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of Chemistry Although single-atom Fe—N-C catalysts exhibit outstanding oxygen reduction reaction (ORR) activity, their
stability presents challenges due to the oxidation and destruction of Fe—N, active sites by Fenton-like
reactions, severely restricting their application in energy storage and conversion technologies. Here, we
construct a dual-atom oxygen electrocatalyst (FeMo/NC) with FeMoN; active sites, which demonstrates
excellent bifunctional oxygen electrocatalysis performance. The FeMo/NC-based zinc—air battery (ZAB)
can operate continuously for over 200 h without significant activity decay, making it superior to the Fe/
NC-based ZAB. In situ X-ray absorption spectroscopy (XAS) and Raman characterizations reveal the
formation of the *Fe—O-O-Mo* intermediate with an oxygen bridge bond, which synergistically enables
adsorption or desorption of O, through the Fe—Mo dual-atom sites, avoiding the limitations of the linear
scaling relationship and thereby accelerating the oxygen electrocatalysis process. Density functional
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Introduction

Oxygen electrocatalysis is crucial for green energy conversion
and storage devices, for instance, zinc-air batteries (ZABs)."?
The kinetic bottleneck of reversible oxygen electrocatalysis
constrains the energy conversion,** which directly determines
the efficiency and practicality of these devices.>® Single-atom
catalysts (SACs) have been extensively explored to promote
energy efficiency, especially Fe-N-C SACs with intrinsic activity
for oxygen catalysis.”® However, there is an as yet unresolved
issue with SACs. In electrocatalytic reactions, the activation
energy of reaction intermediates adsorbed on SACs exhibits
a linear relationship.*'® Multiple reaction intermediates cannot
simultaneously and stably coexist, which leads to the single
functionality of SACs and makes it difficult to break through the
linear relationship to achieve bifunctional oxygen catalysis.**>**
In practice, dual-atom sites are constructed by adding addi-
tional sites to single-atom catalytic systems. By leveraging the
synergistic effect of dual-atom sites, the limitation of the
proportion relationship can be broken, allowing the adsorbed
intermediates to adjust according to the changes in the reaction
conditions, thereby realizing the transcendence of the intrinsic
capabilities of SACs.*>**
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For Fe-based SACs with Fe-N, sites, structural stability is the
centerpiece for maintaining their reversible oxygen catalysis
activity."” During the reversible cycling of the oxygen electro-
catalysis reaction, the Fe sites must maintain a dynamically
stable coordination configuration and chemical state to avoid
irreversible deactivation of the active sites due to oxidation,
agglomeration or desorption.'®” Fe atoms with the electronic
structure of 3d°4s” readily experience chemical state transitions
between +2 and +3 in an electrochemical environment. Alter-
natively, the deactivation of Fe-N, sites can be accounted for by
a variety of reasons, such as protonation of N groups, deme-
tallization and carbon oxidation at different potentials in
oxygen electrocatalysis.'®'® Additionally, the Fe-N, sites of Fe-
N-C SACs are prone to participate in Fenton reactions, which
release active OH' and OOH" radicals, causing the Fe-N bond to
be broken or the carbon carrier to be oxidized, resulting in
structural collapse, exposure and dissolution of the metal sites,
and even the presence of numerous surface oxygen atoms, and
resulting in an “oxygen-rich and iron-poor” situation.”**' Liu
et al. utilized a defect trapping strategy to stabilize dual-atom
Fe-Mn on a carbon-based material. FeMnpga/dNC presented
outstanding ORR performance, with a half-wave potential (E;,)
of 0.921 V, high peak power density of up to 291 mW cm ™2 and
remarkable durability (500 h at 5 mA cm™?) in a ZAB.?? Defective
coordination of neighboring Fe-Mn dual-atom sites triggered
charge redistribution and enhanced the d-p orbital hybridiza-
tion between the Fe active sites and O atoms, which optimized
the adsorption behavior of intermediates and enhanced the
ORR kinetics. Wang et al. constructed a FeNi-NPC dual-atom
catalyst (DAC) by anchoring dual-atom Fe and Ni in an N,P-
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codoped carbon substrate. The ZAB assembled with FeNi-NPC
can run for 150 h at 3 mA cm™ 22 The electronic synergy of
the Fe-Ni dimers and N and P heteroatoms enhanced the
oxygen catalysis activity. These reports improved the stability of
the Fe sites through the synergistic action of the dual-atom sites
and surface modification strategies. However, during the
electrocatalytic process, the catalyst structure is no longer the
one obtained from the pre-preparation, but instead undergoes
structural reconfiguration under the influence of the potential
and electrolyte. Despite this, there are few works analyzing the
coordination structure and chemical state of Fe sites after
reconfiguration to confirm the stability of the Fe sites during
oxygen electrocatalysis. Meanwhile, due to the electronic prop-
erties of the element Mo, it exhibits flexible valence state
changes, that is, it can flexibly receive or give electrons, and
thereby has a certain electronic modulation effect that can
improve the microstructure of the main sites and enhance
stability.**** Therefore, the element Mo was selected for use in
auxiliary sites to exert a synergistic mechanism with the Fe sites.

Here, we successfully fabricated a FeMo/NC DAC via
a combination strategy of etching, targeted adsorption and
activation. The FeMo/NC exhibits exceptional bifunctional
oxygen catalytic performance. When assembled in the cathode
of a ZAB, it demonstrates satisfactory performance with excel-
lent durability for over 200 h (10 mA cm™?), significantly out-
performing ZABs assembled using Fe/NC SAC and commercial
Pt/C + RuO,. In situ XAS characterization reveals significant
changes in the chemical state and coordination environment of
the Fe/Mo sites and the formation of the *Fe-O-O-Mo* inter-
mediate with an oxygen bridge configuration during the ORR/
OER, while in situ Raman identifies the *O-O* intermediate
adsorbed on the Fe-Mo sites. Further combining these results
with DFT calculations indicates that the Fe atom interacts with
Mo atom in the Fe-Mo dimer structure to establish the *Fe-O-
O-Mo* mode, accomplishing O, adsorption, activation and
desorption, and is superior to single Fe/Mo sites.

Experimental
Preparation of Fe/NC

Zn(NO3),-6H,0 (1.594 g) and Fe,(SO,); (0.054 g) were dissolved
in methanol (80 mL) to form a homogeneous solution, while 2-
methylimidazole (3.7 g) was also dissolved in methanol (80 mL)
to form a homogeneous solution. The two solutions were then
mixed and stirred for 24 h, and finally centrifuged, washed and
dried to obtain a light-yellow powder, which was named ZnFe/
ZIF. Next, ZnFe/ZIF was placed in a porcelain boat for calcina-
tion in a tube furnace, followed by calcination at 900 °C for 3 h
under an N, atmosphere to obtain a black powder, which is
denoted as Fe/NC.

Preparation of etched-Fe/NC

The Fe/NC (100 mg) was ultrasonically dispersed in a mixture of
water (25 mL) and ethanol (25 mL). After 1 h, H,O, (0.6 mL) was
added to the solution. The mixture was stirred for 30 min and
then placed in a Teflon-lined autoclave for reaction (110 °C, 3 h).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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After cooling to room temperature, the mixed solution was
centrifuged, washed and dried to obtain etched-Fe/NC.

Preparation of FeMo/NC

The etched-Fe/NC (50 mg) was uniformly dispersed in a mixture
of water (25 mL) and ethanol (25 mL) by sonication for 1 h.
Then, MoCl; (1 mL, 10 mmol L) was added to the mixed
solution. After 2 h of stirring, the mixture was centrifuged,
washed and dried to obtain the intermediate. Melamine and the
intermediate were placed in upstream and downstream porce-
lain boats in a tube furnace for calcination at 900 °C for 1 h
under the protection of N, to obtain the target product, which is
denoted as FeMn/NC. Based on the mole content of MoCls;, the
products were named FeMo/NC-x (x = 0.005, 0.01 and 0.02
mmol). Additionally, Mo/NC was prepared via the same process
as FeMo/NC without the addition of Fe,(SO,)s.

Results and discussion
Synthesis and characterization

As shown in Fig. 1a, the oriented design of the dual-atom Fe-Mo
sites can be achieved via a three-step procedure. Firstly, a single-
atom Fe catalyst was obtained through high-temperature pyrol-
ysis of FeZn-ZIF, vacancies were then formed near the Fe sites via
H,0, etching, and finally, dual-atom Fe-Mo sites were formed by
adsorption and immobilization of Mo ions at the vacancies.>**” X-
ray powder diffraction (XRD) patterns show only the diffraction
peaks of the mesoporous carbon skeleton (JCPDS: 41-1487, 2H-
Graphite) formed after the pyrolysis of ZIF, without any diffrac-
tion peaks due to metal nanoparticles or clusters, which indicates
the good dispersion of Fe and Mo (Fig. $1).*® The transmission
electron microscopy (TEM) images in Fig. 1b and ¢ demonstrate
the morphology of the mesoporous carbon nanoframe of FeMo/
NC without the presence of observable metal particles or clus-
ters. Energy dispersive spectrometry (EDS) mapping images reveal
that the elements C, N, Fe and Mo are evenly dispersed across the
carbon skeleton (Fig. 1d, e and S2).> Moreover, aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) images further corrobo-
rate the atomic dispersion of FeMo/NC. As depicted in Fig. 1f, the
presence of numerous bright diffraction spots indicates the
homogeneous distribution of Fe and Mo atoms in the substrate.
Numerous paired diffraction bright spots are evident and have
been indicated with red rectangles in Fig. 1g, showing the
successful construction of Fe-Mo dual-atom sites.* In particular,
the 3D atomic overlap maps corresponding to the dimers in the
white circles are favorable evidence for the formation of dual-atom
Fe-Mo sites (Fig. 1h). Additionally, Fig. 1i presents the intensity
distribution of the paired diffracted bright spots in Fig. 1g, where
the distance between Fe and Mo atoms is about 0.273 nm.

The chemical states of all elements in the FeMo/NC catalyst
were studied using X-ray photoelectron spectroscopy (XPS). The
presence of the elements C, N, O, Fe and Mo in FeMo/NC is
shown in the XPS survey spectrum (Fig. S3a). As indicated in
Fig. S3b, the high-resolution Fe 2p spectrum of FeMo/NC is
divided into two regions, corresponding to the Fe 2p,,, and Fe
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(a) Synthesis process, (b and c) HR-TEM images, (d and e) HAADF-STEM image and EDS elemental mapping images, and (f and g) AC-STEM

images of FeMo/NC. (h) 3D diagram of the atomic arrangement and (i) distance estimation for the Fe—Mo dimers of FeMo/NC.

2ps/, peaks at 723.4 eV and 713 eV, respectively, which are both
attributed to the Fe-N, moiety.*>* Importantly, the two peaks of
Fe 2p in FeMo/NC are negatively shifted relative to that of Fe/NC,
suggesting a lower oxidation state of Fe in FeMo/NC due to partial
charge sharing with the introduction of Mo. Additionally, the
high-resolution Mo 3d spectrum was deconvoluted into two
peaks at 228.2 eV and 232.2 eV, which correspond to the 3ds/, and
3ds), orbitals (Fig. S3c).** The high-resolution N 1s spectrum in
FeMo/NC presents four major peaks attributed to pyridinic-N
(398.7 eV), Fe-N/Mo-N (399.8 eV), pyrrolic-N (400.8 eV) and
graphitic-N (401.9 eV) (Fig. S3d).>*** Compared to that of Fe/NC,
the relative content of pyridinic-N in FeMo/NC is significantly
increased due to the disappearance of the N-oxide peak, which is

518 | Chem. Sci,, 2026, 17, 516-525

strongly responsible for the enhancement of the ORR activity.***
Further, the chemical state and local coordination environment
of the Fe-Mo dual-atom sites in FeMo/NC were verified using
XAS. As shown in Fig. 2a, with reference to Fe foil, FeO and Fe,O3,
the X-ray absorption near-edge structure (XANES) of Fe is located
between those of FeO and Fe,03, suggesting that the oxidation
state of Fe is between +2 and +3. Analogously, the oxidation state
of Mo is about +6 (Fig. 2b). As indicated in Fig. 2c-f and Table S1,
the bond length of Fe-N coordination is 1.980 =+ 0.016 A in the
first shell according to Fe K-edge Fourier-transform EXAFS (FT-
EXAFS). The distance of Fe-Mo scattering path is 3.698 + 0.015
A, which can be distinguished from the Fe-Fe scattering (2.2 A) in
Fe foil and Fe-O-Fe scattering (2.55 A) in Fe,O;. Likewise, the two

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Fe K-edge and (b) Mo K-edge XANES spectra. (c) Fe K-edge and (d) Mo K-edge FT-EXAFS spectra. FT-EXAFS fitting spectra at the (e) Fe

K-edge (inset: the simulated structure) and (f) Mo K-edge. Fe K-edge WT-EXAFS spectra of (g) Fe foil, (h) Fe,Oz and (i) FeMo/NC. Mo K-edge WT-

EXAFS spectra of (j) Mo foil, (k) MoO, and () FeMo/NC.

dominant peaks at 2.100 + 0.012 A and 3.704 & 0.017 A in the Mo
K-edge FT-EXAFS correspond to Mo-N and Mo-Fe scattering
paths, respectively. The average coordination numbers of Fe-N,
Fe-Mo, Mo-N and Mo-Fe are 3.80 £ 0.18, 1.00 = 0.13, 4.20 & 0.20
and 1.20 + 0.17, respectively. Therefore, according to the fitting
results, the Fe-Mo dual-atom sites of FeMo/NC can be rationally
constructed as FeMoN; with the Fe atom bridged to the Mo atom
by a nitrogen atom (inset in Fig. 2e). Additionally, wavelet-
transform EXAFS (WT-EXAFS) spectra were plotted to perceptu-
ally depict the coordination environment. As depicted in Fig. 2g—
1, the k-values at ~4.0 A~* and ~5.0 A~ are consistent with Fe-N
coordination and Fe-Mo coordination, respectively, while the two
scattering paths with k-values at ~8.4 A~ and ~8.7 A™* corre-
spond to Mo-N and Mo-Fe coordination. Obviously, the absence
of signals from Fe-Fe and Mo-Mo scattering paths confirms the
dual-atom coordination structure of the Fe, Mo and N atoms.

Oxygen electrocatalysis performance

The catalytic activity of FeMo/NC and the comparison catalysts
Fe/NC, Mo/NC and Pt/C in the ORR was investigated in 0.1 M
KOH. By modulating the concentration of Mo during the
synthesis process, it was found that FeMo/NC exhibits the
optimal catalytic performance in the ORR when 0.01 mmol of Mo
is introduced (Fig. S4 and S5). In the CV curves, FeMo/NC has the
most positive cathodic reduction peak position, indicating its
outstanding oxygen reduction advantage (Fig. S6).>° Comple-
mentarily, as shown in Fig. 3a, FeMo/NC demonstrates a higher
onset potential of 1.01 V and half-wave potential of 0.91 V
compared to Fe/NC (Eonset = 0.98 V, Eq 5 = 0.88 V), MO/NC (Eopset

© 2026 The Author(s). Published by the Royal Society of Chemistry

=0.91V, Ey = 0.81 V) and Pt/C (Eopge = 0.94 V, Eyjp = 0.84 V),
supporting the efficiency of the design for the incorporation of
the second metal Mo into a single-atom Fe system to establish
highly active Fe-Mo dual-atom sites.*® Moreover, the limiting
diffusion current density of FeMo/NC (J, = —5.34 mA cm ™ ?) at 0.5
Vgue is significantly higher than that of Fe/NC (J, = —4.47 mA
em %), Mo/NC (J, = —2.47 mA cm™ ) and Pt/C (Jp = —5.22 mA
em™?). Moreover, FeMo/NC exhibits a high kinetic current
density (J,) of 44.7 mA cm ™2, which is about 4 times that of Fe/NC
(Ji = 12.6 mA cm ™ ?) and 14 times that of Pt/C (J, = 3.2 mA cm ™ ?),
illustrating the high mass transfer efficiency and strong intrinsic
catalytic ability of FeMo/NC (Fig. 3b). Simultaneously, the larger
electrochemically active surface area of FeMo/NC (13.5 mF cm ™)
indicates more active sites for the oxygen electrocatalysis
(Fig. S7). In Fig. 3c, FeMo/NC shows faster ORR kinetics with
a Tafel slope of 53.8 mV dec ™', which is favorable in comparison
to that of Fe/NC (56.4 mV dec™ '), Mo/NC (86.2 mV dec™ ') and Pt/
C (70.6 mV dec ').** Additionally, FeMo/NC displays superior
ORR catalytic activity, surpassing that of most DACs (Table S2).
The K-L plot was derived from the LSV curves of the series
rotation speed and illustrated that FeMo/NC delivers a 4-electron-
dominated ORR process (Fig. 3d).* Subsequently, RRDE testing
further confirmed the desirable 4e” pathway. As depicted in
Fig. 3e, the electron transfer number (1) on FeMo/NC remains
very close to 4 and the H,0, yield remains below 6% at varying
potentials, comparable to that of the benchmark catalyst Pt/C,
once again reflecting the satisfactory ORR kinetics.** Further-
more, the ability of FeMo/NC to remain active over long periods
of operation is a guarantee of its practical applicability. As
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Fig. 3

(a) LSV polarization curves for the ORR. (b) Comparison of £, and Jx @ 0.85 V. (c) Tafel slopes. (d) LSV polarization curves of FeMo/NC at

series rotation speed (inset: K-L plots). (e) H,O, yield (%) and electron transfer number (n). (f) Stability tests and (g) corrosion resistance to CO on
FeMo/NC and Pt/C. (h) LSV polarization curves for the OER. (i) Stability tests for FeMo/NC at 10 mA cm™2. (j) Comparison of AE.

indicated in Fig. 3f, after 24 h of operation, FeMo/NC retains 88%
of its initial activity, which is significantly better than the 72%
activity retention rate of Pt/C, implying excellent durability of
FeMo/NC in corrosive alkaline environments. Additionally, after
CO is introduced into the solution, the current density of FeMo/
NC shows only a small loss, with 95% retained relative to the
initial value, whereas the current density of Pt/C drops signifi-
cantly and shows essentially no recovery, illustrating the appli-
cability of FeMo/NC (Fig. 3g). Additionally, FeMo/NC performs
better than Pt/C in the methanol tolerance test (Fig. S8). Mean-
ingfully, the KSCN poisoning test can fully demonstrate the
stability of the Fe-Mo dual-atom active sites. After the addition of
10 mM KSCN, the Eynger, E1/» and Ji, of FeMo/NC fluctuate very
little, whereas the fluctuation of Pt/C is evident, indicating the
effectiveness of the FeMo dual-atom coordination with N, which
effectively prevents the loss of activity due to SCN™ adsorbed on
Fe-Mo dual-atom sites (Fig. S9).**

The OER performance of FeMo/NC and the control catalysts,
including Fe/NC, Mo/NC and RuO,, was evaluated in 1.0 M
KOH. As in the case of the ORR, the addition of 0.01 mmol Mo
during the synthesis of FeMo/NC was found to be optimal for
the OER (Fig. S10 and S11). As shown in Fig. 3h, FeMo/NC
exhibits a lower overpotential (7o = 350 mV) than Fe/NC (74,

520 | Chem. Sci,, 2026, 17, 516-525

= 373 mV), Mo/NC (11 = 522 mV) and RuO, (7,0 = 361 mV),
demonstrating that the interaction between the Fe atoms and
the introduced Mo promotes OER activity.* Additionally,
compared to the reference catalysts, FeMo/NC exhibits faster
reaction kinetics and electron transfer rates, a larger active
surface area, and a lower OER energy barrier (Fig. S12).
Furthermore, in the chronopotentiometry test, the current of
FeMo/NC essentially remains steady, with a slight upward trend
during long-term operation for 24 h (Fig. 3i), further illustrating
the superiority of the synergistic coordination of FeMo dual-
atom engineering.** The results of the oxygen electrocatalysis
experiments describe the bifunctional properties of FeMo/NC,
which can be estimated from the potential difference (AE =
Ei;y — Ej_10).* As demonstrated in Fig. 3j, S13 and Table S3,
FeMo/NC showcases the smallest AE value (AE = 0.67 V), which
is lower than those of the control catalysts and most reported
DACs, suggesting that its oxygen electrocatalysis performance
possesses the qualities for application in ZABs.

Study of the structural evolution during oxygen
electrocatalysis

To better elucidate the structural evolution of the FeMo/NC
during oxygen electrocatalysis, in situ XAS was employed to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In situ XAS of FeMo/NC at the OCP, 0.91V and 1.58 V vs. RHE. (a) Fe K-edge and (b) Mo K-edge XANES spectra. (c) Fe K-edge and Mo K-

edge FT-EXAFS spectra. FT-EXAFS fitting spectrum at the Fe K-edge and Mo K-edge of FeMo/NC (d and e) at the OCP, (fand g) at 0.91V, and (h

and i) at 1.58 V.

obtain the chemical state and local coordination features of the
active sites in alkaline solution. As shown in Fig. 4a and b,
compared to those at the open-circuit potential (OCP), the Fe K-
edge and Mo K-edge XANES curves shift to lower and higher
energy positions at 0.91 V and 1.58 V, respectively, which indi-
cates that during the ORR and OER processes, both Fe and Mo
sites are involved in the adsorption or desorption of oxygen-
containing intermediates with electron transfer occurring,
leading to different degrees of oxidation and reduction of Fe
and Mo. Next, FT-EXAFS was used to detect the evolution of the
Fe-Mo dual-atom sites during the oxygen electrocatalysis. In
Fig. 4c, the shifts of the Fe-N, Fe-Mo, Mo-N and Mo-Fe peaks
are obvious at 0.91 V and 1.58 V, which indicates that the
adsorption of the intermediates at the Fe/Mo sites results in
obvious stretching or contraction.*® This suggests that during
the OER and ORR processes, the Fe/Mo sites and the local
coordination environment inevitably undergo charge rear-
rangement to regulate the adsorption and desorption of the
intermediates. Moreover, the fitted FT-EXAFS curves reveal
information on the coordination bonds and coordination
numbers of the Fe-Mo dual-atom active sites (Fig. 4d-i and

© 2026 The Author(s). Published by the Royal Society of Chemistry

Table S4). The simultaneous occurrence of Fe-O and Mo-O
coordination with coordination numbers of 0.9 and 1.1 at 0.9 V
is ascribed to the adsorption of oxygen-containing species on
the dual-atom sites in a bridge-on configuration to form the
*Fe-O-O-Mo* intermediate and subsequent proton/electron
transfer steps to produce the associated oxygen-related
species.*® Equivalently, the respective coordination numbers
of 1.0 and 1.2 for Fe-O and Mo-O coordination at 1.58 V reflect
the adsorption of *OH or *O species on the Fe/Mo sites, ulti-
mately releasing O, in the *Fe-O-O-Mo* conformation. In
addition, a slight increase in the coordination number of Fe-N,
Mo-N, Fe-Mo, and Mo-Fe at 0.9 V and 1.58 V, related to the
adsorption of oxygen-containing intermediates at the Fe-Mo
dual-atom sites, suggests the predominance of FeMoN, in
enabling the oxygen catalytic activity. Importantly, the k-value
trends of the Fe-N, Fe-Mo, Mo-N, and Mo-Fe scattering paths
in WT-EXAFS at 0.9 Vand 1.58 V are consistent with those in FT-
EXAFS, which are positively shifted, without the characteristic
signals of Fe-Fe or Mo-Mo coordination, which suggests that
FeMoN; maintains the local structure stability in the OER/ORR
(Fig. S14). Therefore, based on the changes in oxidation state

Chem. Sci., 2026, 17, 516-525 | 521
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for the FeN4 SAC and for the Fe active center in FeMo/NC for the ORR and OER, respectively. Free energy diagrams and corresponding
configurations of the reaction intermediates for the (c) ORR and (d) OER on the FeMo/NC catalyst.

and coordination information, it can be inferred that the Fe-Mo
dual-atom site is a bifunctional active site for oxygen catalysis,
where the Fe and Mo atoms synergistically form the key inter-
mediate *Fe-O-O-Mo* to promote oxygen catalysis.

In situ Raman was further performed to detect the reaction
intermediates at different ORR/OER potentials as well as to
identify active sites in the reactions. As demonstrated in
Fig. S15a, two peaks appear at ~1130 and ~1540 cm ™" when the
potential changes (0.2-1.0 V). The peak located at ~1130 cm ™"
arises from the O-O stretching vibration, which reflects the
presence of the key intermediate *O-O%*, suggesting that Fe and
Mo atoms interact to form the *Fe-O-O-Mo* configuration
during the ORR process.””*** The peak at ~1540 cm ™' corre-
sponds to FeOOH species, which indicates the completion of
the first step of ORR, that is, the conversion of *Fe-O-O-Mo* to
FeOOH.*® For the OER, the vibrations of Fe-OH and Fe-O
appear at ~480 and ~790 cm ', respectively, while the peak
around 1132 cm ' belongs to the O-O stretching vibration in
the *Fe-O-O-Mo* intermediate, reflecting the preferential
activity of the Fe site and the synergistic role of the Mo site.**
The peak at around 970 cm ™' is attributed to the O-H defor-
mation vibration of the OH™ group (Fig. S15b).**** Additionally,
the Ip/Ig value rises with increasing OER potential, which
indicates that the disorder of the material increases and more

522 | Chem. Sci, 2026, 17, 516-525

defects are created, providing more adsorption sites for the
intermediates, thereby accelerating the OER kinetics. Thus, the
combined in situ XAS and in situ Raman results demonstrate
that the Fe-Mo dual-atom site is the effective active center for
the OER/ORR, forming a bridged superoxide species.

Study of the oxygen electrocatalysis mechanisms

To elucidate the reaction pathways on the FeMo/NC catalyst, we
investigated their surface states and constructed free energy
profiles for both the ORR and OER using constant-potential
first-principles calculations.®®* As a first step, we examined
the possible pre-adsorption of O and OH species at the Mo and
Fe centers under relevant electrochemical conditions. Taking
an Fe, Mo co-embedded carbon nanoframe as the model as
shown in Fig. S16, for the ORR at pH = 13 and Uggg = 0.91V,
the Mo site tends to be occupied by two O atoms, while the Fe
site is simultaneously coordinated by a single OH group.
Notably, further adsorption of O or OH species at the Mo site
leads to the cleavage of Mo-N bonds, indicating structural
instability. Therefore, the catalytically active site for the ORR
under these conditions is most likely the Fe center coordinated
with one OH ligand, as illustrated in Fig. 5a. For the OER, under
the relevant electrochemical conditions (pH = 14 and Ugyg =
1.58 V), a similar surface configuration is observed, with the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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FZABs. (i) Long-term durability of FeMo/NC-based FZAB. (j) OCV of FeMo/NC-based FZAB at different folding angles.

exception that the Fe site is instead coordinated by a single O
atom (Fig. S17). This suggests that the active site for the OER is
the Fe center bearing one O ligand (Fig. 5a).

We then investigated the electronic properties of the Fe
active center. As shown in Fig. 5b, compared with the pristine
FeN, SAC, the d states of the Fe center in FeMo/NC are signifi-
cantly delocalized due to the presence of an axial ligand and
neighboring Mo-O groups. This can optimize intermediate
binding energies and thereby enhance both ORR and OER
activity.®® The free energy diagrams and corresponding inter-
mediates for the ORR are presented in Fig. 5c. At pH = 13 and
Urue = 0.91V, all reaction steps are exothermic, consistent with
the excellent ORR performance observed for FeMo/NC under
these conditions. Similarly, for the OER at pH = 14 and Ugug =
1.58V, all steps are also exothermic (Fig. 5d), further supporting
the high OER catalytic activity of this material. It can be

© 2026 The Author(s). Published by the Royal Society of Chemistry

observed that the adsorption or desorption of O, conforms to
the *Fe-O-O-Mo* configuration during the ORR and OER,
which is consistent with the in situ XAS and Raman experi-
ments, confirming the synergistic oxygen catalytic mechanism
of the Fe and Mo atoms. Together, these simulations provide
strong theoretical support for the nature of the bifunctional
active center that is behind the superior ORR/OER performance
of the FeMo/NC catalyst.

Performance of FeMo/NC in Zn-air batteries

As the electrochemical experiments confirmed the excellent
bifunctional oxygen catalytic performance of FeMo/NC, it was
applied to the air cathode of a liquid zinc-air battery (LZAB) to
evaluate its application potential (Fig. 6a). Additionally, a Fe/
NC-based LZAB and Pt/C + RuO,-based LZAB were assembled
as comparisons. As displayed in Fig. 6b, the FeMo/NC-based
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LZAB exhibits a high open-circuit voltage (OCV) of 1.54 V, which
is superior to that of the Fe/NC-based LZAB (1.50 V) and the Pt/C
+ RuO,-based LZAB (1.47 V). At the same time, the FeMo/NC-
based LZAB provides a larger peak power density (181.6 mW
cm %) and specific capacity (815.5 mAh g, ') than the Fe/NC-
based LZAB (151.5 mW cm 2, 661.0 mAh g;,”') and Pt/C +
RuO,-based LZAB (134.7 mW cm 2, 595.0 mAh gz, ") (Fig. 6¢
and d). Moreover, the performance of the FeMo/NC-based LZAB
exceeds that of many published DACs (Table S5). Furthermore,
as shown in Fig. 6e, the FeMo/NC-based LZAB demonstrates
a stable voltage platform at varying current densities (5-50 mA
cm ™ ?). The discharge voltage and voltage recovery performance
both outperform those of the Fe/NC-based LZAB, reflecting the
excellent discharge rate performance of the FeMo/NC-based
LZAB.* Importantly, stability must be considered in addition
to activity. As illustrated in Fig. 6f and S18, the FeMo/NC-based
LZAB can operate steadily for 200 h at 10 mA cm ™2, with only
a small difference between the initial and final energy efficiency
and voltage gap. In contrast, the Fe/NC-based LZAB and the Pt/C
+ RuO,-based LZAB show significant increases in the voltage
gap and marked decreases in energy efficiency after a short
period of operation. These results reinforce the advantages of
the Fe-Mo synergism in FeMo/NC and highlight its potential for
applications requiring ultra-long device lifetimes. Moreover, the
FeMo/NC-based LZAB still performs much better than the Fe/
NC-based LZAB in stability tests at a higher current density
(20 mA cm™?) (Fig. $19). Furthermore, a flexible zinc-air battery
(FZAB) based on FeMo/NC as the cathode exhibited an OCV of
1.40 V and a peak power density of 84.7 mW cm ™2, which were
superior to those of the Fe/NC-based FZAB and Pt/C + RuO,-
based FZAB (Fig. 6g and h). As shown in Fig. 6i, the charge/
discharge stability at 10 mA cm > of the Fe/NC-based FZAB
can be sustained for up to 6 h. When the degree of bending of
the FeMo/NC-based FZAB is varied, its open-circuit voltage
remains essentially stable, suggesting stability and robust flex-

ibility (Fig. 6j).
Conclusions

The controllable synthesis of an FeMo/NC DAC has been real-
ized by an integrated strategy involving the etching of a Fe-SAC,
Mo ion adsorption, and high-temperature activation. XAS and
HAADF-STEM characterizations demonstrate a dimer structure
of FeMo/NC with the configuration FeMoN,, in which the Fe
and Mo atoms are bridged by an N atom. FeMo/NC exhibits
excellent oxygen catalytic activity and stability, accompanied by
a high E;, of 0.91 V and low OER overpotential of 350 mV.
Moreover, FeMo/NC shows superior performance in both LZABs
and FZABs, demonstrating an outstanding OCV (1.54 and 1.40
V), high power density (181.6 and 84.7 mW cm™?), and excellent
stability and flexibility, indicating that it possesses potential for
future applications. In situ XAS and Raman experiments
demonstrated that the Fe atom couples with Mo atoms to form
a *Fe-O-O-Mo* intermediate for the conversion of oxygen
species during the processes, which is a more kinetically
favorable pathway for the ORR/OER. DFT calculations
confirmed lower energy barriers on the dual-atom Fe-Mo sites
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than single-atom Fe/Mo sites for the ORR/OER due to the
concerted catalysis between Fe and Mo atoms. Thus, this work
provides a unique demonstration of the structural evolution
and reaction mechanism of the Fe-Mo DAC in oxygen electro-
catalysis in terms of in situ experiments and theoretical
calculations.
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