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orbital hybridization of single-
atom Fe sites via axial B-mediation for the oxygen
reduction reaction

Xiaoqin Xu,a Tianmi Tang,a Xue Bai,a Tao Gan*b and Jingqi Guan *a

Single-atom Fe–N–C catalysts have demonstrated promising potential in the oxygen reduction reaction

(ORR), yet their intrinsic activity remains less than ideal. Orbital hybridization provides a versatile means

to modulate the thermodynamic and kinetic properties during electrochemical processes. In this study,

we adopt an “axial ligand boron-modulation” strategy to regulate the electronic structure of single-atom

Fe sites through d–p orbital hybridization. The synthesized FeN4–B/NC demonstrates exceptional ORR

activity with a half-wave potential of 0.915 V, surpassing planar FeN4/NC and commercial Pt/C. In situ

XAS results reveal the dynamic stretching of Fe–N/O and Fe–B bonds during the ORR process, providing

an intuitive confirmation that the single-atom sites undergo reversible structural changes to optimize the

adsorption of reaction intermediates. Theoretical investigations combined with zero-field cooling

temperature dependence analyses demonstrate that in the intermediate spin state, hybridization occurs

between the central Fe's 3d orbitals and B's 2p orbitals, which results in increased eg orbital occupancy

and positions the d-band center closer to the Fermi level, which enhances charge transfer efficiency and

O2 adsorption capabilities. Furthermore, the newly developed FeN4–B/NC catalyst shows remarkable

performance in liquid and quasi-solid-state zinc–air batteries.
Introduction

With the advancement of exible and wearable electronic
devices, zinc–air batteries (ZABs) with high energy density, low
cost, and safety demonstrate signicant potential for practical
applications.1,2 The oxygen reduction reaction (ORR) plays
a pivotal role in ZAB systems. Although platinum-based cata-
lysts are widely regarded as the optimal choice for the ORR due
to their exceptional catalytic activity, the prohibitively expensive
nature, scarce resources, limited stability, and poor tolerance to
CO/methanol signicantly hinder their large-scale imple-
mentation.3 Therefore, it is highly desirable to explore low-cost,
non-precious metal-based catalysts with remarkable catalytic
performance.

Single-atom catalysts (SACs), characterized by their atomi-
cally dispersed metal active sites, represent promising experi-
mental and theoretical models for elucidating catalytic
mechanisms and guiding the rational design of ORR catalysts.4

This is attributed to their high metal atom efficiency, unique
electronic structure, and uniformly tunable active sites.5,6 In
this regard, Fe-based catalysts with square-planar Fe–N4 centers
are widely regarded as promising candidates for achieving high-
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efficiency ORR activity and replacing Pt-based catalysts.7,8

However, the strong binding affinity of Fe–N4 centers towards
*OH intermediates hinders the desorption of OH− or H2O,
thereby limiting their catalytic activity and kinetics.9,10 Recent
studies have demonstrated that the incorporation of foreign
atoms at the h coordination position, such as Cl,11,12 O,13 S,10

or I,14 can regulate the electronic properties of Fe-based active
sites. This modulation occurs because the Fe–O bonds formed
between ORR intermediates and Fe–N4 sites involve axial orbital
overlap relative to the Fe–N4 plane, thereby signicantly
improving the ORR performance.15 In addition, Fe, as a transi-
tion metal with localized d orbitals, exhibits the unique ability
to engage in d–p orbital hybridization with heteroatoms that
possess p orbitals. Through this d–p orbital hybridization, Fe
improves its charge transfer capabilities by modifying the
electronic environment and optimizing the energy levels of
relevant orbitals. This enhancement facilitates more efficient
participation of electrons in electrochemical reactions.16

However, due to the ionic nature of their axial ligands binding
to Fe–N4 sites, such ligands tend to leach during the ORR
process.17 Establishing stable charge distribution at Fe–N4 sites
is therefore fundamentally and practically signicant. If such
stability can be achieved, it would pave the way for progressive
enhancement in the ORR activity of Fe–N4 SACs.

Here, we introduce a novel d–p orbital hybridization
approach facilitated by the axial coordination of B to enhance
the intrinsic ORR activity. Utilizing a molecular-cage
Chem. Sci.
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encapsulation approach combined with ligation strategies, we
synthesized two Fe SACs with distinct active centers on N-doped
carbon supports, including square-planar FeN4 and quasi-
octahedral geometry FeN4–B congurations. Notably, the
FeN4–B catalyst demonstrated superior ORR performance in
alkaline media, signicantly outperforming FeN4-based cata-
lysts. Density functional theory (DFT) calculations revealed that
the interactions between B's 2p orbitals and Fe's 3d orbitals (dz2,
dxz, and dyz) establish both bonding and antibonding interac-
tions. This orbital coupling induces an upshi of the d-band
center, which facilitates *OH adsorption and consequently
reduces the energy barrier for the rate-determining step (RDS)
of the ORR. To further evaluate the practical application
potential of FeN4–B, we incorporated it as the cathode in a ZAB
system with a solid-state conguration. The FeN4–B/NC-based
ZAB exhibited exceptional performance, delivering higher
power density and energy density compared to the commercial
Pt/C + RuO2-based ZAB, demonstrating its immense potential
for practical applications.

Results and discussion
Structure and composition analyses

The synthesis procedure for the carbon nanocage catalyst
incorporating single-atom FeN4–B sites is illustrated in Fig. 1a.
To construct FeN4–B/NC, we employed a molecular cage
encapsulation strategy. Iron(II) phthalocyanine (Fe Pc), which
possesses a condensed aromatic ring framework and well-
dened molecular structure, was utilized as the metal
precursor. 5-Borondiphenic acid (5-bop) served as the boron
source. The synthesis proceeded through three key steps. First,
Fe Pc and 5-bop underwent Lewis acid–base interactions to
form Fe Pc@5-bop complexes (10.3 Å × 7.6 Å). These complexes
were then immersed in a methanol solution containing Zn2+

ions and 2-methylimidazole to encapsulate them within ZIF-8
nanocages (11.6 Å). Finally, high-temperature annealing was
conducted to obtain the nal FeN4–B/NC material.

It was observed via scanning electron microscopy (SEM) in
Fig. S1 that the annealed FeN4–B/NC exhibited a consistent
morphology with Fe Pc@5-bop@ZIF-8, indicating that no
collapse occurred during the process. Transmission electron
microscopy (TEM), high-angle annular dark-eld scanning
transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) mapping of Fe Pc@5-
bop@ZIF-8 show that Fe Pc@5-bop is encapsulated in ZIF-8
and the dodecahedral appearance of ZIF-8 is not compro-
mised, and Fe and B are uniformly distributed in ZIF-8 (Fig. S2).
TEM reveals that FeN4–B/NC retains the regular rhombic
dodecahedral structure of ZIF-8 (Fig. 1b). No clusters or nano-
particles were observed in the high resolution-TEM (HR-TEM)
image (Fig. 1c), while clear lattice fringes corresponding to
graphitized carbon structures were evident. The HAADF-STEM
image of the sample does not show visible iron-based nano-
particles (Fig. 1d). EDS mapping (Fig. 1e) demonstrates uniform
distribution of Fe, C, N, and B elements within the FeN4–B/NC
polyhedral framework. The face-scanning analysis using
HAADF-STEM combined with EDS shows that the elemental
Chem. Sci.
content of Fe in the FeN4–B/NC catalyst is 0.49 wt% (Fig. S3).
This further indicates that the encapsulation–thermal decom-
position strategy successfully anchored the atomically
dispersed Fe sites in the carbon substrate and achieved
a considerable active site density. Aberration-corrected (AC)
HAADF-STEM imaging allows atomic-level observation of the
FeN4–B/NC structure (Fig. 1f). Numerous isolated points are
identied, which correspond to iron atoms as clearly visualized
in the corresponding 3D representation (Fig. 1g).

X-ray diffraction (XRD) patterns of Fe Pc@ZIF-8 and Fe
Pc@5-bop@ZIF-8 are consistent with those of ZIF-8, indicating
that the incorporation of Fe Pc and Fe Pc@5-bop does not
disrupt the structural integrity of ZIF-8 (Fig. S4a). Furthermore,
no Fe metal signals were detected in the XRD patterns of these
samples aer thermal decomposition (Fig. S4b). Additionally,
the graphitic characteristics of the catalysts were systematically
investigated using Raman spectroscopy to evaluate their degree
of graphitization. In the Raman spectra, the D peak corresponds
to defects while the G peak represents the graphitization degree.
As shown in Fig. S5, the FeN4–B/NC sample exhibits a lower ID/
IG ratio (1.01), indicating a higher degree of graphitization and
consequently enhanced electrical conductivity.

To investigate the chemical states of FeN4–B/NC and FeN4/
NC, X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted. The survey spectra reveal the presence of C, N, O, and Fe
elements in both samples (Fig. S6a). Additionally, a distinct B
peak was observed for FeN4–B/NC, conrming the successful
incorporation of B atoms within the carbon nanocage frame-
work. As shown in Fig. S6b, the high-resolution C 1s XPS
spectrum was deconvoluted into three characteristic peaks: C–C
(284.8 eV), C–N (285.6 eV), and O–C]O (286.9 eV).18 The Fe 2p
spectra for both samples are shown in Fig. 2a. The Fe 2p spectra
exhibit four prominent peaks at binding energies of 708.4 eV
(Fe2+ 2p3/2), 714.7 eV (Fe3+ 2p3/2), 722.9 eV (Fe2+ 2p1/2), and
726.9 eV (Fe3+ 2p1/2).19 Relative to FeN4/NC, the binding energy
shis of both the Fe 2p1/2 and 2p3/2 orbitals in FeN4–B/NC
exhibited higher values. This observation suggests an electron
transfer from Fe to B, accompanied by an increase in electron
density around the Fe center.20 As shown in Fig. 2b, the B 1s XPS
spectrum of FeN4–B/NC reveals four distinct boron species: Fe–
B (∼190.3 eV), B–C (∼190.9 eV), B–N (∼191.8 eV), and B–O
(∼193.1 eV).21 The presence of the Fe–B bond provides direct
evidence of chemical bonding between boron and iron, ruling
out the possibility of mere p–p stacking interactions. Based on
the N 1s spectroscopy analysis (Fig. 2c), both FeN4–B/NC and
FeN4/NC samples exhibit pyridinic N (398.4 eV), Fe–N (399.5
eV), pyrrolic N (400.9 eV), graphitic N (402.5 eV), and oxidized N
(404.7 eV) species.22 However, signicant differences in their
nitrogen coordination environments are observed: FeN4/NC
predominantly features pyrrolic N, whereas FeN4–B/NC shows
a preference for pyridinic N. This indicates that FeN4/NC adopts
a wrinkled structure, while FeN4–B/NC exhibits a planar
tetragonal FeN4 coordination geometry.23 The structural modi-
cation arises from the incorporation of B, which strengthens
the Fe–N interaction and facilitates the conversion of pyrrolic N
to more stable pyridinic N and modulates the FeN4–B/NC's
electronic properties and optimizes the distribution of active
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Illustration of the synthetic pathway for FeN4–B/NC. (b) TEM image, (c) HR-TEM image and (d) HAADF-STEM image of FeN4–B/NC. (e)
Elemental mapping images showing the distribution of Fe, C, N, and B. (f) AC-STEM image and (g) three-dimensional atomic overlap maps and
intensity profile derived from the Gaussian function fitting of the yellow box in (f).
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sites. This structural optimization ultimately enhances both
catalytic performance and operational durability.24,25

To probe the intricate details of local coordination geometry
and electronic states, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption ne structure (EXAFS)
spectroscopic analyses were employed. As shown in Fig. 2d, the
absorption edge of Fe in FeN4–B/NC is positioned between
those of FeO and Fe2O3, indicating that the average oxidation
state of Fe is between +2 and +3.26 Compared to FeN4/NC,
a noticeable positive shi in the Fe K-edge suggests a change in
the electronic structure of Fe sites, which means an increase in
the oxidation state of Fe. This is likely due to the B axial coor-
dination leading to electron transfer from Fe to B,27 consistent
with previous XPS observations.11 In the inset of Fig. 2d, aer B
incorporation, the intensity of the pre-edge peak decreases
(related to the 1s–4pz dipolar transition in a planar D4h cong-
uration), indicating that the local symmetry transitions from
planar D4h to C4v.28,29 Fourier-transformed k3-weighted EXAFS
spectra were plotted. As shown in Fig. 2e, FeN4 exhibits
a prominent peak centered at 1.63 Å in the R-space, corre-
sponding to the Fe–N scattering path. Notably, a shoulder peak
at 2.1 Å is observed for FeN4–B/NC, which corresponds to Fe–B
© 2025 The Author(s). Published by the Royal Society of Chemistry
backscattering, further conrming the presence of an Fe–B axial
interaction.30 The absence of Fe–Fe features in FeN4–B/NC and
FeN4/NC samples indicates that Fe sites are atomically
dispersed within the carbon framework. To elucidate the coor-
dination environment around Fe sites, quantitative least-
squares EXAFS curve tting was performed. In the FeN4/NC
structure, iron centers are each bonded to four nitrogen atoms
in the rst coordination shell, with a mean bond distance of
1.92 Å (Fig. 2f and Table S3). In contrast, Fe in FeN4–B/NC is
bonded to four N atoms and one B atom (FeN4–B), with an
average bond length of 1.96 Å and 2.15 Å, respectively (Fig. 2g).
Importantly, the FT k3-weighted EXAFS spectra match perfectly
with the simulated EXAFS spectra obtained from DFT, further
validating the proposed FeN4–B structure. Additionally, in the
wavelet transform (WT)-EXAFS plots, we observe minor peak
shis in the k-space between FeN4/NC and FeN4–B/NC (Fig. 2h),
indicating subtle changes in their atomic coordination
environments.21

Electrochemical performances

The ORR electrocatalytic performance was evaluated using
a rotating disk electrode (RDE) in an O2-saturated 0.1 M KOH
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07064c


Fig. 2 XPS spectra of (a) Fe 2p, (b) B 1s, and (c) N 1s. (d) Fe k-edge XANES spectra. (e) FT-EXAFS spectra for (d) Fe k-edge. FT-EXAFS of the R-space
fitting curve for (f) FeN4/NC and (g) FeN4–B/NC (inset: model of FeN4 and FeN4–B). (h) WT-EXAFS plots.
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solution. As shown by the comparative cyclic voltammetry (CV)
curves, all synthesized catalysts exhibit distinct reduction peaks
(Fig. 3a).31 Notably, FeN4–B/NC achieves the most positive peak
potential, indicating its potentially superior ORR activity. Linear
scan voltammetry (LSV) curves (Fig. 3b) reveal that FeN4–B/NC
delivers an outstanding half-wave potential (E1/2) of 0.915 V vs.
RHE, surpassing those of FeN4/NC (0.866 V), NC (0.748 V), and
commercial Pt/C (0.850 V). This improvement demonstrates
that the B-axial coordination in FeN4 conguration enhances
the ORR performance through synergistic electronic modula-
tion. Furthermore, as shown in Fig. 3c, the Tafel slope of FeN4–

B/NC (44 mV dec−1) is signicantly lower than those of FeN4/
NC, NC, and Pt/C, suggesting that the incorporation of B-axial
coordination at the Fe site effectively accelerates ORR
kinetics. Fitting the LSV curves at various rotation speeds with
the K–L equation reveals that the electron transfer number of
FeN4–B/NC is approximately 4.0, indicating a 4-electron ORR
process (Fig. 3d and S7). RRDE tests further demonstrate that
FeN4–B/NC exhibits a higher electron transfer number closer to
4 than FeN4/NC. The introduction of axial B-coordination
reduces the H2O2 yield from 11% to 1%, suggesting enhanced
O2 dissociation and superior ORR activity for FeN4–B/NC
(Fig. 3e). Furthermore, the turnover frequency (TOF) of FeN4–

B/NC at 0.8 V is 0.982 O2 s
−1, which is much higher than that of
Chem. Sci.
Pt/C (0.049 O2 s
−1), indicating that the iron-related active sites

in FeN4–B/NC have high efficiency in the ORR.32

In addition to its excellent ORR activity, stability of a catalyst
is crucial for practical applications. The long-term durability of
FeN4–B/NC for the ORR was evaluated using chronoampero-
metric measurements. Notably, FeN4–B/NC shows a minimal
current decay of only 5.8% over 11 hours of continuous opera-
tion, signicantly outperforming Pt/C, which exhibits an 11.4%
current loss (Fig. 3f). Furthermore, in methanol tolerance tests
conducted aer 200 seconds of potentiostatic measurement
(Fig. 3g), commercial Pt/C displays severe current uctuations
and a noticeable drop upon addition of 1 mL methanol,
whereas FeN4–B/NC maintains relatively stable current
responses, demonstrating strong resistance to methanol
poisoning.33 Compared to other SACs reported previously,
FeN4–B/NC achieves top-tier activity (Fig. 3h and Table S3). The
accelerated durability test (ADT) results reveal that aer 5000
cycles of testing, the half-wave potential in alkaline electrolyte
decreases by 22 mV for FeN4–B/NC, whereas a more signicant
loss of 38 mV is observed for Pt/C (Fig. S8). These ndings
demonstrate the superior stability of FeN4–B/NC during the
ORR. We further evaluated the oxygen evolution reaction (OER)
performance of FeN4–B/NC in 1 M KOH solution. As shown in
Fig. S9, the FeN4–B/NC exhibited an overpotential of 370 mV at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) CV plots. (b) LSV curves. (c) Tafel plots. (d) The polarization curves at different rotation speeds and the corresponding K–L plots (shown
as inset) for FeN4–B/NC. (e) H2O2 yields and the corresponding n. Chronoamperometric (i–t) responses of (f) before and (g) after the addition of
1 mL of methanol. (h) Comparative analysis of the ORR performance of FeN4–B/NC against contemporary SACs and SACs with axial
coordination.
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a current density of 10 mA cm−2, comparable to that of RuO2

and superior to that of FeN4/NC (380 mV).34
Study on the oxygen electrocatalysis mechanisms

To investigate the structural evolution of FeN4–B/NC during the
ORR process, in situ XAS experiments were conducted. The XAS
spectra of FeN4–B/NC were collected at different potentials in
O2-saturated 0.1 M KOH solution. As shown in Fig. 4a, a nega-
tive shi in the absorption edge energy was observed with
decreasing applied potential, providing evidence for the
occurrence of the ORR.35 To further probe the structural
changes at the active sites during the ORR, EXAFS oscillations
were analyzed. The Fe K-edge FT-EXAFS spectra (Fig. 4b) reveal
the structural stability of FeN4–B/NC to retain its initial struc-
tural integrity under operating conditions. Specically, as the
applied voltage decreases, the Fe–N/O bond length shortens
from 1.52 to 1.39 Å, while the Fe–B bond length extends from
2.11 to 2.21 Å, demonstrating that at different potentials, both
Fe–N/O and Fe–B bonds undergo stretching due to intermediate
© 2025 The Author(s). Published by the Royal Society of Chemistry
adsorption at the active centers.36 Additionally, variations in the
intensities of Fe–N/O and Fe–B bonds were observed at different
potentials, likely attributed to redox processes involving Fe
atoms and structural rearrangements. These changes were
further inuenced by the adsorption and desorption of reaction
intermediates, suggesting dynamic structural modications of
FeN4–B during the ORR. The FT-EXAFS tting results at various
potentials showed an increase in the coordination number of
Fe–N/O bonds (Fig. 4c–f and Table S2), indicating that Fe atoms
serve as the active centers for the ORR. Furthermore, Fig. S10
displays the WT plots of FeN4–B/NC at different potentials,
showing partial shis in Fe–N/O scattering paths, which further
conrms that Fe atoms are the active sites for the ORR.

Theoretical calculations revealed that the axial coordination
of B to FeN4 signicantly inuences both the electronic struc-
ture and ORR performance. The optimized structures of FeN4

and FeN4–B are presented in Fig. 5a. It can be seen that estab-
lishing the axial coordination of B at the Fe–N4 locus causes the
distortion of the square-plane eld around Fe–N4, which is
transformed into a quasi-octahedral geometry. Bader charge
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07064c


Fig. 4 (a) In situ XANES of the Fe k-edge of FeN4–B/NC at various potentials. (b) FT-EXAFS spectra of the Fe k-edge at various potentials. (c–f) Fe
k-edge FT-EXAFS of the R-space fitting curve at OCP, 0.9, 0.8 and 0.7 V, respectively.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 2
:2

1:
23

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analysis reveals the net charge on individual atoms, where
positive values indicate electron loss (oxidation) and negative
values reect electron gain (reduction).37 As evidenced by the
calculations (Fig. 5a), the Bader charges for Fe in FeN4 and
FeN4–B systems are determined to be −1.39 and −0.93,
respectively. This suggests an electronic transfer from Fe to B,
leading to an increase in Fe's valence state in agreement with
the aforementioned XPS and XAS results.38 As shown by differ-
ential charge density plots (Fig. 5b–d), electron transfer in
symmetric FeN4 occurs exclusively within the FeN4 plane, with
a symmetrical distribution of electron clouds. In contrast, the
axial B atom in FeN4–B interacts with the Fe metal center,
inducing pronounced charge redistribution in the axial region
and breaking the symmetry of charge distribution within the
FeN4 plane. Free energy diagrams for the ORR on both catalysts
are plotted in Fig. S11 and S12. At U = 0 V (Fig. 5e), the RDS of
FeN4–B exhibits a higher energy barrier (DG = −0.84 eV)
compared to FeN4 (DG = −0.61 eV). Conversely, at U = 1.23 V
(Fig. 5e), theDG for the rate-determining step in FeN4 (−0.64 eV)
is signicantly higher than that of FeN4–B (−0.24 eV).39 These
results indicate that introducing axially coordinated B atoms at
the FeN4 site can effectively reduce the energy barrier, thereby
enhancing the intrinsic ORR activity.40 Moreover, FeN4–B shows
a lower initial oxygen activation energy barrier compared to
FeN4, indicating enhanced oxygen adsorption capability.

As revealed by the density of states (DOS) analysis (Fig. 5f and
g), the incorporation of an axial B atom causes a shi in the d-
band center from −0.98 eV for the FeN4 to −0.67 eV for the
FeN4–B.41 The elevation of the d-band center facilitates electron
excitation to anti-bonding orbitals, increasing their occupation
and thereby enhancing the O2 adsorption capability at the Fe
Chem. Sci.
site.42,43 This upward shi is attributed to the increased occupancy
of eg orbitals due to the introduction of a high-energy p-band,
leading to enhanced unpaired electrons, which facilitate charge
transfer and improve reaction kinetics.44 To investigate the spin
states of FeN4–B/NC, we employed zero-eld-cooled temperature-
dependent (ZFC-T) magnetic susceptibility (cm) measurements.
Through analysis of the temperature-dependent c−1 data (Fig. 5h),
we determined that FeN4–B exhibits an effective magnetic
moment of 2.83 mB, with a t2g

4eg
1 electron conguration, revealing

a middle-spin state (M.S.).45 The d-orbitals split into four distinct
states: dx2−y2, dxy, and two-fold degenerate dxz/dyz. The dz2 and dxz/
dyz orbitals undergo hybridization with the p orbitals of B atoms,
resulting in bonding (s and p) and antibonding (s* and p*)
states.46 In contrast, the horizontal d-orbitals (dx2−y2 and dxy)
remain non-binding due to their inactivity.47 As shown in Fig. 5i,
the projected density of states (PDOS) analysis reveals a strong
orbital overlap between Fe 3d (dz2/dxz/dyz) and B 2p orbitals in
FeN4–B, indicating a signicant d–p coupling effect that generates
both bonding (s and p) and antibonding (s* and p*) states
(Fig. 5i).48,49 Based on the orbital hybridization theory and the
observed PDOS overlap, we determine the optimal electron occu-
pancy across these bonding and antibonding states.50 As illus-
trated in Fig. 5j, the vacant 2pz orbital of B

− can accept an electron
from the 3dz2 orbital of middle-spin Fe3+.51 This process involves
the delocalization of electrons into s orbitals, thereby preventing
excessive occupancy of the antibonding s* orbital and facilitating
the reaction progress.52 Additionally, the half-lled 2px and 2py
orbitals of B− enable moderate p* coupling with the 3dxz and 3dyz
orbitals of Fe3+.53,54 This coupling stabilizes the Fe sites without
fully occupying the d-electrons, thus optimizing the adsorption
energies for *OOH and *OH species.55
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Optimizationmodel and Bader charge of FeN4 and FeN4–B. Electron density differencemaps of (b) FeN4 and (c) FeN4–B. (d) 2D slice of
differential charge. Yellow and blue regions indicate areas of increased and decreased electron density, respectively. The free energy step
diagram at (e) U = 0 V and U = 1.23 V. (f) DOS. (g) Schematic of bonding status and adsorption behavior under FeN4 (blue) and FeN4–B (red). (h)
c–T plots and c−1–T plots. (i) PDOS of FeN4 and FeN4–B. (j) The orbital interaction between Fe and B.
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Application of FeN4–B/NC in ZABs

Motivated by the remarkable ORR and OER performance of
FeN4–B/NC, liquid and exible ZABs were developed by utilizing
FeN4–B/NC as the air cathode and Zn foil as the anode (Fig. 6a).
As illustrated in Fig. 6b, the ZAB utilizing FeN4–B/NC as the
cathode demonstrates an open-circuit voltage (OCV) of 1.504 V,
which exceeds that of the ZAB with a Pt/C + RuO2 cathode (1.450
V) within a 50-minute period. This reduction is attributed to the
enhanced charge and discharge capabilities of FeN4–B/NC.
Furthermore, the FeN4–B/NC-based ZAB achieves a maximum
power density of 186 mW cm−2 (Fig. 6c), which considerably
surpasses that of the commercial Pt/C + RuO2-based ZAB (52
mW cm−2). The FeN4–B/NC-based ZAB demonstrates a remark-
able specic capacity of 790 mAh gZn

−1, which not only meets
the required standards, but also surpasses that of Pt/C + RuO2-
based ZAB (744 mAh gZn

−1) (Fig. 6d). The FeN4–B/NC-based ZAB
demonstrates minimal decline in discharge/charge perfor-
mance over 300-hour of cycling at 10mA cm−2, with a 10-minute
© 2025 The Author(s). Published by the Royal Society of Chemistry
discharge and 10-minute charge process. In contrast, the Pt/C +
RuO2-based ZAB experiences signicant degradation within 65
hours, further validating the superior ORR/OER stability of the
FeN4–B/NC-based cathode (Fig. 6e). In addition, the FeN4–B/NC-
based ZAB demonstrates a notable and consistent round-trip
efficiency, increasing from an initial 58.3% to a nal 61.1%,
highlighting its exceptional recharging performance (inset of
Fig. 6e). According to Fig. 6f, the discharge voltages of FeN4–B/
NC-based batteries at current densities of 5, 10, 25, and 50 mA
cm−2 are 1.24, 1.20, 1.12, and 1.02 V, respectively. The
outstanding stability of the FeN4–B/NC catalyst is the result of
the inherent rigidity of the FeN4 structure, the additional
stability provided by the axial B ligands, the efficient charge
transfer ability, and the ideal adsorption strength ensured by
the resulting intermediate spin state, all of which work together
in synergy. Even aer the current density is returned to 5 mA
cm−2, the system sustains a stable discharge voltage of 1.24 V,
highlighting its remarkable rate performance. Compared with
Chem. Sci.
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Fig. 6 (a) Schematic illustration of the self-assembly process of a ZAB with FeN4-B/NC as air cathode. (b) OCV plots (inset: OCV recorded by
a multimeter). (c) Polarization curve for discharge and corresponding power density. (d) Specific capacity at 10 mA cm−2. (e) Charge–discharge
cycling performance at 10 mA cm−2. (f) Discharge curves under different current densities. (g) Schematic diagram of the homemade FZAB. (h)
OCV plots. (i) Cycling tests of the FZAB with the FeN4-B/NC cathode and (j) under various bending degrees.
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other Fe SACs, the FeN4–B/NC-based ZABs exhibit superior
performance and stability as evidenced in Table S4.

To explore the feasibility of the FeN4–B/NC electrocatalyst in
exible and wearable electronics, an all-solid-state exible ZAB
(FZAB) was assembled, as shown in Fig. 6g. To simplify the
testing procedure, we assembled a sandwich-type FZAB using
a piece of zinc foil, an electrolyte membrane with a hydrogel,
and a cathode with FeN4–B/NC through a layer-by-layer method.
The exible ZAB with the FeN4–B/NC cathode achieves a stable
OCV of∼1.41 V, surpassing the performance of the Pt/C + RuO2-
based counterpart (Fig. 6h). Furthermore, the cycling stability of
the FeN4–B based FZAB reached 62 hours at a current density of
2 mA cm−2 and a charge–discharge rate of 4 min per cycle
(Fig. 6i), which exceeded that of the Pt/C based FZAB (26 hours).
The FeN4–B/NC-based exible ZAB exhibited stable charge/
discharge voltages at various bending states (0°, 90° and
180°), further demonstrating the practical application potential
of the FeN4–B/NC cathode (Fig. 6j).56
Chem. Sci.
Conclusions

In summary, a “B-mediation” strategy has been developed to
transform planar FeN4 into a pseudo-octahedral FeN4–B
conguration, where an axial B atom coordinates with the FeN4

center. This approach modulates the electronic structure of Fe
single atoms through d–p orbital hybridization, achieving an
ORR half-wave potential of 0.915 V for FeN4–B/NC and an OER
overpotential of 370 mV at 10 mA cm−2. In situ XAS conrmed
the dynamic structural changes of the Fe sites during the
reaction process, providing direct evidence for its outstanding
performance. DFT calculations revealed that d–p orbital
hybridization between the axial B atom and Fe centers shis the
d-band center closer to the Fermi level and optimizes *OH
intermediate adsorption, thereby reducing the reaction energy
barrier for the RDS and facilitating both ORR and OER
processes. Experimental validation using a liquid ZAB setup
demonstrated the practical potential of FeN4–B/NC, delivering
© 2025 The Author(s). Published by the Royal Society of Chemistry
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remarkable power density and capacity (186 mW cm−2 and
790.8 mAh gZn

—1, respectively), along with robust stability over
300 hours of operation. Furthermore, FeN4–B/NC showed
promise for exible ZABs with an open-circuit voltage of 1.41 V
and stable charge–discharge cycling performance under various
bending angles.
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