted with Fe+2
species without the presence of any metallic Fe0 at 707.3 eV [44].
Fe+2 is a major component in Fe 2p3/2 and 2p1/2 (Figure 4a) at
710.9 and 715.6 eV, respectively. For a high-resolution Co 2p3/2
and Co 2p1/2 spectral peaks at 781.7 and 786.4 eV (satellite peak)
respectively which correspond to Co+2 [44]. The high-resolution
C 1s spectra (Figure 4d) show the typical C−N peak at 285.5 eV,
confirming the successful N-doping in MWCNT-NC. The
deconvoluted. C 1s XPS spectra show three different significant
deconvoluted peaks at 284.6 and 285.4 eV, corresponding to
C═C and C─N functionality on the MWCNT-NC matrix holding
Fe and Co-SA. O 1s XPS spectra (Figure 4e) demonstrate the
O─C═O and C-OH peaks in the deconvoluted spectra.

2.2 Oxygen Reduction Reaction (ORR) in RRDE

The ORR performance of the as-prepared FeA-CoA/MWCNT-NC
was investigated by rotating ring disk electrode (RRDE) in 0.1 M
KOH in a three-electrode system by applying an O2-saturated
condition. In this process, the ORR was benchmarked Pt/C,
and a FeSA950NC electrode served as the control sample.
All recorded potentials were referenced with respect to the
reversible hydrogen electrode (RHE). As illustrated in Figure 5a,
FeA-CoA/MWCNT-NC exhibits superior ORR activity with
respect to reference Pt/C by showing a higher onset potential
Small, 2026

ve C
om

m
ons L

icense



FIGURE 3 (a) TEM image. (b,c) HR-TEM images. (d) Low magnification STEM image. (e,f) HAADF-STEM images showing the presence of
dual-atoms. (g) HAADF-STEM EDS mapping of elements C, Co, Fe, and overlay.
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Eonset) of 0.875 V and a half-wave potential (E1/2) of 0.783 V,
utperforming Pt/C (0.812 V Eonset and 0.733 V E1/2) and
eSA950NC (0.000 V Eonset and 0.000 V E1/2). This shows the
utperforming features of FeA-CoA/MWCNT-NC as compared
o similar single-atom materials as an electrode. As shown in the
mall, 2026
RRDE linear sweep voltammetry (LSV) polarization curve at a
scan rate of 5 mV s−1 at 1600 rpm (Figure 6a) with a progressively
enhanced Fe-SA to FeA-CoA/MWCNT-NC concerning the
reference Pt/C with improved half-wave potential (E1/2) to 0.83 V
versus reversible hydrogen electrode (RHE), indicating that
7 of 21
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FIGURE 4 (a) Fe 2p1/2 and Fe2p3/2 XPS spectra with percentage of contribution. (b) Co 2p1/2 and Co 2p3/2 XPS spectra. (c) N 1s XPS. (d) C 1s XPS.
(e) O 1s XPS of FeA-CoA/MWCNT-NC.
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he ORR activity could be boosted by increasing the loading
f FeA-CoA/MWCNT-NC active site, which is in good accord
ith reported ORR electrodes [45, 46]. FeA-CoA/MWCNT-NC
rovided a highly impressive onset potential (Eonset) of 0.875 V
nd a half-wave potential (E1/2) of 0.783 V, outperforming Pt/C
0.812 and 0.733 V). These results confirm that the presence a
i-atomic environment of a FeA-CoA-N6 is more effective for
uning the electronic structure of Fe−Co−N−C sites, leading to
nhanced ORR activity. Corresponding Tafel plots for ORR on
e -Co /MWCNT-NC were obtained based on the LSV curve
A A

of 21

i

to evaluate the kinetics of ORR. Figure 5b represents kinetic
current density (Jk) of 18 mA cm−2 at 0.8 V, superior to Pt/C (1 mA
cm−2) and FeSA950NC (2 mA cm−2). As presented in Figure 5c,
the FeA-CoA/MWCNT-NC offers the smallest Tafel slope
53.3 mV dec−1 as compared to Pt/C (290 mV dec−1), signifying
it owns the fastest ORR kinetics and an excellent ORR activity
as compared with FeSA950NC (Tafel slope 119 mV dec−1). This
substantiates its faster kinetics and lower of energy barrier.
The kinetic current density (Jk) of FeA-CoA/MWCNT-NC was
measured at 0.85 V, which was found to be higher than that
Small, 2026
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FIGURE 5 ORR electrocatalytic performance of FeA-CoA/MWCNT-NC, Pt/C, and FeSA950NC in O2-saturated 0.1 m KOH solution. (a) RRDE
polarization curves at a scan rate of 5 mV s−1 at 1600 rpm; (b) Jk at 0.8 V, and E1/2 for the set; (c) The ORR Tafel plots. (d) Polarization curve at the
rotating speed from 400 to 3600 RPM of FeA-CoA/MWCNT-NC; (e) The responding K–L plots for FeA-CoA/MWCNT-NC; (f) Electron transfer number
(top) and hydrogen peroxide yield (bottom) obtained from RRDE; (g) ORR polarization curve before and after 10000 CV cycles in O2-saturated 0.1 m
KOH at 1600 RPM for FeA-CoA/MWCNT-NC. (h) Chronoperometric curves of FeA-CoA/MWCNT-NC and Pt/C at 0.75 V.
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f FeSA950NC and Pt/C, demonstrating the effectiveness of
o inclusion via a chemical technique for enhancing ORR
ctivity and reaction kinetics. To gain a deeper insight into
he ORR, the RRDE tests and the Koutecky–Levich (K–L)
ethod were employed to investigate the ORR on FeA-
oA/MWCNT-NC at various rotational speeds ranging from
00 to 3600 rpm (Figure 5d). The resulting K-L plots were
inear and parallel, suggesting a first-order ORR (Figure 5e)
47]. Rotating ring-disk electrode data were recorded to assess
he ORR selectivity of FeA-CoA/MWCNT-NC. According to
he K-L equation, the number of transferred electrons (n)
n the FeA-CoA/MWCNT-NC during ORR was calculated to
e 3.815 with a very low hydrogen peroxide (H2O2) yield of
ess than 5% over a wide range of ORR potentials (Figure 5f),
ith dominance of four-electron ORR pathways and excellent
electivity for electroreduction of O2 to OH−. As illustrated
n Figure 5f, FeA-CoA/MWCNT-NC demonstrates a very low
2O2 formation rate in the potential region of 0.2 to 0.4 V, and
high electron transfer number (n) ranging between 3.80 to
.82. When the percentage of H2O2 formation is higher by an
mall, 2026
atomic site containing electrode (∼3.5%) as compared to Pt/C
standard (∼2.8%), a lower electron transfer number (n) 3.93 to
3.96 at 0.2 to 0.6 V potential range was noted [37]. This electron
transfer number (n) enhanced to ∼3.97 at a higher potential
0.8 V as compared to Pt/C. This highlights a 4-electron ORR
pathway of FeA-CoA/MWCNT-NC in alkaline media [35]. This
result is consistent with the K-L plots obtained from the LSV
data collected at varying rotation speeds (Figure 5d). The Pt/C
reference electrode offers an average electron transfer of 3.92,
demonstrating a 4e− mechanism ORR polarization curve before
and after 10000 CV at 5 mV s−1 cycles in O2-saturated 0.1 m
KOH at 1600 RPM (Figure 5g). Furthermore, FeA-CoA/MWCNT-
NC exhibits superior tolerance to methanol poisoning and
excellent stability without significant changes in the electronic
environment for the active Fe sites. Normalized i-t curves
(Chronoperometric curves) of FeA-CoA/MWCNT-NC and Pt/C
at 0.75 V (Figure 5h) reveal that stability retention of maximum
91% until 22 h as compared to slightly less stability 82% for Pt/C,
suggesting FeA-CoA/MWCNT-NC consists of no significant
current attenuation due to a higher conductive nature as a result
9 of 21
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FIGURE 6 Performance evaluation of ZABs equipped with FeA-CoA/MWCNT-NC as the air cathode at 25◦C. (a) Design of a ZABwith air cathode
FeA-CoA/MWCNT-NC. (b) Open circuit voltages of the ZAB based on FeA-CoA/MWCNT-NC and Zn-anode and the corresponding power density
curve of FeA-CoA/MWCNT-NC as compared to that of Pt/C as cathode. (c) OCV measured with a multimeter. (d) Galvanostatic discharge curves with
discharging plateaus with current densities from 2 to 20 mA cm−2 of FeA-CoA/MWCNT-NC, Pt/C, and FeSA950NC cathodes. (e) An extension of ZAB
to connected to an electrical charge-driven fan, (f) An extension of ZAB to a LED bulb. Discharging polarization curves and the corresponding power
density plot of (g) FeA-CoA/MWCNT-NC as a cathode. (h) Pt/C as cathode. (i) FeSA950NC. (j) Charge–discharge cycling performance of ZAB with
cycling stability at 5 mA cm−2 for FeA-CoA/MWCNT-NC.
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f dual-atoms (Fe−Co) synergism in the MWCNT-driven carbon
tructure.

RR polarization curve before and after 10000 CV cycles in O2-
aturated 0.1m KOH at 1600 RPM is shown in Figure 5g. A
ynergistic effect of FeA-CoA unit with excellent all-around ORR
erformance is considered, as compared to the Pt/C electrocat-
lyst. FeSA and CoSA, both units, are determined to be critical
o the all-around ORR performance of FeA-CoA/MWCNT-NC.
0 of 21
When comparing the LSV curves of Pt/C and FeA-CoA/MWCNT-
NC (Figure S4a), the latter exhibits more positive onset potential
(0.98 V) and half-wave potential (0.85 V) toward ORR as com-
pared to Pt/C. The superior ORR kinetics of FeA-CoA/MWCNT-
NC is evident as it demonstrates the smallest Tafel slope (0.47 mV
dec−1) and highest kinetic current density (8.33 mA cm−2@0.85 V)
(Figure S4b). Moreover, FeA-CoA/MWCNT-NC exhibits an elec-
trochemical double layer capacitance (Cdl) of mF cm−2 and
mass activity of 97.6 A g−1, than the control Pt/C. Figure S4c
Small, 2026
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nd Polarization curve (Figure S4d) at the rotating speed from
00 to 3600 RPM; d) The responding K–L plots derived from
SV curves indicate ORR kinetics are close to the O2-diffusion
rocess. The electron transfer numberwas determined as (n) 3.66,
hich suggests a direct 4e reduction pathway during the ORR
rocess. Electron transfer number (top) and hydrogen peroxide
ield (bottom) obtained from RRDE (Figure 5f) support that both
lectron transfer numbers in FeA-CoA/MWCNT-NC. Figure 5g
hows the ORR polarization curve before and after 10000 CV
ycles in O2-saturated 0.1 m KOH at 1600 RPM.

.3 FeA-CoA/MWCNT-NC as ZAB Cathode

echargeable ZABs require an air-cathode with electrocatalysts
o offer oxygen reduction reaction (ORR) activity and stability
48]. The engineering of an electrode would enable an air cathode
o achieve higher efficiency for ZABs with higher energy density
han an air cathode without the desired surface design [49].
he effectiveness of FeA-CoA/MWCNT-NC as an electrode is
valuated by incorporating it as the cathode of a ZAB as a
esigned glass cell with a working electrode and Zn metal
late as an anode counter electrode, as shown in image of the
ssembled ZAB cell (Figure 6a). FeA-CoA/MWCNT-NC and Pt/C
s electrocatalyst loaded in the carbon paper as the air cathode
nd a 6.0 M KOH/0.2 M Zn(Acetate)2 mixed solution as the
lectrolyte. As a comparison, Pt/C was assembled to the air
athode to make a direct comparison with FeA-CoA/MWCNT-
C, along with FeSA950NC to reveal the effect of dual-atom
ites. As shown in Figure 6b, the FeA-CoA/MWCNT-NC-based
AB exhibited an open-circuit voltage 1.522 V, superior to 1.47 V
eached in the Pt/C-based ZAB, as real-time voltage measured
ith a multimeter (Figure 6c).

igure 6d displays the galvanostatic discharge curves of Zn– air
attery with FeA-CoA/MWCNT-NC, Pt/C, and FeSA950NC the
ischarge plateau decreased slowly with the current density from
to 20 mA cm−2. As illustrated in Figure 6e,f, a fan and light-
mitting diode (LED) can be powered by ZABs assembled with
eA-CoA/MWCNT-NC, implying its promise as an electrocatalyst
n practical applications. The discharge polarization and power
ensity curves were displayed in Figure 6g–i, the maximum
ower density of FeA-CoA/MWCNT-NC-based Zn–air battery,
utperforms that of Pt/C and FeSA950NC based Zn-air batteries.
eak Power density for FeA-CoA/MWCNT-NC is 213 mW cm−2

nd for Pt/C and FeSA950NC are 97 mW cm−2 and 138.8 mW
m−2 respectively. At the discharge current density of 10mAcm−2,
he battery with FeA-CoA/MWCNT-NC presents voltage plateaus
f ≈1.27 V, which is higher than that of Pt/C catalyst (1.15 V).
oreover, the discharge resumes reversibly when the current
ensity reduces to 2 mA cm−2, suggesting remarkable discharge
ate performance and good reversibility of FeA-CoA/MWCNT-
C based Zn–air battery. The cycling stability was estimated by
ontinuous galvanostatic discharge and charge at 5 mA cm−2 for
04 hrs (Figure 6j).

o probe the structural stability of the dual-atomic sites, XPS
nalysis was performed on the FeA-CoA/MWCNT-NC cathode
fter long-term ZAB cycling. As shown in Figure S7, the Fe 2p
nd Co 2p spectra exhibit only minor positive shifts (∼0.2–0.3 eV)
n binding energies, indicating slight surface oxidation without
mall, 2026
significant demetallation or formation of metallic species (Figure
S7a,b). The retention of pyridinic-N andM–N contributions in the
N 1s spectrum confirms the robustness of the Fe–CoN6 coordi-
nation environment. These results, combined with the excellent
activity retention (91% after 22 h chronoamperometry and stable
voltage plateaus over 100+ h), demonstrate the superior dura-
bility imparted by the synergistic charge redistribution in the
bridging dual-atom configuration supported on the MWCNT-NC
nanofiber matrix.

2.4 Density Functional Theory (DFT) Simulation
on Single-Atom Arrangement

The ORR process on the graphene-based dual-atom catalyst is
schematically shown in Figure 7a, emphasizing the stepwise
adsorption and change of intermediates. With DFT optimization,
theFeN4 andCoN4 sites integrated into the graphene latticemain-
tained their structural integrity and displayed a well-preserved
M−N4 (M: Fe and Co) coordination environment, shown in
Figure 7b,c. To ensure the reliability of the optimized geometries,
an energy validation analysis was performed by comparing
DFT energies of MLIP (MACE-MP-0) pre-optimized structures
with fully DFT-relaxed configurations. The resulting energy
correlation plot (Figure S8) demonstrates strong agreement,
confirming that the MLIP-relaxed geometries are consistent with
DFT minima and are suitable as initial structures for accurate
DFT calculations. Stable coordination is further established by
the individual metal-nitrogen bond lengths. The Fe─N bonds in
FeN4 are 1.87Å [50], while the Co─N bonds in CoN4 are 1.85
Å, which is also in good agreement with the reported value
[51]. These bond distances demonstrate strong metal-nitrogen
coordination and validate the strong active sites.

After confirming the structure stability of the single-atommodel,
we analyzed the ORR activity on the single-atom consisting
electrode. Twenty potential adsorption sites around the FeN4
and CoN4 centers were systematically tested before the final
adsorption positions for the reaction pathway were chosen. All
ORR intermediate calculations were conducted using the config-
urationwith the lowest adsorption energy, whichwas determined
to be the most energetically favorable site. For the analysis of
the ORR activity, all the important oxygen intermediates—O2*,
OOH*, O*, OH* were successively absorbed on FeN4 and CoN4
sites. Figures S9 and S10 display the optimized structure of all
the configurations of these intermediates obtained from MLIP-
driven DFT approach. As shown in Figure S8, when O2* binds to
FeN4 center in a tilted configuration, generating two Fe─O bonds
(1.96 Å) while the O─O bond (1.33 Å) remains nearly parallel
to the graphene plane, indicating strong chemisorption. With
further protonation, OOH* stays end-on after proton-electron
additionwith Fe-O (1.85 Å), O-O (1.47 Å) andO-H (0.97 Å). Strong
chemisorption is characterized by a shorter Fe─O bond of 1.62 Å,
which is formedwhen the O* intermediate adsorbsmore strongly
in a vertical end-on mode following O─O bond cleavage. Lastly,
OH* maintains its coordination in an end-on geometry with a
Fe−O distance of 1.85 Å and O-H is 1.1 Å, indicating a moderate
binding ability that makes OH removal easier. Similar to CoN4
Figure S8, ORR depicting shorter Co─N bond (1.85 Å), the CoN4
site has comparable adsorption behavior but somewhat weaker
binding strengths. By interacting with Co in a tilted end-on
11 of 21
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FIGURE 7 (a) Schematic representation of the ORR pathway with a dual-atom environment on a graphene lattice. DFT-optimized single-atom
system structures: (b) FeN4 and (c) CoN4, where brown, yellow, blue, and grey spheres represent C, Fe, Co, and N atomic species respectively. ORR
free-energy profiles showing the potential-determining steps for (d) FeN4 and (e) CoN4. Charge redistribution during ORR intermediates with average
Bader charge variation per atom for (f) FeN4 and (g) CoN4. Partial density of states (PDOS) for the potential-determining step for (h) FeN4 and (i) CoN4,
showing the importance of electronic structure to ORR activity.
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onfiguration, the O2* intermediate maintains an O−O distance
f 1.24 Å and forms a Co─O bond of approximately 2.39 Å. The
─O bond is activated when the Co─O and O─O bonds shorten
o approximately 1.80 and 1.46 Å, respectively, upon protonation
o OOH*. The OH* intermediate stabilizes with a moderate Co-O
istance of approximately 1.86 Å, whereas the O* species binds
hrough a single strong Co─O bond of approximately 1.64 Å.
hese patterns demonstrate that, in comparison to FeN4, CoN4
lso offers a stable but marginally weaker active center, which
ay have an impact on the overall ORR energetics. Following the
etermination of the FeN4 and CoN4 sites’ structural stability and
dsorption behavior, the free-energy change (ΔG) for each step in
he ORR pathway was calculated within the DFT framework, as
hown in Figure 7d,e.

igure 7d represents the ORR profile for FeN4. Strong oxygen
pecies adsorption is demonstrated by the FeN4 site, which is
ompatible with the previously reported shorter Fe─O bond
2 of 21
lengths. TheOH* formation step exhibits the largest uphill barrier
(∼3.50 eV) at U = 0 V, suggesting that the potential-determining
step (PDS) is the conversion of O*-OH* [52]. This significant
endergonic step shows that, despite FeN4 strong oxygen binding,
the final proton-electron transfer required for OH* production
demands an even higher overpotential. In contrast, CoN4 catalyst
demonstrates a comparable ORR trend which is shown in
Figure 7e, but with generally reduced adsorption strengths and
slightly lower intermediate stabilization. With a similar uphill
free-energy barrier of approximately 3.40 eV, the conversion
of O—OH** is also the most challenging step for CoN4. This
indicates that, despite having the same PDS, CoN4 is slightly
more advantageous in terms of overpotential than FeN4 because
of its weaker oxygen binding, which lowers the energy needed for
intermediate transformations.

The electronic behavior of the FeN4 and CoN4 centers during
intermediate adsorption is further clarified by the Bader-charge
Small, 2026

ve C
om

m
ons L

icense



a
c
F
w
O
b
F
c
c
t
d
a
a
r
n
s
C
O
a
d
w
p
P
b

F
t
t
t
s
v
o
c
a
w
i
s
h

2
o

W
C
g
t
a
s
i
f
c
w
a
f
f
m
c
l
a
i

S

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.74296 by Indian Institute O
f T

echnology, W
iley O

nline L
ibrary on [06/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
nalysis after the ORR energetics. Figure 7f illustrates the Bader
harge analysis for FeN4. In FeN4, O2 adsorption results in
e losing electron density and the O atoms gaining charge,
hich is consistent with strong electron back-donation and
-O activation. Additionally, just a fraction of charge is acquired
y the nearby N atoms, indicating their role in maintaining the
e─O bond. When OOH* is formed, Fe continues to undergo
harge reduction, but O atoms gain charge and H shows a small
harge loss, demonstrating proton-electron coupling. Compared
o FeN4, Bader charge analysis in CoN4 shown in Figure 7g
epicts an alternate electronic action during ORR intermediate
dsorption. Co experiences moderate electron loss upon O2
dsorption, while the O atoms acquire charge, suggesting a
educed significant back-donation impact than in FeN4. The
eighboring N atoms exhibit little charge shift, indicating a less
ignificant contribution to the stability of the Co-O interaction.
o keeps on losing electron density as the reaction moves toward
OH* formation, but to a smaller extent than Fe, indicating
more restricted electron interaction. In OOH*, the H atom
isplays an insignificant charge loss and the O atoms gain charge,
hich is in line with electron-proton pairing. We carried out a
rojected density of states (PDOS) study for arrangement at the
DS, namely OH* adsorption, to better understand the electronic
ehavior of FeN4 during the ORR process.

or the FeN4 site during the OH* adsorption step Figure 7h,
he PDOS reveals a considerable rise in O-2p states around
he Fermi level, along with noticeable widening and shifting of
he Fe-3d states. This considerable Fe-O orbital overlap implies
ubstantial hybridization and validates the Bader analysis, which
alidates that charge transfer from Fe to the OH* adsorbate
ccur. On the other hand, the PDOS reveals a small rise in O-2p
ontribution close to the Fermi level at the CoN4 site Figure 7i
fter OH* adsorption, but the Co-3d states shift more gradually
ith minimal broadening. A substantially weaker hybridization
s implied by this finding, showing a lowered Co-O interaction
trength that correlates to the weaker OH* binding capacity that
as been found for CoN4.

.5 Density Functional Theory (DFT) Simulation
n Dual-Atom Arrangement

e investigated the dual-atom configuration, in which Fe and
o are integrated within adjacent N4 moieties in a shared
raphene lattice, after determining the electrochemical activity
rends of the FeN4 and CoN4 single-atom sites. Several dual-
tom geometries have been examined to determine the most
table and electrochemically beneficial configuration. One bridg-
ng configuration, in which Fe and Co share oxygen-binding
unctions through a bridging interaction and five lateral Fe−Co
onfigurations where both metals are positioned side by side
ithin adjacent N4 pockets, weremethodically investigated. After
ssessing the stability of the structure, the energetically most
avorable configuration was determined. There was only one
easible configuration for the bridge-style dual-atom arrange-
ent, which was additionally optimized and incorporated for
omparison. The DFT-optimized structures of the Fe−Co−N
ateral arrangement and the Fe−Co−N bridging configuration
re shown in Figure 8a,b. The two metal atoms (Fe and Co)
n the bridging-type Fe-Co dual-atom configuration coordinate
mall, 2026
along the zigzag direction of the carbon frameworks because
they occupy adjacent N4 coordination spaces that share a com-
mon surface within the graphene lattice. This arrangement
ensures effective electronic transfer interaction between the
two active centers by creating a structurally integrated bridge
between Fe and Co, which produces a well-defined Fe−N and
Co−N coordination (both 1.87 Å) and a Fe−Co separation of
roughly 2.46 Å.

The most stable lateral Fe−Co dual-atom configuration was
identified as well and examined after the bridging-type arrange-
ment. Instead of sharing an edge, the Fe and Co atoms are
arranged side by side within two adjacent N4 coordination
regions in this optimized lateral geometry. With Fe─N and
Co─N bond lengths of about 1.88 Å and 1.85 Å, respec-
tively, each metal center maintains its intrinsic square-planar
M-N4 coordination, suggesting strong structural stabilization
comparable to the SAC counterparts. The lateral arrangement
preserves a distinct spatial separation between the two metal
sites while facilitating beneficial catalytic behavior through the
π-conjugated graphene network, in contrast to the bridging
model where Fe and Co share an interconnected electronic
pathway.

A similar approach was used for the Fe−Co dual-atom after
the structural stability and ORR behavior of the FeN4 and
CoN4 single-atoms were established. The most stable bridging-
type and lateral-type configurations were chosen for extensive
ORR electrolysis after several Fe−Co arrangements were tested.
All-important ORR intermediates, including O2*, OOH*, O*,
OH*, were similarly sequentially adsorbed on the Fe−Co dual-
atom active center. Figures S11 and S12 show the optimized
adsorption geometries for each intermediate on the Fe−Co atom
site. To determine the preferred reaction pathway and adsorption
geometries for the lateral Fe−Co dual-atom arrangement, all
ORR intermediates—O2*, OOH*, O*, OH* were individually
adsorbed. Fe and Co occupy adjacent but separate N4 sites
in this configuration, enabling both metals to participate in
oxygen binding. Due to its relatively greater oxygen affinity, the
oxygen reduction intermediates exhibit a clear preference for the
Fe center [53]. Here, computationally, observed the ‘synergistic
imbalance’ feature having Fe as a prominent ORR active site.
To further quantify this preferential adsorption behavior, the
adsorption energies of key ORR intermediates (O*, O2*, OH*,
and OOH*) on Fe-N4 and Co-N4 active sites were systematically
evaluated (Figure S13). The results consistently show stronger
adsorption at Fe sites, particularly for OH* and OOH* interme-
diates, confirming the dominant role of Fe in stabilizing reaction
intermediates and facilitating ORR kinetics. O2* preferentially
binds at the Fe site instead of the Co site during the first
adsorption step, forming a Fe─O bond of about 1.98 Å while the
O─O bond is only slightly perturbed at about 1.11 Å, suggesting
a tilted adsorption configuration that is largely regulated by
Fe. The OOH* intermediate remains attached at Fe in an end-
on configuration upon proton-electron addition, demonstrating
Fe−O and O−O distances of approximately 1.99 and 1.23 Å,
respectively. After O─O bond cleavage, Co is still electronically
coupled but not directly involved in adsorption, while the O*
species binds to Fe more strongly through a shortened Fe−O
distance of about 1.79 Å. Last, OH* stays coordinated at the Fe site
with an O−H distance of about 1.00 Å and a Fe─O bond length
13 of 21
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FIGURE 8 (a) DFT-optimized dual-atom structures: Fe−Co−N lateral and (b) Fe−N−Co Bridging, where brown, yellow, blue, and grey spheres
represent C, Fe, Co, andN atomic species, respectively. ORR free-energy profiles showing the potential-determining steps for (c) Fe−Co−N lateral and (d)
Fe−N−Co Bridging. Charge redistribution during ORR intermediates is shown in (e) the average Bader charge variation per atom for Fe−Co−N lateral
and (f) Fe−N−Co Bridging. (g) Partial density of states (PDOS) for the PDS for Fe−Co−N lateral and (h) Fe−N−Co Bridging, showing the importance
of electronic structure to ORR activity.

o
d

I
c
l
b
b
e
F
t
C
s
i
a
F
s
1

1

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.74296 by Indian Institute O
f T

echnology, W
iley O

nline L
ibrary on [06/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
f about 1.98 Å, indicating moderated binding that promotes OH
esorption.

n contrast, the bridging-type Fe−Co dual-atom has a more
ompact system than the lateral configuration, with Fe and Co
ocated in nearby N4 coordination spaces that have a common
oundary inside the graphene framework. O2* preferentially
inds at the Fe site during the ORR process, resulting in an
nd-on configuration with an O−O distance of ∼1.24 Å and a
e─O bond length of ∼1.97 Å, indicating higher activation than
he lateral configuration. Following proton-electron addition,
o stays electronically active within the shared coordination
urroundings but does not establish a direct bond with the
ntermediate, while OOH* persists to adsorb at Fe with Fe−O
ndO−O distances of approximately 1.96 and 1.33 Å, respectively.
e’s dominant oxygen affinity is further proven by the O* species
tabilizing at the Fe site through a shortened Fe─O bond of about
.82 Å upon O−O dissociation. With a Fe-O distance of about
4 of 21
1.90 Å and an O─H bond length of about 1.00 Å, the final OH*
intermediate also preferably aligns at Fe, exhibiting a moderate
binding strength favorable to OH desorption.

To investigate how dual-metal arrangements impact reaction
dynamics, the ORR free-energy profiles of the Fe−Co dual-atoms
were examined. Figure 8 represents theORR profile for the lateral
arrangement. The OH* formation step is identified as the PDS
by the ORR free-energy profile of the lateral Fe−Co dual-atoms,
with an uphill barrier of approximately 2.31 eV at U = 0 V.
The PDS is still the OH* formation step in the bridging dual-
atom shown in Figure 8d, but the barrier drops to about 2.11 eV,
indicating increased synergistic effects between Fe and Co that
lower the overpotential and enable intermediate transformation
[54]. The improvement is mainly caused by the bridge geometry’s
lower Fe−Co distance and improved metal-metal connection,
which improves orbital overlap while enabling electron transfer
during intermediate adsorption [55]. Bader-charge analysis is
Small, 2026
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mployed to better explain the electronic activity of the lateral
e−Co throughout intermediate adsorption following the ORR
nergetics.WhenO2 is adsorbed, the Fe site loses electron density,
nd the O atoms gain charge, indicating significant electron
ack-donation and O─O bond activation. To stabilize the Fe−O
nteractions, only a fraction of charge is also added to neighboring
atoms. However, the bridge Fe−Co exhibits better electronic

nteraction because the two metal centers are near one another.
e loses electrons, O atoms obtain charge after O2 adsorption,
nd Co shows a higher amount of electron gain than in the
ateral case, implying higher cooperative charge transfer. Nearby
atoms improve the Fe−O−Co interactions. Both dual-atom

tructures demonstrate much reduced total charge shifts via the
RR pathway (ΣΔq each step) compared to the SAC (FeN4 and
oN4).

his suggests that the distribution of charges decreases when the
lectronic output splits between two metal centers. The adsorp-
ion of OOH* and O* causes significant charge swings in SAC
ystems, especially FeN4, suggesting a greater electronic effect
n a single active site. Particularly in the bridging arrangement,
he dual-atom electrode exhibits the lowest ΣΔq values. Figure
14 demonstrates a comparison of the net charge-transfer growth
hroughout the ORR, based on Bader charge estimates, among
ll four systems. In comparison to their single-atom analogue,
he dual-atom shows significantly fewer ΔQ variations for every
eaction stage, exhibiting a more regulated transfer of charge
ehavior and indicating improved electrochemical stability.

n dual-atom systems, this reduced charge transfer often cor-
elates to higher ORR consistency and reduced overpotentials.
he partial density of states (PDOS) for the lateral Fe−Co
onfiguration for PDS step (OH*) is shown in Figure 8g. The
DOS of the OH* intermediate in the lateral Fe−Co arrangement
xhibits significant overlapping hybridization among the O-2p
rbitals with the Fe-3d states. This significant Fe−O interaction
ear the Fermi level suggests that Fe serves as the dominating
inding location and leads to amore stable and firmly boundOH*
pecies. In the lateral geometry, the Co-3d contribution exists but
s less significant, meaning that Co is not heavily involved in OH*
dsorption. The bridging configuration illustrated in Figure 8h,
n the other hand, demonstrates amore extensive and delocalized
ybridization structure where the O-2p orbitals interact with
oth the Fe-3d and Co-3d states. In comparison to the lateral
ystem, this shift results in a less stabilized intermediate due
o weaker and more dispersed bonding to OH*. In contrast, the
ateral configuration shows strong, localized Fe─O bonding that
xcessively stabilizes OH*, whereas the bridging arrangement
istributes the interaction among Fe and Co, reducing the metal-
H* binding. This electronic difference is reflected in the ORR
nergetics, where the lateral dual-atom encounters a greater OH*
ormation barrier while the bridging dual-tom, with its weaker
nd more regulated hybridization, achieves more favorable OH*
inding and better ORR performance.

ur research of the symmetric bridging Fe–CoN6 configuration is
upported by convergent experimental evidence that clearly dis-
inguishes it from unsymmetric Fe–Co atom pairs. While direct
maging of individual bridging N atoms remains challenging in
he disordered N-doped carbon support, the combined evidence
rom Fe/Co K-edge EXAFS (characteristic Fe–Co scattering
mall, 2026
paths), WT-EXAFS, AC-HAADF-STEM (closely spaced atomic
pairs), and DFT structural optimization strongly supports the
bridging Fe–CoN6 configuration over purely lateral or isolated
sites. Specifically, the Fe K-edge and Co K-edge FT-EXAFS
spectra of FeA-CoA/MWCNT-NC exhibit prominent metal–metal
scattering peaks at 2.05 and 2.20 Å, respectively (Figure 2e,f), in
addition to the expected M–N shells. This signature is absent in
the unsymmetric Fe–Co diatomic pairs [35], which show no Fe–
Co scattering and are therefore described as non-dimeric atom
pairs exhibiting a seesaw-type charge polarization. In contrast,
our Fe–Co scattering features closely resemble the intense,
symmetric Ni–Co scattering observed in the benchmark single-
atom dimer NiCo-SAD-NC [33], confirming direct metal–metal
interaction in a dimeric geometry. This interpretation is further
corroborated by AC-HAADF-STEM images (Figure 3e,f) that
reveal numerous closely spaced atomic pairs with overlapping Fe
and Co signals (blue circles), consistent with the DFT-optimized
bridging model (Fe–Co distance ≈ 2.46 Å). We have added a new
comparative paragraph in Section 2.2 to explicitly highlight this
distinction, thereby strengthening the structural researchwithout
overstating the evidence.

DFT simulation and Bader charge distribution analysis sug-
gest both Fe and Co atom sites display a symmetric charge
redistribution based on the Bader charge calculation; however,
the Fe sites in the bridging Fe−Co configuration often show a
slightly larger electron reduction, indicating that it is the primary
ORR active site. The charge deposition focuses primarily on
the deposited oxygen species coordinated to Fe in both lateral
and bridging Fe−Co dual-atom systems, indicating that ORR
is mainly inclined on Fe−N sites for adsorption rather than
on Co−N sites. The lowest-energy adsorption arrangements,
in which Fe acts as the main electron donor in intermediate
stabilization, are consistent with this observation. While Fe
continues to be the principal atom site regulating charge redis-
tribution and ORR kinetics, the comparatively uniform charge
distribution across Fe and Co further shows strong electronic
coupling.

2.6 Effect of Dual-Atom Cathodes in ZAB’s
Performance

Dual-site engineering in Co, Fe-DACs/NCs@PCF-based flexible
ZAB with local geometry and electronic structure of CoN4//FeN4
dual sites exhibits an OCV of 1.440 V and amaximum power den-
sity of 43.4 mW cm−2, outperforming the Pt/C+RuO2-benchmark
ZAB (1.391 V, and 30.6 mW cm−2) [37]. Differential charge density
distribution calculation by density functional theory (DFT)would
enable to confirmwhich atomic components among CoN4//FeN4
enhance electrical conductivity that facilitates charge transfer
duringORR in RRDE and ZAB. A significant structural distortion
with asymmetric charge distribution around FeN4 and CoN4
centers, which could lead to more electrons transferred from
Fe and Co atoms to the carbon plane, which would optimize
the adsorption/desorption of oxygen-containing intermediates,
given the ORR proceeds by a 4-electron pathway involving
O2*, OOH*, O*, and OH* intermediate adsorption [56]. NiN4
single-atomic sites with FeN0.0324 nanoclusters within the core-
shell structure of FeN0.0324 benefit from the synergistic effect,
offering maximum peak power density 180.9 mW cm−2 for
15 of 21
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ycling for 150 h, wherein NiN4-FeN shifts the Fermi level more
pward for optimized adsorption of *O [57]. Atomic engineering
f Co atoms into the pyridinc-N enriched carbon nanotube
ncapsulated Ni nanoparticles grown on 3D electrospun carbon
anofiber nano-assemblies of the CoSANi-NCNT/CNF as an
ir cathode exhibits a high-power density and specific capacity
or rechargeable ZABs [58]. In a synergistic effect, around the
o atoms, a great reduction of the delocalization around the
etal atom is expected for the ideal environment for interaction
ith oxygen intermediates. The complex of Fe/Co with N atoms
o form C−N3−Fe−Co−N4−C structure with an unsymmetrical
hemical and coordination structure of dual atom site, which
howed a lifting effect of Fe sites on Co sites in unsymmetric
tructures, forms a seesaw effect to reduce the energy bar-
ier of the decisive step of the multiphase process. In the
nsymmetric model, electron orbitals are rearranged, and the
lectron distribution of the Co site is abnormal. The number
f spin-down electrons (4.73) at Co site increases significantly,
ar more than the number of spin-up electrons (2.58), showing
large spin polarization. This species has very few unpaired
lectrons, where a weak symmetric peak corresponds to the
elocalized electrons. Therefore, the attachment of the hostages
nside the securitywhereinmetal-metal bonding sometimes plays
major role. The theoretical simulation further demonstrated
hat the dual FeA-CoA atomic structure possesses a remarkable
erformance, such as peak power density, OCV, and cycling
tability (Table S2, entry 1) [58].

.7 Effect of Dual-Atom Cathodes as Compared
o Other Emerging ZABMaterials

nterface-confined atomic sites favor oxygen-driven surface
econstruction, which again supports atomic rearrangement,
hich could offer low-coordinated atomic sites for stabilizing
xygen, a key active center for ORR [59]. The desired structural
odulation should be such that in a negative shift of the d-
and center and effectively lowers the adsorption energy of
OH intermediates. To achieve a high ORR half-wave potential
E1/2) of 0.86 V (vs RHE) with minimal performance loss in Co
nd CeO2-based bifunctional electrode after a significant cycles
10 000), an excellent OER potential and a low bifunctional
otential gap are needed to surpass the commercial Pt/C+RuO2
s cathode in ZABs [60]. Fe-SAs/MPC, which endows abundant
acropores and identical microstructural features to hard car-
on, with ultra micropores walls typically comprise 1–4 layers of
rumpled graphene sheets. This displays quasi-solid-state ZABs,
hich work stably with insignificant increase of voltage gaps
or 1600 and 100 h [61]. A significant comparison of dual-
tomic materials as electrodes consists of classifying dual-atom
tructures into three different classes such as 1) homo-diatomic, 2)
etero-diatomic, and 3) dual-atomic bridge-coupling structures.
dual single-atom P-FeCo/NC consisting of P-bridging Fe and
o bimetal atom (Fe-P-Co) on N, P-Co-doped carbon framework
herein facile adsorption/desorption of O-intermediate works
or ZABs [62]. It is realized that an electron-withdrawing P
tom as a bridging site customizes the dissociative ORR route
s electron delocalization on P is much stronger as compared
o N atom, which better tailors the electronic states of adja-
ent atom sites, unlike in asymmetric Co─S─Fe bonds at the
eterointerface, inducing a bridge-driven multi-site synergy for
6 of 21
promoting electron redistribution and surface polarity [63]. The
adsorption energy of OH on the FeCoN5P site is more negative
than that of the FeCoN6 symmetric site, corresponding to higher
thermodynamic stability of OH on the P bridging site. OH would
tailor the adsorption-desorption properties of ORR intermediates
on a FeCoN5P site, which switches the last electron transfer step
(OH⋅H2O) from endo to exothermic, resulting in a lowest energy
barrier for a FeCoN5P-OH site (∼0.4 eV) of the rate-determining
step for ORR as compared to P-free sites such as FeN4 (0.66 eV)
and FeCoN6 (0.99 eV). The 3dz2 orbital energy levels of Fe and
Co atoms can selectively customize the dissociative ORR route
without the formation of OOH* intermediates, circumventing the
convenient OH*-OOH* scaling relations [64]. The role of inter-
atomic distance in a dual-atom system (Cu/Ni-NC), in which
theoretical calculation and advanced experiments, such as AC-
HAADF-STEM, reveal that an atomic distance of Cu−Ni ∼4.08 Å
maximizes the synergistic interactions between two atoms for a
eCO2RR and higher Faradaic efficiency (FECO) [65].

Besides the activity of dual-atom electrodes in general for
their less revealed synergistic effects, bifunctionality of iridium
nanoparticles on holey carbon via strong Ir-NHC interaction
offers a 1.6-fold higher specific capacity and cycling stability
for 2000 cycles, resulting from such interaction as revealed
from X-ray spectroscopic analysis focused on size and electronic
structure of the Ir NPs [66]. Robust ORR by radical generation
on atomic pair Fe-V (Fe1V1-NC), consisting of FeN4 and VN4 with
intersite electron interaction for boosting ORR and by avoiding
the formation of ROS and offering exceptional durability [67].
Enhancing interconnected conductive pathways in Ru@TS@C
results in rapid charge transfer across the 3Dnetwork for enabling
enhanced reaction kinetics in ZABs, wherein Ru-mediated elec-
tron exchange with oxygen adsorbates accelerates 4e− dominant
oxygen reduction reaction [68]. Similarly, electronic tuning in
boron atom gap-doped Pt3Co nanoparticles on carbon nanobowls
(B-Pt3Co/CNBs) wherein highly electronegative B atoms lead to
Pt atoms to lose electrons, resulting Pt3Coweakening the bonding
strength Pt−Oand accelerating the protonation and desorption of
O* on the surface [69].

Electrostatic spinning-in situ copolymerization-based bifunc-
tional systems with a single-atom FeNx and FeCoOx offer high
power for >580 cycles, depending on the shifts of d-band centers;
however, they failed to determine the effect of carbon fibers in
ZABs [70]. Providing a scaffold with cellulose nanofiber (CNF),
depending on physical interweaving and strong electrostatic
repulsion by the formation of hydrogen bonds for carbon aerogel
with channel-oriented microstructure, with M-N4 sites offering
ORR activity, which results in tremendous operative stability
under structural deformation, emphasizing the significance of
CNF in forming aerogel [71]. Micro/nanofiber-based carbon
aerogelwith Fe-N4 single atoms andFe-atomic clusters (CMNCA-
FeSA+AC) offers optimized electronic structure for ORR as a result
of a biological neutral network, which is a structural biomimetic
strategywith tailored single atoms that emphasizes the nanofiber-
structure of the electrode [72]. N-doped CNFs host atomically
dispersed metals in single and di-atomic form, wherein the
nanofiber is created via electrospinning, again, where the role
of nanofibers remains unrecognized [73]. A bifunctional single-
atom Co−N5 sites offer exceptionally high atomic utilization
along with flexible carbon CNF for enhancing ZABs peak power
Small, 2026
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ensity and long-term cycling stability [74]. Defective CNFs with
dge-located Fe-N4 sites due to Zn-assisted thermal etching result
n activity-enhanced ORR due to reduced Fe state; however,
efore defect engineering, CNFs’ structure must have been
nvestigated for their role in ORR [75]. 3D electrospun CNF nano-
ssemblies CoSANi-NCNT/CNF offer amultidimensional carbon
keleton, offering an ideal electronic environment for ZABs at
igh power density [58]. Coaxial electrospinning strategy for CNF
elf-supportingmembranewith CoN particles and FeSA confirms
he role of both on a CNF and possible proton and electron
ransfer mode between sites [76]. However, in spite of recent
nvestigations on CNF-based electrospun nanofibers containing
tomic and nanoparticles, exclusive structural features such as
he role of non-electrospun nanofibers, multi-walled nanofibers,
nd hetero-diatomic sites with adjacent metal atoms without
ny bonding or bridging atoms on fibrous support were never
ddressed with sufficient evidence. The most significant scope
emains in addressing the following features of the ZAB electrode
ith experimental evidence and theoretical support: 1) role of
on-electrospun nanofiber with multi-walled structure, 2) role of
e−Co dual atom on fibrous structure for robust ORR and ZAB
erformance, 3) precise comparison of Fe−Co dual atom with
e-SA electrode for ZABs.

.8 A Close Comparison of Dual-Atom Geometry
nd Electronics

close comparison of dual-atomic Fe−Co pairs for promoting
inetics of ORR and ZABs as a cathode involves the type of
ual-atomic sites consisting of either bridging or lateral config-
ration of atom pairs, and whether consisting of symmetrical
r unsymmetrical coordination geometry of atom pairs. An
lectron spin broken-symmetry of Fe−Codual atomic pairs (Table
3, entry 1) for which a comparison between a symmetrical
nd unsymmetrical dual-atomic Fe−Co pair model was made
etween the free energy diagram of ORR (charging process),
hich showed that the Fe-site consists lower overpotential (μ =
.33 V) as compared to Co site. This showed the Fe-site being
he main active site of ORR for the symmetrical configuration
f Fe−Co pair. However, for an unsymmetrical Fe−Co pair, Co
ites showed lower overpotential (μ = 0.27 V) for ORR. In the
ymmetricmodel Fe−Co,more spin-up electrons than spin-down
lectrons is expected with almost a similar electron distribution.
owever, in an unsymmetrical Fe−Co pair, the d-band center
oves negatively, with more electrons occupying the antibond-
ng orbitals, resulting in weaker bond strength with oxygen
ntermediates, which is more conducive to the dissociation of
he intermediates [35]. Fe SAs coordinated by nitrogen and Fe
tomic clusters along with Co−N4 moieties and CoFe NCs in
o, Fe-DACs/NCs@PCF consists of Fe-N4 and Co-N4 dual atoms
ith adjacent Fe-nanoclusters, which exhibits ORR higher onset
otential of 1.09 V and a higher E1/2 of 0.871 V. This system
xhibits Fe5 and Co2Fe2 clusters, introducing significant struc-
ural distortions with asymmetric charge distribution around
eN4 and CoN4 centers which resulting intomore electrons being
ransferred fromFe andCo atoms to carbon planes.Herein, due to
he nanoclusters’ contributions in a Co2Fe2@CoN4−Fe5@FeN4,
he total density of states near the Fermi levels than those of
oN4 and FeN4, confirming enhanced electrical conductivity,
acilitating facile charge transfer during ORR [37].
mall, 2026
The ɛd of Ni site for NiN4-FeN4 near the Fermi level was shifted
upward, and such changes were favorable for the adsorption
process of the reaction intermediates. FeN0.0324@NiN4/C enable
to induce the polarization of the interfacial hydrogen bonding
network in the EDL, which would affect the water dissociation
kinetics. The charge redistribution between FeN0.0324 and NiN4 in
the core–shell structural FeN0.0324@NiN4/C could facilitate the
adsorption of *OH to accelerate the water dissociation process
[57]. DOS investigation reveals the 2p-orbitals of carbon, nearby
N-atoms 2p, and 3d states of Fe/Co facilitate adsorption of
intermediates [77]. A NiCo-SAD-NC dimer single-atom exhibits
a HER overpotential 54.7 and 61mV at −10mAcm−2 in acidic
and alkaline media [33]. Ni−Co dimer sites (marked by the
yellow square) with coordination between Ni and Co at the
atomic level, along with some isolated Ni or Co atoms with
an average dimer distance of 0.241 ± 0.024 nm in the form of
NiXo-N6 structure. Similarly, a dual atom dimer site CuNi@GO
exhibits a lowering of overpotential due to d-band electron
shifting and more favored over Cu sites for OER with reach
a current density of 10 mA cm−2 with the lowest Tafel slope
of 110 mV/dec for oxygen evolution reaction [1]. It is also
discovered that a dual atom Co2N5 with low spin magnetic
moments disrupts the conventional ΔGOOH* to ΔGOH* scaling
relations, achieving optimal O* adsorption and moderated H*
adsorption/desorption [9].

Therefore, it revealed that the M1−M2 dual-atom pair must
form a suitable configuration for favorable adsorption-desorption
electronics for lowering the overpotential of the electrochemical
process. Table S3 and the above discussion on the geometry
of the M1−M2 dual-atomic pair suggest that an asymmetric
configuration (no symmetric bridging atoms, two metal atoms
far from each other) and inclusion of nanoclusters with dual-
atom sites alter the d-band electron movement by lowering the
overpotential of the ORR to the maximum extent.

3 Conclusion

In summary, we have assembled a ZAB cell with specific dis-
charging capacities at 10 mA cm−2 with the maximum power
density 90 mW cm−2 with FeA-CoA/MWCNT-NC as cathode
which outperforms Pt/C and FeSA950NC as revealed from
discharging polarization curves and the corresponding power
density. This experimental comparative analysis can be attributed
to the integration of an optimized dual-atomic Fe-N4/Co-N4 site
in FeA-CoA/MWCNT-NC, consisting of a symmetric bridging
configuration. Experimental and DFT simulation support fur-
ther reveal that the electronic structure of the FeA−CoA dual
atom site can effectively accelerate the desorption of the *OH
intermediate and optimize the *OOH/*O adsorption behavior
during the ORR, which forms the basis for ZABs performance.
EXAFS pattern corresponding to Fe−Co scattering and AC-
HAADF-STEM imaging of FeA-CoA/MWCNT-NC, along with
STEM mapping of elements, suggest the presence of Fe-N4 and
Co-N4 sites in a ribbon-like nanofiber. The ZAB assembled with
the FeA-CoA/MWCNT-NC as an air-cathode and Zn-metal plate
anode exhibited an outstanding peak power density 213 mW
cm−2. Notably, FeA-CoA/MWCNT-NC as air cathode delivers at
a current density of 5 mA cm−2 remain steady until 104 h.
DFT simulation reveals that the FeN4 single-atom with greater
17 of 21

ve C
om

m
ons L

icense



Σ
f
o
t
2
c
O
c
b
w
p
a
i
T
t
t
a
e
e
n
b

A

T
a
A
A
d
e
M
C
S
X
e
w
d
l

A

S
&
T
g
t
G
g
t
C
2
T
s
C
f
t
t
P
C
i

C

T

1

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.74296 by Indian Institute O
f T

echnology, W
iley O

nline L
ibrary on [06/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
Δq values and restricted electron redistribution, resulting in
ewer evenly distributed ORR energetics and a relatively greater
verpotential, whereas Fe−Co dual-atom exhibits improved elec-
ronic cooperation, with 1) symmetric bridging arrangement,
) most stable development of ORR intermediates and 3) least
harge-transfer strain. This Fe and Co bridging site enhances
−O activation and reduces important ORR energy barriers, as
onfirmed by the combined PDOS and Bader-charge analyses
y confirming shared and optimal charge transfer at bridging
ith electronic synergy. Overall, the symmetric bridging Fe−Co
erforms superior to the single-atom system and the lateral dual-
tom configuration, along with more adsorption-desorption of
ntermediates of ORR on Co-N4 sites as synergistic imbalance.
his combined XANE-EXAFS, HAADF-STEM, and DFT simula-
ion on FeA-CoA/MWCNT-NC provides incredible insights into
he underlying mode of action of dual-atomic sites for ORR
nd ZABs as compared to single-atom sites. These combined
xperimental and simulation-based findings offer insights into
lectron redistribution in dual-atomic sites and advance ratio-
al design for high-performance electrodes in energy storage
atteries.
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