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1 Introduction

Bioinspired Fe/Ni bimetallic species on carbonized
MOF as bifunctional electrocatalysts for
rechargeable Zn-air batteries

+2 Hung Ngo Manh,° Seyeop Jeong,® Heesun Kim,? Jun Ho Seok,”

a

Sunggu Park,
Seokhyeon Jeon,? Yunseok Shin,® Ali Anus,
Sang Uck Lee @ *® and Sungjin Park @ *?

A bioinspired bimetallic single-atom-based catalyst (Fe/Ni-NC) is generated on N-doped porous carbon
derived from ZIF-8 for rechargeable zinc-air batteries (ZABs). Fe and Ni atoms are sequentially introduced
into the support networks and stabilized through high-temperature pyrolysis, yielding atomically dispersed
Fe-N and Ni-N sites without forming metal nanoparticles. Comprehensive structural characterization
confirms the atomic dispersion of Fe and Ni within the carbon matrix. Electrochemical evaluations reveal
that Fe/Ni-NC exhibits superior bifunctional oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) performance with a low Tafel slope, excellent selectivity for a four-electron ORR pathway, and
minimal charge transfer resistance. Density functional theory (DFT) analysis reveals that Ni sites embedded
within pyrrolic-N environments (Ni@mPrN) possess optimal O* adsorption energies, serving as the dominant
bifunctional active centers responsible for the enhanced oxygen reduction and evolution activities. In ZABs,
the catalyst delivers a high open-circuit voltage (1.55 V), peak power density (130.9 mW cm ), and specific
capacity (775 mAh gz, Y, along with outstanding electrochemical durability. This study highlights the
synergistic effect of dual single-atom-based species and porous N-doped carbon in enabling cost-effective,
high-performance air cathodes for ZABs.

Keywords: Zinc-air batteries; Single-atom catalysts; Bimetallic catalysts; Oxygen reduction reaction;
Oxygen evolution reaction; Electrocatalysts.

the ORR and OER is crucial for the industrial application of
ZABs.

Rechargeable metal-air batteries have attracted attention as
promising sustainable energy storage systems. Because they
have an open-cell structure, external oxygen molecules can be
supplied to the cathode continuously, generating higher
theoretical energy densities than lithium-ion batteries.?
Among them, zinc-air batteries (ZABs) stand out as promising
candidates because of their environmental friendliness, cost-
effectiveness, and safety.* However, the sluggish kinetics of
the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) at the air electrode significantly limit the
practical usage of ZABs. Therefore, the development of highly
active and durable bifunctional electrocatalysts working for
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It is well-known that precious metal-based materials such
as Pt/C and IrO,/RuO, show outstanding electrocatalytic
performance for the ORR and OER in separate half-cell
conditions, respectively.”® Thus, combining such ORR and
OER active species into one electrode has been widely studied
as bifunctional electrocatalysts for ZABs.” However, because
of their limitations of high cost, scarcity, and low long-term
stability, recent research has focused on developing
alternative non-precious metal-based catalysts.'® Although
earth-abundant metal species such as Co, Fe, and Ni show
the possibility of being bifunctional electrocatalysts,
achieving high ZAB performance and stability is still a great
challenge."'™"* Engineering highly active species for both the
ORR and OER is a key factor to address such issues.'"'®
Nature systems such as hydrogenase often rely on bimetallic
catalytic systems, including Fe and Ni, to facilitate energy
conversion processes in aqueous environments with
remarkable selectivity and efficiency.'® Therefore, inspired by
the efficient catalytic systems found in nature (enzymatic
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reactions and biological processes), we propose a bioinspired
strategy for artificial bimetallic electrocatalysts."”

Recent studies have demonstrated that Fe/Ni-based
bimetallic single-atom catalysts (SACs) in carbon-based
frameworks exhibit excellent electrocatalytic activity toward
the ORR and OER."° Owing to their tunable electronic
environments, large surface areas, high electrical
conductivity, and robust chemical stability, carbon-based
materials have emerged as promising supporting networks
for both electro- and photocatalytic SACs. Such SACs on the
surfaces of support offer maximized atomic utilization and
unique electronic structures that promote reaction
kinetics.”"*> However, achieving commercially viable ZAB
devices using bifunctional bimetallic catalysts as air-electrode
electrocatalysts remains a critical challenge, requiring the
development of highly efficient catalysts as well as the
realization of high-performance, high-efficiency, and long-
term stable ZAB operation. Furthermore, the enhanced
catalytic performance of Fe/Ni-based bimetallic systems has
generally been attributed to the synergistic effects arising
from the coexistence of Fe and Ni species, including charge
redistribution, modulation of the electronic structure, and
optimization of oxygen intermediate adsorption energies, all
of which contribute to improved ORR/OER activity.>*>*
Nevertheless, precise control over the structure of SAC active
sites typically formed at defect sites on sp®-carbon supports
along with a deeper understanding of the active species and
the development of optimal synthetic strategies for
incorporating heterometallic centers are still required.

Metal-organic frameworks (MOFs) have emerged as a
versatile platform as support materials for designing
advanced electrocatalysts due to their porosity, high surface
area, and ability to accommodate atomically dispersed metal
active sites.”">* Herein, we report the synthesis of a novel
bimetallic catalyst (Fe/Ni-NC) in which atomically dispersed
active species are anchored on the surface of an N-doped
MOF-derived carbonaceous structure. The morphological and
chemical structures were thoroughly investigated. Fe/Ni-NC
materials show excellent bifunctional electrocatalytic activity
for the ORR and OER separately. Additionally, combined
experimental analyses and density functional theory (DFT)
calculations provide atomic-level insight into how Fe and Ni
atoms embedded within distinct nitrogen coordination
modulate oxygen electrocatalysis, thereby
identifying the dominant active configurations responsible
for the enhanced ORR and OER activities. Furthermore, the
Fe/Ni-NC air electrode exhibits superior ZAB performance in
terms of power density, cycle stability, and overall energy
efficiency.

environments

2 Results and discussion
2.1 Preparation and morphological characterization of Fe/Ni-NC

In this study, zeolitic imidazolate framework (ZIF)-8, a
subclass of MOF, was employed as an initial template for the
synthesis of porous carbon materials owing to its facile
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preparation and low cost.”® ZIF-8 was synthesized via a
solution-phase reaction between zinc nitrate hexahydrate
(Zn(NO3),6H,0) and 2-methylimidazole (C4HgN,) in
methanol (Fig. 1). The obtained ZIF-8 powder was
subsequently carbonized at 950 °C wunder a nitrogen
atmosphere, yielding N-doped porous carbon (NC) materials.
To introduce the atomic Fe and Ni species, the NC powder
was sequentially treated with FeCl,-4H,0 and NiCl,-6H,O in
ethylene glycol (EG), which acts as a mild reducing agent as
well as a solvent. The resulting mixture was subjected to
thermal annealing at 900 °C under a N, atmosphere to
produce the bimetallic SAC, denoted as Fe/Ni-NC. For
comparison, monometallic control samples (Fe-NC and Ni-
NC) and a bimetallic sample with simultaneous addition
(FeNi-NC) were also prepared as controls.

The morphological and structural features of Fe/Ni-NC
were investigated using X-ray diffraction (XRD), transmission
electron microscopy (TEM), and Brunauer-Emmett-Teller
(BET) surface area analysis. The XRD patterns of both NC
and Fe/Ni-NC exhibit a broad diffraction peak centered at
approximately 25°, which corresponds to the (002) plane of
graphitic carbon, indicating the presence of amorphous sp*-
hybridized carbon layers (Fig. 2a).>>*” This is in sharp
contrast to the well-defined crystalline peaks observed in the
pristine ZIF-8 structure (Fig. S1), confirming the successful
carbonization and transformation into an amorphous carbon
matrix during thermal treatment.

Notably, no distinct peaks corresponding to crystalline Fe-
or Ni-containing phases are detected in the XRD patterns of
Ni-NC, Fe-NC and Fe/Ni-NC (Fig. S2). This feature suggests
that the Fe and Ni species could be atomically dispersed.*® In
contrast, the XRD pattern of the control FeNi-NC sample
(synthesized via simultaneous introduction of Fe and Ni
precursors) exhibits sharp peaks that can be assigned to Fe,O;
and/or spinel-type Fe;gsNi; ,50, phases, indicating the
formation of crystalline nanoparticles (Fig. 2a). This difference
clearly demonstrates that the sequential metal incorporation
strategy in this work is essential for preventing nanoparticle
formation and achieving atomically dispersed Fe and Ni sites
on the surfaces of carbon-based supports (the local
environments of the metal centers will be discussed later).

TEM images of the ZIF-8 particles show well-defined
polyhedral morphologies (Fig. S3). After pyrolysis and metal
incorporation, the Fe/Ni-NC sample retains a similar
polygonal shape to NC with slight shrinkage, and the particles
appear amorphous (Fig. S4 and 2b). The particle sizes range
from 160 to 200 nm, with an average diameter of
approximately 168 nm (Fig. 2b). In addition, Ni-NC and Fe-NC
also show morphologies comparable to that of Fe/Ni-NC (Fig.
S5 and S6). To further investigate the sample, High-Angle

Annular  Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM) measurements along with
elemental mapping were carried out on Fe/Ni-NC

(Fig. 2c and d). Elemental mapping images confirm a uniform
distribution of Fe and Ni throughout the carbon matrix,
alongside a dominant carbon framework. High-resolution
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Fig. 2 (a) XRD patterns of NC, Fe/Ni-NC, FeNi-NC and references; (b) TEM image of Fe/Ni-NC with the corresponding particle size distribution
shown in the inset; (c) HAADF-STEM image of Fe/Ni-NC; (d) STEM and elemental mapping images of Fe/Ni-NC; (e) N, adsorption/desorption
isotherm curves and (f) pore size distribution of NC and Fe/Ni-NC.

imaging as shown in Fig. 2c and S7 clearly demonstrates the = metallic nanoparticles within the carbon matrix. Overall,
uniform dispersion of metal species at a scale below 1 nm  these findings provide strong evidence for the uniform
(denoted by the circles), confirming the absence of aggregated  dispersion of the Fe and Ni species at the sub-nanometer
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scale, with no detectable formation of crystalline phases.
Furthermore, the specific metal loadings were quantified as
1.20 wt% for Fe and 1.09 wt% for Ni through inductively
coupled plasma-optical emission spectrometry (ICP-OES)
analysis. Raman spectroscopy further supports the formation
of carbon-based structures from ZIF-8, showing characteristic
D and G bands, which correspond to disordered carbon and
graphitic sp> domains,”” respectively (Fig. S8 and S9).

The Fe/Ni-NC sample exhibits a high Brunauer-Emmett-
Teller (BET) surface area of 1036 m* g*, which is slightly
higher than that of the NC sample (960 m”> g ). All
samples display isotherms that are a combination of type I
and type IV, according to the IUPAC classification,*
suggesting the coexistence of microporous and mesoporous
structures (Fig. 2e and S10). The sharp uptake of N, at low
relative pressures (P/P, < 0.1) indicates the predominant
presence of micropores. A more gradual increase in
adsorption in the intermediate P/P, region reflects the
presence of mesopores. In addition, the steep rise in N,
uptake at high P/P, values (P/P, > 0.9) can be ascribed to
interparticle voids or textural porosity resulting from loosely
packed carbon particles.*® The Barrett-Joyner-Halenda
(BJH) pore size distribution curves further support the
microporosity of both NC and Fe/Ni-NC, with a minor
contribution from mesopores (Fig. 2f). Fe/Ni-NC shows a
slightly higher micropore compared to NC,
indicating that the incorporation of metal species through
the sequential coordination and heat treatment process
does not compromise the microporosity of the carbon
framework.*> This porosity and high surface area are
advantageous for catalytic applications, as they can
facilitate effective dispersion of active sites and improve the

volume
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mass transport of reactants
electrochemical reactions.

and products during

2.2 Chemical analyses of Fe/Ni-NC

The structural and electronic characteristics of Fe/Ni-NC were
investigated by X-ray photoelectron spectroscopy (XPS), X-ray
absorption near edge structure (XANES), and extended X-ray
absorption fine structure (EXAFS) analyses. As summarized
in Table S1, XPS survey spectra reveal that Fe/Ni-NC is
primarily composed of C atoms, with minor contributions
from N and O atoms. Compared to the pristine NC sample,
Fe/Ni-NC exhibits lower oxygen content, indicating the
removal of oxygen-containing moieties during the high-
temperature pyrolysis process.*

The C 1s XPS spectrum of NC (Fig. 3a) displays a
dominant peak at 284.6 eV, corresponding to C—C bonds,
which is indicative of the formation of sp*-hybridized
graphitic carbon derived from the thermal decomposition of
the ZIF-8 framework. Additional peaks associated with
oxygenated and N-containing functional groups are also
observed.*® The N 1s spectrum (Fig. 3b) is deconvoluted into
multiple components, with peaks located at 398.4, 400.8,
402.3, and 403.0 eV, assignable to pyridinic, pyrrolic,
graphitic, and oxidized N species, respectively.*>*® These
results confirm the successful incorporation of N atoms into
the carbon lattice, forming an N-rich environment capable of
stabilizing metal active sites. Nitrogen functionalities are
known to serve as Lewis base sites that can coordinate
transition metal species, forming metal-N (M-N,)
coordination structures.®” In the case of Fe/Ni-NC, a similar
N configuration is retained, along with an additional peak
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Fig. 3 Deconvoluted XPS spectra of NC and Fe/Ni-NC for (a) C 1s and (b) N 1s; (c) Fe K-edge XANES spectra of Fe foil, FeO, Fe,Os, and Fe/Ni-NC;
(d) Ni K-edge XANES spectra of Ni foil, NiO, and Fe/Ni-NC; deconvoluted XPS spectra of Fe/Ni-NC for (e) Fe 2p and (f) Ni 2p; (g) EXAFS fitting
spectra in the R-space for Fe foil, FeO, Fe,O3, and Fe/Ni-NC; (h) EXAFS fitting spectra in the R-space for Ni foil, NiO, and Fe/Ni-NC.
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attributed to M-N coordination bonds. Notably, the pyrrolic
N peak shifts slightly toward higher binding energy (from
400.6 eV in NC to 400.8 eV in Fe/Ni-NC), suggesting an
electronic interaction between pyrrolic N moieties and Ni
centers. Such shifts have been reported as characteristic
signatures of pyrrolic Ni-N coordination, indicating that
pyrrolic N species are likely to contribute to anchoring Ni
single atoms in the Fe/Ni-NC structure.®® This supports the
presence of Fe and Ni centers anchored to N sites of the
carbon matrix. All these features suggest the formation of
Fe-N and Ni-N motifs, which are considered catalytically
active centers for electrocatalysis. For comparison, the
corresponding XPS spectra of the control samples are
provided in the SI (Fig. S11).

Further insights into the local coordination environment
and oxidation states of Fe and Ni are obtained from X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) analyses. Fig. 3c and d
present the Fe and Ni K-edge XANES spectra of Fe/Ni-NC,
along with those of reference samples. The electronic
transitions from 1s — 3d and 1s — 4p are manifested as
characteristic pre-edge and white-line features, respectively.*”
The absorption profiles of Fe and Ni in the Fe/Ni-NC catalyst
exhibit a significant deviation from those of the metallic Fe
and Ni foils, providing clear evidence that both metal species
exist in non-metallic states. For Fe, the XANES profile is
similar to that of FeO, though the broader white-line peak
lies intermediate between those of FeO and Fe,O;. This
feature suggests that an average Fe oxidation state is slightly
higher than +2. In the case of Ni, the XANES feature closely
matches that of NiO, indicating that Ni is predominantly in
the oxidation state of +2.

These XANES findings are consistent with the XPS
results. The Fe 2p XPS spectrum (Fig. 3e) of Fe/Ni-NC shows
peaks at 709.5 eV and 722.9 eV, attributed to Fe** 2ps3, and
2p1s2, respectively, along with minor features at 712.2 eV
and 726.1 eV corresponding to Fe®" species.”” The Ni 2p
spectrum (Fig. 3f) exhibits peaks at 856.3 eV and 873.9 eV,
corresponding to Ni*" 2p;/, and 2p,,, further supporting the
presence of Ni** species in Fe/Ni-NC.*!

To elucidate the local coordination environment of the
metal atoms, EXAFS analysis was performed. The k-space
oscillations and Fourier-transformed (R-space) EXAFS
spectra for the Fe and Ni K-edges (Fig. 3g and h) were
compared with those of metallic and oxide references. As
summarized in Table S2, no significant peaks corresponding
to Fe-Fe or Ni-Ni metallic bond distances are observed in
the Fe/Ni-NC spectra, indicating the absence of metal
nanoparticles in Fe/Ni-NC.

In the Fe EXAFS spectrum, signals corresponding to Fe-O
and Fe-Fe interactions, typically observed in iron oxides (e.g.,
at 2.13 and 1.99 A for FeO and Fe,0;), are absent in Fe/Ni-NC.
Instead, a distinct peak is observed at 2.03 A, which can be
fitted to a Fe-N scattering path, indicative of Fe-N
coordination.”” A similar trend is found in the Ni EXAFS
spectrum, where NiO shows the features arising from Ni-O

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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and Ni-Ni distances, and the Fe/Ni-NC sample shows a single
peak corresponding to a Ni-N path.** As mentioned earlier,
the presence of M-N coordination is further supported by the
N 1s XPS spectrum of Fe/Ni-NC, which exhibits a
corresponding peak at 399.4 eV. EXAFS fitting results indicate
that the coordination numbers for Fe-N and Ni-N are 3.62
and 3.80, respectively (Table S2), indicating different
coordination environments from those of bulk oxides or
metallic phases. Collectively, the XPS and XANES results
indicate that the Fe and Ni species are in positively charged
states, while EXAFS analysis shows that these metal centers
are coordinated to N atoms in isolated M-N, configurations.
These features combined with STEM data provide strong
evidence that Fe and Ni are atomically dispersed within the
N-doped carbon matrix, rather than existing as aggregated
nanoparticles or metal oxide clusters."®

2.3 Rechargeable Zn-air battery performance

To evaluate the rechargeable ZAB performance of the
synthesized Fe/Ni-NC catalyst, battery cells were assembled in a
custom configuration (Fig. S12). The cell consisted of a Zn plate
anode, an air cathode based on a gas diffusion layer coated with
Fe/Ni-NC, and an aqueous electrolyte containing 6.0 M KOH
and 0.2 M Zn(CH;COO),. For comparison, a reference cell
employing a commercial Pt/C and RuO, mixture (1:1, w/w) was
prepared under identical conditions. The Fe/Ni-NC-based ZABs
exhibit an open-circuit voltage (OCV) of 1.55 V, surpassing the
Pt/C + RuO, cell (1.47 V) (Fig. 4a). This higher OCV is indicative
of electrochemically effective surfaces and morphology of Fe/
Ni-NC relative to Pt/C + RuO, in three-phase interfaces. The
discharge polarization and power density profiles (Fig. 4b)
reveal that the Fe/Ni-NC-based ZABs produce a significantly
higher current density of 239.7 mA ¢cm ™ at 0.5 V, compared to
the Pt/C + RuO, system (205.7 mA cm 2). Furthermore, it
achieves a peak power density of 130.9 mW cm?,
outperforming the noble-metal-based counterpart (107.3
mW cm™), which shows the outstanding bifunctional
catalytic activity of Fe/Ni-NC.

In the full-discharge test conducted at a constant
current density of 10 mA cm™? (Fig. 4c), the Fe/Ni-NC-based
ZABs reach a specific capacity of 775.0 mAh g, ™', which
not only is significantly higher than the Pt/C + RuO, cell
(668.4 mA h gz, "), but also approaches the theoretical
capacity limit (823 mAh g, ").** This feature reflects
superior zinc utilization efficiency. Dynamic discharge
measurements under varying current densities (1, 5, 10, and
20 mA cm?, Fig. 4d) further validate the operational
stability and reversibility of the Fe/Ni-NC catalyst. Upon
returning to a low current density (1 mA cm™?), the
discharge voltage is effectively restored to 1.36 V, compared
to 1.34 V for the Pt/C + RuO,-based cell.

Long-term cycling stability is important for the practical
operation of rechargeable ZABs. As shown in Fig. 4e, the cell
was subjected to repeated discharge-charge cycling at a
current density of 10 mA c¢cm 2, with each cycle consisting of
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Fig. 5 Electrocatalytic ORR and OER properties of Fe/Ni-NC and control samples. LSV polarization curves for (a) the ORR and (b) the OER; (c)
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alternating 5 min discharge and charge periods. Under these
conditions, the Fe/Ni-NC-based ZAB maintained a stable
operating voltage for more than 120 h, corresponding to 720
continuous cycles. In contrast, the ZAB cell, assembled with
Pt/C and RuO,, stopped at 16 h (96 cycles). Additionally,
STEM and EDS mapping images of the Fe/Ni-NC-after-cycle
sample (Fig. S13) show almost no change in the carbon-
network and the maintenance of atomically dispersed Fe-/Ni-
containing species. These data reveal the excellent stability of
Fe/Ni-NC materials under rigorous alkaline operation
conditions of ZABs. Furthermore, comparison with previously
reported rechargeable ZAB catalysts (Table S4) shows that the
Fe/Ni-NC-based ZAB exhibits a competitive open-circuit
potential and excellent long-term cycling stability.

Its outstanding activity, high energy output, and excellent
stability, coupled with the use of earth-abundant Fe and Ni,
firmly indicate that Fe/Ni-NC is a promising air cathode
material for high-performance, cost-effective, and sustainable
ZABs.

2.4 Electrochemical properties of Fe/Ni-NC

To elucidate the origin of the superior ZAB performance of
Fe/Ni-NC, its bifunctional electrocatalytic activities toward
the ORR and OER were investigated under half-cell
conditions. The ORR activity was assessed by linear sweep
voltammetry (LSV) using a rotating disk electrode (RDE) in
O,-saturated 0.1 M KOH electrolyte. The measurements were
performed in a conventional three-electrode configuration at
a scan rate of 5 mV s and a rotation speed of 1600 rpm.
Fe/Ni-NC exhibits an onset potential of 1.03 V and a half-
wave potential (E;,) of 0.93 V vs. the reversible hydrogen
electrode (RHE), surpassing NC, Ni-NC, Fe-NC, and even the
commercial Pt/C catalyst (Fig. 5a). The ORR response was
further supported by additional CV measurements under
N,- and O,-saturated conditions, in which cathodic peaks
appeared only under O,-saturated conditions (Fig. S14).*
Such enhanced ORR activity of Fe/Ni-NC is attributed to the
atomically dispersed metal-N, active sites embedded within
the N-doped carbon matrix, which optimize the electronic
and facilitate efficient adsorption and
reduction of oxygen species. Furthermore, Fe/Ni-NC achieves
a high limiting current density of 6.21 mA em™>, which
could be associated with the hierarchical porous structure
of Fe/Ni-NC, promoting mass transport and exposing
accessible catalytic sites.”® The OER performance was
evaluated in N,-saturated 1.0 M KOH electrolyte under the
same experimental conditions. Fe/Ni-NC displays an
overpotential of 320 mV at a current density of 10 mA em™?,
which is lower than both Fe-NC and Ni-NC (Fig. 5b).
Notably, this value is identical to the benchmark RuO,
catalyst (320 mV), suggesting the excellent OER catalytic
activity of Fe/Ni-NC.

Comparative analysis of the monometallic control samples
reveals that Fe-NC exhibits moderately high ORR activity but
lower OER performance, whereas Ni-NC displays improved
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OER performance yet poor ORR activity. The combined
presence of Fe and Ni active sites provides a balanced
contribution to both the ORR and OER, resulting in improved
bifunctional activity compared to the monometallic
catalysts.*”*® This complementary behavior implies that the
bifunctional performance of Fe/Ni-NC arises from the
synergistic integration of Fe- and Ni-centered active sites.
Importantly, the comparable BET surface areas of Fe/Ni-NC
and the control samples further support the synergistic effect.
In addition, the ORR/OER electrochemical data for Ni/Fe-NC
prepared with the reversed doping sequence exhibit overall
inferior electrocatalytic activities relative to Fe/Ni-NC (Fig. S15
and Table S3). This result indicates that the sequence of metal
addition is important for the production process. These
findings confirm that the rational design of dual-metal single-
atom catalysts, including the active-site composition and
production process, is crucial for optimizing bifunctional
electrocatalytic performance, offering a promising strategy for
advanced air electrode materials in metal-air batteries.*>>°

Additional electrochemical analyses were carried out
under ORR and OER operating conditions to understand
electrochemical behaviors. Under ORR conditions, Fe/Ni-NC
exhibits a Tafel slope of 66.4 mV dec ', comparable to that
of commercial Pt/C (67.8 mV dec '), suggesting similar ORR
reaction kinetics under the measured conditions (Fig. 5c).
However, Fe/Ni-NC shows a more positive half-wave
potential and a higher current density than Pt/C, indicating
that its superior ORR performance arises not from a
fundamentally different reaction pathway, but from the
higher intrinsic activity of the active sites.”® Electrochemical
impedance spectroscopy (EIS) measurements at 0.85 V (vs.
RHE) (Fig. S16) reveal the smallest semicircle diameter in
the Nyquist plot for Fe/Ni-NC, suggesting the lowest charge
transfer resistance (R.) among the catalysts tested and
signifying enhanced electron transfer capability.”> The
Koutecky-Levich (K-L) plots (Fig. S17) recorded at various
rotation speeds of polarization curves (400-2025 rpm) yield
an average electron transfer number (n) of 3.97 (Fig. 5d),>*>*
implying a nearly complete four-electron reduction pathway.
Complementary rotating ring-disk electrode (RRDE)
measurements confirm these findings, showing a
remarkably low HO,™ yield of 0.4% and a calculated n value
of 3.99, highlighting the superior selectivity of Fe/Ni-NC for
the direct four-electron oxygen reduction pathway with
minimal side reactions (Fig. 5e).

Under OER conditions in 1.0 M KOH, Fe/Ni-NC achieves a
Tafel slope of 101 mV dec™, which is notably lower than Ni-
NC (148 mV dec ") and Fe-NC (141 mV dec™) (Fig. 5f). These
results indicate significantly improved reaction kinetics for
oxygen evolution.>® EIS measurements at 1.64 V (vs. RHE)
(Fig. S16) reveal that Fe/Ni-NC exhibits a Nyquist semicircle
diameter comparable to that of RuO,, indicating that its
transfer resistance (R.) is similarly low. Notably, Fe/Ni-NC
shows smaller semicircle diameters compared to NC,
confirming significantly enhanced charge transport during
the OER process.
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Table S3 summarizes the key electrocatalytic ORR and
OER parameters of Fe/Ni-NC, noble-metal reference catalysts,
and monometallic control samples. To quantify the
bifunctional catalytic performance, the potential gap (AE) is
commonly utilized as a key metric, representing the
numerical difference between the potential required to
achieve a current density of 10 mA cm™ for the OER and the
half-wave potential (E;;,) for the ORR. A lower AE value
reflects enhanced bifunctional catalytic activity and is
therefore regarded as an important performance metric for
rechargeable ZABs. Fe/Ni-NC exhibits a significantly smaller
AE compared to both the noble-metal benchmark (Pt/C and
RuO,) (Fig. S18) and the monometallic catalysts (Fe-NC and
Ni-NC), highlighting the synergistic effect of the dual-metal
SAC structure in operating both ORR and OER processes (see
below for further discussion). Additionally, Fig. S18 and Table
S4 present a comparison of AE values from previously
reported Fe- or Ni-based electrocatalytic systems. Among
them, Fe/Ni-NC shows the lowest value, further emphasizing
its excellent bifunctional catalytic efficiency and strong
potential as a cost-effective alternative to noble-metal-based
air cathode materials.

The long-term durability of Fe/Ni-NC was assessed by
cyclic voltammetry (CV) and chronoamperometric (CA)
measurements for the ORR and OER, respectively. CV
measurements were performed at a scan rate of 100 mV s,
and LSV measurements were performed at a scan rate of
5 mV s " after the 5000 and 10000 cycles (Fig. 52). The half-
wave potential of Fe/Ni-NC barely decreased. CA was
performed at 1.58 V (vs. RHE) over 10 hours (Fig. 5h). The
catalyst retained 86.4% of its initial current density,
demonstrating excellent electrochemical stability. In contrast,
the current density of RuO, decreased dramatically, retaining
only 76.4% of its initial value. Such remarkable half-cell
stability is reflected in the long-term durability of the Fe/Ni-
NC-based ZAB.

The electrochemically active surface area (ECSA) was
estimated from the double-layer capacitance (Cq;) obtained in
the non-faradaic region of cyclic voltammograms in N,-
saturated 0.1 M KOH (Fig. 5i). Fe/Ni-NC displays a
significantly larger Cq of 34.14 mF cm > compared to NC
(5.22 mF cm™?), suggesting a much higher density of
electroactive sites, attributed to the incorporation of
atomically dispersed Fe and Ni centers and improved catalyst
utilization. All the electrochemical characterization results
discussed in this section support the excellent electrocatalytic
properties of Fe/Ni-NC.

2.5 DFT for electrocatalytic bifunctional activity of Fe/Ni-NC

To elucidate the origin of the superior bifunctional OER/ORR
activity in Fe/Ni-NC structures, we performed density
functional theory (DFT) calculations exploring the reaction
mechanisms and structural stability. Based on the XPS
results, which identified pyridinic (PdN) and pyrrolic (PrN)
nitrogen as the dominant nitrogen species in the catalyst, we
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constructed the corresponding N-doped carbon models as
representative local coordination environments for the DFT
calculations. These structural motifs have also been widely
used in previous theoretical studies as representative models
for pyridinic- and pyrrolic-N environments in M-N-C
catalysts.”®*>® Fe-NC and Ni-NC structures were modeled by
embedding Fe or Ni atoms into the defects, yielding Fe-
doped pyridinic (Fe@PdN), Ni-doped pyridinic (Ni@PdN), Fe-
doped pyrrolic (Fe@PrN) and Ni-doped pyrrolic (Ni@PrN)
configurations. Additionally, large NC supercells containing
either a pyridinic or a pyrrolic defect, each co-doped with
both Fe and Ni, were constructed to model the structure of
Fe/Ni-NC (mPdN and mPrN). The construction leads to 6
structures as shown in Fig. S19. As shown in Fig. S20, the
analysis of metal binding energy indicates a slight
thermodynamic preference for PAN defects compared to PrN
defects. Additionally, the negative binding energy values
confirm that the incorporation of Fe and Ni into both defect
types is thermodynamically favorable.

Based on the designed structures, the OER and ORR
reaction mechanisms were investigated by calculating the
adsorption free energies of the reaction intermediates and
analyzing the corresponding free energy diagrams (FEDs). For
the adsorption studies on the Fe/Ni-NC structures, four
configurations including Ni@mPdN, Ni@mPrN, Fe@mPdN,
and Fe@mPrN were examined based on the two structures
(mPrN and mPdN), where Ni and Fe denote the active sites.
Detailed FEDs for all structures are presented in Fig. S21. In
general, the Fe sites exhibit stronger adsorption toward the
adsorbates than the Ni sites for both types of defects, and the
Ni active sites in the PrN environment show significantly
stronger adsorption than the Ni sites in the PdN structures.
Although various active sites coexist on the catalyst surface,
the adsorbates first occupy the sites with the lowest
adsorption free energies, while the electrochemical reaction
proceeds most readily at the sites that require the lowest
overpotentials. Therefore, to enable a clearer comparison, the
reaction pathways with the smallest 7ogr and 7orr for the Fe-
NC, Ni-NC, and Fe/Ni-NC systems were extracted and plotted
in Fig. 6a and b, respectively. Notably, the DFT-calculated
OER/ORR activities show excellent consistency with the
experimental trends (Fe/Ni-NC > Ni-NC > Fe-NC for the OER
and Fe/Ni-NC > Fe-NC > Ni-NC for the ORR).

For the OER, the Ni site in the FeNi@mPrN structure
(Ni@mPrN) exhibits the highest catalytic activity with 5ogr =
0.43 V, which is very close to that of the Ni site in the
Ni@PrN structure (7ogr = 0.45 V). In contrast, the Fe site in
the Fe@PrN structure shows poor OER performance with
nogr = 0.67 V. The superior OER activity of Ni@mPrN
structure arises from its weakened O* adsorption, which
shifts the potential-determining step (PDS) from O* —
OOH* to the more favorable OH* — O* step requiring a
lower overpotential. For the ORR, Ni@mPrN also exhibits
superior catalytic activity with #org = 0.53 V, outperforming
Fe@PdN (0.66 V) and Ni@PrN (0.84 V). This enhanced
performance stems from its weaker interaction with the O*
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Fig. 6 Free energy diagram of the (a) OER and (b) ORR pathways under ideal alkaline conditions for the Fe-NC, Ni-NC, and Fe/Ni-NC structures
exhibiting the lowest OER overpotential (7oer) and ORR overpotential (70rr); volcano plot of (c) noegr and (d) 7orr versus Gibbs free energy of O*
adsorption (AGo+) for all designed structures; () COHP analysis of the O* bonding strength for the structures in Fig. 6a and b. The bond strength
is quantified by the integrated COHP (ICOHP) values up to the Fermi level.

intermediate: while Fe@PdN and Ni@PrN bind O* too
strongly, Ni@mPrN shows significantly lower adsorption free
energy for the O* intermediate. The volcano plots in
Fig. 6¢c and d illustrate the correlation between #ogr, #orr,
and the adsorption free energy of O* (AGo+). The analysis
identifies that Ni@PdN and Ni@mPdN bind O* too weakly,
whereas Fe@PrN and Fe@mPrN bind it too strongly,
positioning both far from the Sabatier optimum. Doping Ni
into PrN defects significantly strengthens O* binding on
Ni@PrN and Ni@mPrN, while doping Fe into PAN defects
slightly weakens O* binding on Fe@PdN and Fe@mPdN.
Among these structures, Ni@mPrN achieves an optimal
AGo+ in both volcano plots, thereby exhibiting bifunctional
activity for both the OER and ORR.

Electronic structure analysis provides a compelling
explanation for the varying O* binding strengths observed
across the structures in the volcano plots. Fig. S22 and S23
present the density of states (DOS) for all structures and the
d-band centers at the Fe and Ni active sites, respectively. The
d-band center positions of Fe and Ni sites exhibit marked
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variations depending on whether they are coordinated to PAN
or PrN defects. Specifically, Ni doping into PrN defects
(Ni@PrN) shifts the Ni d-band center upward compared to
PdN environments (Ni@PdN), whereas the Fe@PrN d-band
center shifts downward relative to Fe@PdN. Consistent with
experimental ORR measurements showing the superior
activity of Fe/Ni-NC over Fe-NC, our calculations attribute this
enhancement to the emergence of Ni@mPrN sites, which are
uniquely formed in Fe/Ni-NC and serve as the dominant ORR
active centers. Thus, Ni@mPrN exhibits bifunctional
behavior, efficiently catalyzing both the OER and ORR. This
unique performance arises from the synergistic interplay of
three factors: electronic structure, adsorption geometry, and
O* binding strength. To further substantiate this
interpretation, we performed a detailed electronic structure
analysis, including d-band center shifts (Fig. S23) and
optimized O adsorption geometries (Fig. S24), which
collectively rationalize the weakened O binding and
enhanced catalytic response of Ni@mPrN (see SI for further
discussion).
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Previous studies have shown that changes in the
adsorption geometry can disrupt scaling relations, leading to
weaker reaction kinetic and enhanced catalytic activity.>® To
probe O* binding strengths across active sites further, O*
intermediate bond strengths were quantified via ICOHP for
the structures in Fig. 6a and b. As revealed by the ICOHP
analysis in Fig. 6e, the occupation of strong antibonding
states near the Fermi level for Ni@mPrN destabilizes the
adsorbate-surface interaction, leading to a notable reduction
in O* binding strength. Therefore, Ni@mPrN exhibits slightly
weaker O* binding (more positive ICOHP value) than
Ni@PrN and significantly weaker binding than Fe@PdN or
Fe@PrN, consistent with the aforementioned O* adsorption
trends. Overall, the computational findings demonstrate that
Ni@mPrN optimally balances electronic structure and O*
binding strength, establishing it as the dominant
bifunctional OER/ORR site in Fe/Ni-NC and
underscoring the exceptional bifunctional catalytic activity
observed experimentally.

active

3 Conclusions

In this work, we successfully developed a bimetallic SAC
catalyst (Fe/Ni-NC) by sequentially anchoring Fe and Ni
species on nitrogen-doped porous carbon derived from ZIF-8.
Structural characterization, including XANES and EXAFS,
revealed that both Fe and Ni atoms are atomically dispersed
and coordinated with nitrogen species without forming
metallic or oxide particles. The resulting Fe/Ni-NC catalyst
exhibits a high surface area, hierarchical porous structure,
and uniformly distributed active sites, which collectively
contribute to its outstanding bifunctional electrocatalytic
performance.

When utilized as an air cathode for rechargeable ZABs, Fe/
Ni-NC not only achieved a high OCV of 1.55 V and a peak
power density of 130.9 mW cm™> but also delivered a specific
capacity 775.0 mAh g,,™' nearing the theoretical maximum.
These battery metrics are complemented by superior
bifunctional kinetics for the ORR and OER, as evidenced by
its high selectivity and low charge transfer resistance, which
collectively enable a remarkable cycling lifespan of over 120
h. Such performance highlights the catalyst's clear advantage
over the noble-metal Pt/C + RuO, benchmark.
Complementary DFT analysis provides mechanistic insight
into these experimental observations by identifying Ni sites
embedded within pyrrolic-N environments (Ni@mPrN) as the
dominant active configurations responsible for the enhanced
bifunctional activity. Theoretical results show that these sites
possess optimal O* adsorption energetics and favorable
electronic structures, which rationalize the synergistic
interaction between Fe and Ni single atoms within the
N-doped carbon matrix. Its electrochemical behavior not only
outperforms those of monometallic counterparts and
commercial Pt/C and RuO, catalysts, but also strongly
supports the synergistic effect derived from the bioinspired
dual-metal single-atom-based active species on the surfaces
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of carbon-based porous networks. These features collectively
validate the potential of Fe/Ni-NC as a next-generation
bifunctional electrocatalyst for advanced metal-air energy
systems.

4 Experimental section
4.1 Preparation of NC

The synthesis of N-doped porous carbon (NC) began with the
preparation of ZIF-8 precursors. In a typical procedure, 4016
mg of zinc nitrate hexahydrate and 4926 mg of
2-methylimidazole were individually dissolved in 115 mL and
110 mL of methanol, respectively. These solutions were
mixed in a 250 mL round-bottom flask and subjected to
continuous stirring for 24 h. The resulting white precipitates
were isolated by centrifugation, washed with methanol three
times, and subsequently dried under vacuum at 60 °C. To
obtain the carbonized framework, the dried ZIF-8 was placed
in an alumina crucible and positioned at the center of a
quartz tube furnace. Thermal treatment was conducted by
ramping the temperature to 950 °C (5 °C min™') and
maintaining this temperature for 3 h under a steady stream
of N,. After the furnace naturally cooled to room
temperature, 350 mg of the carbonized powder was dispersed
in 100 mL of 1 M HCI and sonicated at 80 °C for 5 h to
remove residual zinc and other contaminants. The purified
sample was recovered through membrane filtration (Model
HO020A047A, Advantech Corp.), washed with ethanol and
deionized water, and dried at 60 °C for 12 h to yield the final
NC product (320 mg).

4.2 Electrochemical properties of Fe/Ni-NC

The bimetallic Fe/Ni-NC was fabricated through a sequential
metal-coordination method. First, 100 mg of NC was
dispersed in 50 mL of ethylene glycol (EG) by sonication for
30 min. Separately, 0.5 mmol iron(u) chloride tetrahydrate was
dissolved in 50 mL of EG. These two mixtures were combined
and stirred at 180 °C for 5 h. The Fe-anchored intermediates
were filtered, washed with EG, deionized water, and ethanol,
and dried at 60 °C for 12 h. This procedure was repeated for
Ni incorporation by reacting 100 mg of the Fe-pre-treated
powder with 0.5 mmol of nickel(n) chloride hexahydrate in EG
under the same conditions (180 °C for 5 h). Following
filtration, washing, and drying, the resulting bimetallic
precursor was placed in an alumina crucible and positioned
at the center of a quartz tube furnace. Thermal treatment was
conducted by ramping the temperature to 900 °C (5 °C min™")
and maintaining this temperature for 1 h under a steady
stream of N,. Finally, after the furnace naturally cooled to
room temperature, the Fe/Ni-NC product (98 mg) was
obtained.
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