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Ten thousand hour stable zinc air batteries
via Fe and W dual atom sites

Yifan Li 1, Hanlin Wang 1, Chang Chen2, Xuesong Xie 1, Yang Yang1,
Xuehai Tan 1, Keren Jiang 1, Ning Chen 3, Hao Zhang 1 & Zhi Li 1

Durable and highly active oxygen electrocatalysts are crucial to the large-scale
application of rechargeable zinc-air batteries. Here we utilize the N4 unit in
phthalocyanine molecule to trap the tungsten atoms scratched off from the
tungsten carbidemilling balls andplace the obtainedW-N4 unit adjacent to the
Fe-N4 units from iron (Ⅱ) phthalocyanine, resulting in highly active Fe-N4/W-N4

diatomic sites with well-pronounced 3d−5d hybrid for efficient and durable
oxygen electrocatalysis. The electrondistributionof the Fe-N4 site is optimized
by the neighboring W-N4 site, which facilitates the O2 activation and the des-
orption of *OH and enhances the catalytic activity of the Fe-N4 site.Meanwhile,
the unsaturated 5 d orbitals and tunable valence of the W atoms could mod-
ulate the electronic state of the Fe species, prevent leaching, and further
enhance the catalytic stability. The resulting zinc-air battery with Fe,W-N-C air
cathode exhibits notable cycling stability and repeatability for over 10,000 h.
This enhanced stability highlights the possibility of developing 5 d metal-
boosted 3 d metal active sites for the fabrication of efficient oxygen electro-
catalysts and stable zinc-air batteries.

The oxygen reduction reaction (ORR) is an important cathodic reac-
tion in emerging energy technologies such as metal-air batteries and
fuel cells, which involves multi-electron and proton-coupling
processes1,2. Its sluggish kinetics and the high cost of commercial Pt-
based electrocatalysts severely limit the widespread commercial
applications3,4. Among the atomically dispersedmetal catalysts, the Fe-
N4 sites with a porphyrin-like structure are widely recognized as one of
the most promising sites for ORR5–8. However, the symmetric electron
distributionof the Fe-N4 site and the limitedorbital overlapbetweenFe
3 d and O 2p orbitals increase the energy requirements to activate the
O2 (*O2→ *OOH)9–11. The strong affinity of OH− on the Fe-N4 sites hin-
ders the desorption of *OH, resulting in large overpotentials due to the
accumulation of OH−12–17. Moreover, at high potentials, the FeNC/Fe2+

thermodynamic equilibriumwill shift toward the formationof Fe2+, and
the leaching and dissolution of the Fe sites during theORRprocess will
cause decrements of the catalytic stability and further limit the com-
mercial applications of the Fe-based catalysts18–20.

Inspired by the Cu-Fe bimetallic atomic structure of cytochrome c
oxidase, a natural oxidoreductase often found in animals and plants,
researchers realized that they might need another atom with different
radii and electronegativities forming bimetallic configuration with Fe
to break the electronic density plane symmetry of the Fe-N4 sites

21. The
interaction between two different atoms may mitigate the dissolution
of the Fe center and enhance the catalytic stability22. Recently,
numerous efforts have been devoted to designing dual-atom catalysts
with bimetallic active sites, such as Fe-Co, Fe-Cu, and Fe-Ni23–26.
Although these diatomic catalysts exhibit improved ORR catalytic
activity relative to single-atom catalysts due to the synergistic effect of
the bimetallic sites, the electronic structure of these second metals
(3 d) is quite close to Fe, making them less efficient in breaking the
symmetrical charge distribution27. Therefore, introducingmetal atoms
that cause more asymmetric electron distribution seems to be a
straightforward solution. Wang et al. found that the Ir possesses
increased 5 d electronic wave function spatial extent, and can
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effectively modulate the electronic structure and local coordination
environmentof 3 d transitionmetals Ni-Fe oxyhydroxides28, becauseof
the stronger hybridization with neighboring ligand orbitals29. In addi-
tion, 5 dmetals have additional orbital degrees of freedom to tailor the
electronicband structure and the adsorption anddesorption energyof
the intermediates30. Xin et al. also utilized the difference in electro-
negativity between the two metals in a diatomic catalyst to optimize
the electron distribution at the active site31. Therefore, it is reasonable
to speculate that if a 5 dmetal with large radii, multiple valence states,
and different electronegativity can be introduced as the second metal
near the Fe-N4 site to form a Fe-5d M diatomic site, it will be more
conducive to the occurrence of ORR. Among the 5 d transition metals,
W is a promising candidate with demonstrated electrocatalytic activity
in single-atom form, and the activity is sensitive to coordination
number32–34. The challenge of using W as the second metal site lies in
synthesizing such electrocatalysts with rationally designed 3d−5d
diatomic sites using minimal resources and facile processes suitable
for large-scale industrial applications. In fact, the identification of the
hetero-diatomic structure itself is complicated enough. Aberration-
corrected high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) analysis often shows many diatomic
couples, and EELS analysis is required to confirm the coexistence of
twometals in a small zone (e.g., 1×1 nm). Unless a significant portion of
diatomic couples is individually analyzed by EELS, which is often
impractical, it is risky to conclude that the dominating structure is
hetero-diatomic (A-B) or homo-diatomic (A-A or B-B). The 3d−5d dia-
tomic sites can be judged more intuitively through the difference in
brightness of the HAADF-STEM image, which could provide favorable
support for the precise synthesis of diatomic catalysts.

Herein, we utilized the shear and impact forces during the high-
energy ball milling to strip tungsten atoms from tungsten carbide
milling balls and constructed a 3d−5dhybrid Fe,W-N-C catalystwith Fe-
N4/W-N4 diatomic sites in carbon black support. The symmetrical
charge distribution of the Fe-N4 site is optimized by the neighboring
W-N4 site, and the Fe,W-N-C catalyst exhibits an ORR half-wave
potential as high as 0.90 V and effectively four-electron ORR activity.

Meanwhile, the mechanistic investigations reveal that the *O2 activa-
tion energy and *OH desorption energy on Fe-N4 sites could be sig-
nificantly optimized by introducing the neighboring W-N4 site.
Importantly, the introduction of large radius 5d-W atoms adjacent to
the Fe-N4 site was found to be crucial to reduce the irreversible
leaching of the Fe catalytic center and achieve unexpected oxygen
catalytic stability. The zinc-air battery (ZAB) with Fe,W-N-C air cathode
demonstrated a repeatable discharge/charge cycling stability formore
than 10,000 h, which highlights its practical application potential.

Results
Synthesis of the 3d−5d hybrid Fe,W-N-C catalyst and structural
characterization
High-energy ball milling has enough power to break and reform che-
mical bonds, often used to construct defects on the support, which
could anchor isolated metal atoms/clusters, while the surface wearing
of the milling balls is often overlooked35. Figure 1a illustrates the
tungsten atoms falling off the tungsten carbide balls due to enormous
shear and impact forces. When the raw material contains only carbon
black, the fresh tungsten atoms with higher surface energy tend to
combine with carbon atoms and aggregate into tungsten carbide
nanoparticles during ball milling or subsequent pyrolysis steps (WC-C,
Supplementary Figs. 1 and 2, SupplementaryTable 1). In contrast, when
sufficient phthalocyanine (Pc) complex is added, the tungsten atoms
will stay isolated on the carbon black support (W-N-C, Supplementary
Figs. 3 and 4). This could be attributed to the unique macrocyclic
structure of Pc, with a central cavity occupied by two hydrogen atoms
and surrounded by four nitrogen atoms in square planar geometry.
This cavity is well-known for formingmany stablemetal complexes by
replacing the two hydrogen atoms with metal atoms, such as Cu, Fe,
Co, Ni, etc. When the two hydrogen atoms are knocked off during the
ball milling process, the vacant cavity becomes an active trap for the
fresh tungsten atoms, resulting in atomically dispersed W-N4 sites.

Inspired by the successful construction of the W-N4 site, we intro-
duced onemore component during the ballmilling process: FePc, which
possesses a similar structure to that of Pc but with two hydrogen atoms

Fig. 1 | Schematic illustration of the synthesis procedure of differentmaterials.
a Tungsten carbide nanoparticles-carbon black catalyst (WC-C) and single-atom
tungsten catalyst (W-N-C) obtained by stripping W atoms from tungsten carbide

milling balls.b 3d-5dhybrid diatomicM,W-N-C catalysts (M= Fe/Co/Ni) obtainedby
co-introducing exogenous N-containing complex and 3 d metal-containing com-
plex into the raw materials.
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replacedby a Fe atom in the cavity, and constructeda 3d-5dFe-Wdiatom
catalytic site. As illustrated in Fig. 1b, in the highly energetic environment
of ball milling (e.g., huge impact faces and high localized temperatures),
the adsorption of both Pc and FePc molecules on the carbon black sur-
face tends to reach thermodynamic equilibrium. Driven by the electron
donor-acceptor interactions, the Pc and FePc tend to partially overlap
and form N4/FeN4 on the carbon surface at equiblium36,37. When the N4

portion of theN4/FeN4 site traps a highly active tungsten atom scratched
off from the milling balls, the Fe-N4/W-N4 diatomic site is successfully
constructed. After that, a pyrolysis process at 900 °C for 2 h in Ar
atmosphere stabilizes the sites without sacrificing the coordinating N
atoms or causing the aggregation of metal atoms38–40. It must be
emphasized that 100% of the metals were utilized in the synthesis pro-
cess. In the catalyst design, the Fe content is determined by the max-
imum amount of FePc allowed by atomic dispersion on carbon black,
and the W content depends on the ball milling time to achieve the 1:1
atomic ratio. Extra milling time will introduce more W than that can be
trapped and lead to the formation of tungsten carbide nanoparticles.
Similarly, if the amountof Pc is insufficient, itwill bedifficult to introduce
enough N4 sites on the carbon black surface to fix the W atoms that fall
off the ball mill, resulting in some W atoms forming WC nanoparticles
(Supplementary Fig. 5). In the obtained catalysts, named Fe,W-N-C, the
contents of Fe andWwere optimized at 1.25wt% and 4.02wt% (the atom
ratio of Fe and W is close to 1:1) as determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Supplementary
Table 1). To demonstrate the versatility of this catalyst construction
strategy, we extended it to other representative 3d-metals (such as Co
and Ni) by simply replacing FePc with other metal phthalocyanine
complex and successfully synthesized Co,W-N-C and Ni,W-N-C 3d−5d
hybrid dual-atomcatalysts (Supplementary Figs. 6 and 7, Supplementary
Table 1).

The dual-atom configuration of Fe,W-N-C catalyst was investi-
gated using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As shown in Fig. 2a, b the Fe,W-N-C cata-
lyst is composed of a series of pearl-like spherical carbon particles with
diameters of 50-80 nm, and there are no obvious metal/ metal Pc
nanoparticles in the carbon matrix. These results are consistent with
the X-ray diffraction (XRD) patterns, in which only two broad diffrac-
tion peaks belonging to the (002) and (101) crystal planes of carbon
were detected (Fig. 2c). The atomically dispersed Fe,Watompairswere
directly imaged by HAADF-STEM at the atomic scale. As shown in
Fig. 2d, a large number of isolated bright-faint dot pairs are uniformly
dispersed on the carbon black surface, marked by green rectangles.
The pronounced brightness difference in each pair of atoms is due to
the sensitive Z-contrast of heavy elements. Since only two metal ele-
ments are possible in the system, the pair canbe safely identified as 3d-
Fe (faint) and 5d-W (bright) atomic pair without guesswork. Supple-
mentary Fig. 8 exhibits the corresponding intensity profile for two
typical Fe-W bimetallic pairs at site 1 and site 2 in Fig. 2d, and it was
found that the distancebetween the twometal atoms is about 0.55 nm,
which is consistent with the distance in the atomic structure model of
the 3d-5d hybridized Fe-N4/W-N4 diatomic site of the Fe,W-N-C catalyst
pointed out in the density functional theory calculations part (Sup-
plementary Fig. 9). In addition, the characteristic peaks of Fe and W
atoms were both found in the electron energy loss spectroscopy
(EELS) spectrum corresponding to the 1 nm × 1 nm small area HAADF-
STEM image, providing another direct evidence of the existence of Fe
and W diatomic sites (Fig. 2e–g)41,42. Since HAADF-STEM images
describe two-dimensional projections, the projected distances
between Fe andWatomscould differ (taggedbyblue circles in Fig. 2d),
depending on the angle between the W-Fe axis and the incident
beam43. The lower magnification HAADF-STEM image and corre-
sponding energy-dispersive X-ray spectroscopy (EDX) mapping also
revealed the uniform distribution of C, N, W, and Fe elements in the
Fe,W-N-C catalyst (Fig. 2h and Supplementary Fig. 10). High-resolution

X-ray photoelectron spectroscopy (XPS) results confirmed the exis-
tence of sufficient N (from Pc and FePc molecules) in the Fe,W-N-C
catalyst, which not only promoted the anchoring of Fe andWatoms on
the carbon black surface but also generated graphitic nitrogen to
improve electron transfer in the carbon skeleton (Supplementary
Fig. 11)44.

To gain more insight into the electronic structure and coordina-
tion environment of the 3d-Fe atom and 5d-W atom in Fe,W-N-C cat-
alyst, X-ray absorption spectroscopy (XAS) was collected. As shown in
Fig. 3a, a pre-edge peak at around 7114 eV was observed in the Fe
K-edge X-ray absorption near edge structure (XANES), which is char-
acteristic of the 1 s to 4pz electric dipole transition, along with the
charge transfer from ligand to the metal center, and could be recog-
nized as the fingerprint of the porphyrin-like planar Fe-N4

45–48. The
absorption edge of the Fe,W-N-C catalyst is situated between FeO and
Fe2O3, indicating that theoxidation state of Fe is between +2 and+3. To
elucidate the effect of the neighboring 5d-W site on the chemical state
of the Fe center, a single atom Fe-N-C catalyst withoutWwas prepared
as a reference through a similar procedure (Supplementary
Figs. 12 and 13). Notably, the Fe K-edge absorption of the Fe,W-N-C
catalyst is significantly lower than that of the Fe-N-C catalyst, implying
that the introduction of 5d-W site neighboring to the 3d-Fe site can
effectively regulate the oxidation state of the Fe atom, which could
prevent the electrochemical dissolution of the Fe center and enhance
its electrocatalytic stability (vide infra, Supplementary Fig. 14). The
Fourier transformed k3-weighted Fe K-edge extendedX-ray absorption
fine structure (EXAFS) spectrum of the Fe,W-N-C catalyst exhibited a
prominent peak at around 1.5 Å, which could be assigned to the Fe-N
contributions in the first shell (Fig. 3b). However, the main peak of the
Fe-N-C catalyst is located at 1.41 Å (similar to the position shown in the
FePc complex, Supplementary Fig. 15). The difference in peak position
of Fe,W-N-C catalyst and Fe-N-C catalyst is due to the introduction of
W-N4 sites close to the Fe-N4 sites in the Fe,W-N-C catalyst, which
reduces the electron transfer from the Fe atoms to the surrounding
environment, resulting in a decrease in the oxidation state of the Fe
atoms and an increase in the Fe-N distance in Fe,W-N-C. Compared
with Fe Foil, there is no observable Fe-Fe scattering peak at 2.2 Å in
both of the Fe,W-N-C and Fe-N-C catalysts. This confirms the absence
of Fe aggregates and verifies that Fe atoms exist in an atomically dis-
persed form. Due to the high resolution in R-space and k-space, the
wavelet transform (WT)-EXAFS analysis was carried out to further
reveal the isolated state of the Fe atoms. The Fe,W-N-C catalyst
demonstrated an intensity maximum at k ~ 4.7 Å responding to the Fe-
N bonds, and no metallic Fe-Fe scattering signal can be detected
(Fig. 3c, and Supplementary Fig. 16). As shown in Fig. 3d–f and Sup-
plementary Fig. 17, theW atoms also exhibited an atomically dispersed
nature with an oxidation state between 0 and +6.

To clearly elucidate the coordination configurations of Fe and W
atoms in the Fe,W-N-Ccatalyst, EXAFSfitting curveswere simulated. As
displayed in Fig. 3b, e and Supplementary Table 2, the fitting results
indicated that both Fe andWatoms are coordinatedwith four N atoms
in the first shell, with bond lengths of 1.90Å and 2.09Å, respectively.
Since weak peaks at above 2.0 Å are observed in both the Fe K-edge
EXAFS and W L3-edge EXAFS spectra, combined with the weak WT-
EXAFS intensity maximum in the k range of 5–7 Å−1, which is higher
than that of the coordination with C and different from the Fe-Fe or
W-W peak, suggesting that a nonnegligible long-range interaction
between the Fe and W atoms may occurred (Fig. 3b, c, e, f and Sup-
plementary Fig. 17)23,49. We included the outer shells of Fe and W in
EXAFS fitting. Although the distance between Fe and W is too long
(about 5.5 Å revealed by HAADF-STEM) to be accurately fitted in
EXAFS, the simulated spectrafitted to the 4th shell of Fe (R = 3.33Å) and
the 5th shell of W (R = 4.29 Å) overlapped well in the experimental
spectra, which further proved that the atomic structure model of the
3d−5d hybridized Fe-N4/W-N4 diatomic site of the Fe,W-N-C catalyst
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pointed out in Fig. 3g is valid. Furthermore, in order to further verify
the structure features, the XANES simulations for this representative
structure (R = 7 Å cluster) using the FDMNES code were calculated and
shown in Fig. 3h, i. It turned out that the theoretically calculated
spectra showed similar features to the experimental spectra, particu-
larly for the shape and the position of the peaks, demonstrating the
well-defined structure of Fe,W-N-C catalyst.

Electrochemical catalytic properties
The electrochemical ORR performance of the Fe,W-N-C catalyst was
assessed using a rotating disk electrode (RDE) in oxygen-saturated
0.1M KOH electrolytes. To verify the vital role of the Fe-N4/W-N4 dia-
tomic sites in oxygen electrocatalysis, Fe,WC-N-C catalyst (with

isolated Fe atom and tungsten carbide nanoparticles coexisting) was
synthesized using a similarmethod (Supplementary Figs. 18 and 19). As
shown in Fig. 4a, the diatomic Fe,W-N-C catalyst exhibited a notable
ORR catalytic activity with the most positive onset potential (1.03 V)
and half-wave potential (E1/2, 0.90 V) among other synthesized cata-
lysts and the commercial Pt/C catalyst. Specifically, the E1/2 of the Fe,W-
N-C catalyst is 60mV and 30mVhigher than that of the single atomFe-
N-C catalyst and the Fe,WC-N-C catalyst, confirming the positive effect
of the 5d-W species on the single atom 3d-Fe catalyst which can be
maximized when the 5d-W species is also in single atom form. Fe,W-N-
C also possessed the highest kinetic current density up to
17.14mA cm−2 at 0.82 V, nearly two times higher than the commercial
Pt/C catalyst (Fig. 4b and Supplementary Table 3). Compared with the

Fig. 2 | Structural characterization of Fe,W-N-C catalyst. a SEM image. b TEM
image. c XRD patterns of Fe,W-N-C catalyst, FePc complex, and Pc complex.
d Aberration-corrected HAADF-STEM image. e HAADF-STEM image and the cor-
responding STEM-EELSmapping (f) taken from the orange boxed area in (e). g The

corresponding EELS spectrumof the 1 nm×1 nm selected small area in (f).hHAADF-
STEM image and the corresponding EDX elemental mapping images for C (red), N
(blue), W (yellow), and Fe (green).
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single atom Fe-N-C catalyst, the 3d-5d hybrid Fe-N4/W-N4 diatomic site
exhibited a lower Tafel slope (94mV dec−1), revealing its lower oxygen
binding energy and faster ORR kinetics (Supplementary Fig. 20, and
Supplementary Table 4)15,50,51. The electrochemically active surface
areas (ECSAs) of Fe,W-N-C and commercial Pt/C catalysts were esti-
mated and compared by calculating the double-layer capacitance
values (Cdl) via cyclic voltammetrycurves (Supplementary Fig. 21). The
higher Cdl value of the Fe,W-N-C catalyst compared to that of the
commercial Pt/C catalyst, indicates its larger ECSA and more
approachable active sites. Given its limited BET specific surface area of
75.6 m2 g−1 (Supplementary Fig. 22), it can be concluded that most of
the active sites exist on the carbon black surface.

The electron transfer numbers at various potentials were calcu-
lated using the linear sweep voltammetry curves collected at different
RDE rotating speeds.As shown inFig. 4c, d, the limiting current density
increases with the rotation speed, and the electron transfer numbers
were calculated to be ~ 4 in the potential range of 0.2-0.8V. Also, a
nearly complete 4-electrons transfer pathway and less than2.55%H2O2

yield could be observed in a wide potential range from 0.2 to 1.0V by

rotating ring disk electrode (RRDE) measurements, further certifying
the high selective to the 4-electrons transfer pathway (Fig. 4e). This is
highly desirable since the competing 2-electrons transfer pathway not
only reduces the energy efficiency, but also poisons the Fe active site
through the Fenton reaction between the generated H2O2 and the Fe
sites52–54. To confirm the effect of theW-N4 site in the Fe,W-N-C catalyst
after the Fe-N4 site being poisoned, the nitrite stripping tests were
conducted55. As shown in Supplementary Fig. 23, the reduced activity
after introducing nitrite indicates that the Fe-N4 site in the Fe, W-N-C
catalyst is the adsorption site of O2/ ORR intermediates. It is worth
noting that the ORR catalytic activity did not decrease completely to
the metal-free level, indicating that the W-N4 site can also drive the
ORR process at a higher overpotential. After that, the gravimetric site
density (MSD) of Fe-N4 site in Fe,W-N-C catalyst was roughly estimated
as at least 10.18 µmol g−1 (due to the high hydrogen evolution catalytic
activity of the W site at high overpotentials56,57, which will mask the
dissolution peak55) by analyzing the current density difference
between the unpoisoned and poisoned curves. Since the ORR kinetic
current density of the Fe,W-N-C catalyst at 0.95 V (vs RHE) in 0.1M

Fig. 3 | X-ray absorption spectroscopy characterization of Fe,W-N-C catalyst.
a Normalized Fe K-edge X-ray absorption near-edge structure (XANES) spectra of
Fe foil, FeO, Fe2O3, and Fe,W-N-C catalyst. b Fourier transform k3-weighted Fe
K-edge extended X-ray absorption fine structure (FT-EXAFS) spectra at R space and
FT-EXAFS fitting curves of Fe,W-N-C. c 3D contour wavelet transformed Fe K-edge
EXAFS map of the Fe,W-N-C catalyst. d Normalized W L3-edge XANES spectra of W
foil, WO3, and Fe,W-N-C. e k2-weighted W L3-edge FT-EXAFS spectra and FT-EXAFS

fitting curves of Fe,W-N-C. f 3D contourwavelet transformedWL3-edge EXAFSmap
of the Fe,W-N-C catalyst. g The atomic structure model of the Fe,W-N-C catalyst.
h Comparison between the experimental Fe K-edge XANES spectrum of Fe,W-N-C
and the theoretical spectrum calculated for the atomic structure in (g).
i Comparison between the experimental W L3-edge XANES spectrum of Fe,W-N-C
and the theoretical spectrum calculated for the atomic structure in (g).
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KOH electrolyte is 0.83mA cm−2, the turnover frequency (TOF) of the
Fe,W-N-C catalyst is estimated to be 4.2 s−1.

Besides catalytic activity and selectivity, methanol tolerance and
durability are also essential indices for evaluating the ORR catalytic
performance. As displayed in Supplementary Fig. 24, the Fe,W-N-C
catalyst exhibited high methanol tolerance ability with negligible cur-
rent density decay. In contrast, the commercial Pt/C catalyst suffered
from a sharp drop in the current. Additionally, the Fe,W-N-C catalyst
demonstrated a satisfying ORR long-term catalytic stability with a
relative current density retention of 97.94% after a 10-h chron-
oamperometric test (Fig. 4f). Due to the unique 3d-5d hybrid Fe-N4/W-
N4 dual-atom site, the ORR catalytic performance of Fe,W-N-C is
comparable to other reported high-activity noble/non-noble metal
catalysts (Supplementary Table 5). The stability of Fe,W-N-C catalyst
has been further tested by potential cycling from 0.2V to 1.1 V. As
shown in Supplementary Fig. 25, the 1500th CV curve is largely con-
sistent with the initial one, and the LSV curves indicate that despite the
catalyst undergoing 1500 cycles of CV tests, there is no obvious decay
in E1/2 and limited current density, suggesting the outstanding ORR
stability of the Fe,W-N-C catalyst. By comparing the CV and ICP results
before and after the accelerateddurability test (Itwas found that the Fe
content in the catalyst before and after the accelerated durability test
were accounted for 1.25wt% and 1.24wt%, respectively), negligible
metal leaching was observed, which further demonstrated the
enhanced catalytic stability of the Fe,W-N-C catalyst.

Inspired by the good ORR catalytic performance, we further
examined its catalytic performance in oxygen evolution reaction (OER)
to evaluate its potential application as a cathode for rechargeable
ZABs. As illustrated in Supplementary Fig. 26 and Supplementary
Table 6, the Fe,W-N-C catalyst exhibited the lowest potential as 1.56V
to deliver a current density of 10mA cm−2, among Fe,WC-N-C (1.68 V),
Fe-N-C (1.81 V), W-N-C (1.64 V), WC-N-C(1.72 V), and the benchmark

IrO2 (1.59V) catalysts. Additionally, the smallest Tafel slope of Fe,W-N-
C catalyst confirmed its more favorable OER kinetics (87mV dec−1,
Supplementary Fig. 27). Most importantly, the Fe,W-N-C catalyst also
demonstrated high OER catalytic stability for over a 15-h chron-
opotentiometry test, far exceeding the commercial IrO2 catalyst
(Supplementary Fig. 28).

ZABs performance and in situ characterizations
Given the enhanced ORR and OER catalytic activity and stability,
rechargeable ZABs with Fe,W-N-C catalyst loaded on the cathode were
assembled to demonstrate their practicability. As shown in Supple-
mentary Figs. 29 and 30, the ZAB with Fe,W-N-C cathode delivered a
high specific capacity of 781mAh g−1 and a corresponding energy
density up to 953Whkg−1, outperforming the ZABwith commercial Pt/
C + IrO2 catalyst (specific capacity: 678mAhg−1; energy density:
780Whkg−1). Notably, the cell exhibited a stable and repeatable dis-
charge/charge cycling curve for over 10,000h (over 30,000 cycles) at
the current density of 5mA cm−2 with negligible decay on the dis-
charge/charge voltage (the voltage gap is nearly unchanged and
maintained at around 0.72 V) and areal energy density (based on the
area of the air cathode), which is comparable to other reported ZABs
(Fig. 5a, Supplementary Figs. 31-33). Even when operated at a high
current density of 50mA cm−2, the Fe,W-N-C based ZAB still can deliver
stable performance for over 2000 h (12,000 cycles), far exceeding the
ZAB with commercial Pt/C + IrO2 as the cathode and other reported
ZABs (Supplementary Figs. 34 and 35). Surprisingly, the Fe,W-N-C
based ZAB exhibited a relatively stable discharge/charge cycling curve
of more than 550 h at the current density of 100mAcm−2, revealing its
possibility of stable operation in high-current power-consuming
facilities (Supplementary Figs. 36 and 37). Such high ZAB stability has
seldom been achieved to date (Supplementary Table 7). In addition,
the Fe,W-N-C cathode ZAB presented a high discharged voltage

Fig. 4 | Electrocatalytic performance of Fe,W-N-C and other reference catalysts.
a LSV curves without iR correction for Fe,W-N-C, Fe,WC-N-C, Fe-N-C, W-N-C,WC-N-
C, and commercial 20wt% Pt/C catalysts in oxygen-saturated0.1MKOHelectrolyte
(25 ± 1 °C, pH=13.0 ± 0.5, the resistance of the solution was 45 ± 5 Ω) at 1600 rpm
with scan rate of 5mV s−1. b Onset potential (Eonset), half-wave potential (E1/2) and
kinetic current density (JK) (0.82V, V versus RHE) for the different catalysts. cORR

polarization curves of the Fe,W-N-C catalyst at different rotating speeds.
d Koutecky-Levich plots and electron transfer numbers at different potentials of
the Fe,W-N-C catalyst. e H2O2 yield and electron transfer number of Fe,W-N-C and
Pt/C catalysts measured by RRDE. f Chronoamperometric response curves for
Fe,W-N-C and Pt/C catalysts.
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plateau with a maximum peak power density of 252mWcm−2, in con-
trast to only 140mWcm−2 for the Pt/C+ IrO2 based ZAB (Fig. 5b),
demonstrating its practical application potential as an alternative
catalyst to Pt-based catalysts in ZABs. Tomeet the demand for flexible
energy devices, we also assembled a flexible solid-state ZABwith Fe,W-
N-C as the cathode. As shown in Fig. 5c and Supplementary
Figs. 38 and 39, the solid-state ZAB remains stable even after the
iterative bending test. It can also light up a series of LED lights on a
luminous wristband, promising its practical application in flexible
electronics (Supplementary Fig. 40).

To trace the origin of the notable stability, solid-state ZAB with
Fe,W-N-C cathodewas assembled and in-situXAS analyseswerecarried
out as illustrated in Fig. 5d. The ZAB was first discharged and charged
at 5mA cm−2 and then cycled at a higher current density of 10mAcm−2

after a 2-min rest. As shown in Fig. 5e, the Fe adsorption edge slightly
shifts to lower energy compared to the blank state during the first
discharge process, and then moves back to higher energy during the
charge process. This low-high energy shift repeated in the second
discharge/charge cycle, indicating that the discharge/charge

processes of ZAB indeed have certain fluctuations in the valence state
of the Fe center, which could be attributed to the adsorption of reac-
tants/reaction intermediates on Fe site. The intensity of the pre-edge
peak in Fe K-edge XANES is slightly lower than that in ex-situ mea-
surement, suggesting the adsorption of reactants on Fe. Based on the
fluctuation of the valance state and the decrease in pre-edge intensity,
Fe can be safely identified as the centralmetal of the active site in both
ORR andOER processes. Despite fluctuations in the valence state of Fe
during the discharge/charge cycles, the oxidation state remained
between +2 and +3 without over-oxidization or over-reduction to
cause Fe aggregation or dissolution (Supplementary Fig. 41). Further-
more, nine XANES curves were recorded at the resting state of the ZAB
after each discharge/charge cycle, and the oxidation state of the Fe
remained stable, which further demonstrates its catalytic stabi-
lity (Fig. 5f).

Theoretical insights into the activity and stability improvement
The density functional theory (DFT) calculations were conducted to
clarify the regulationof 5dW-N4 sites onneighboring Fe-N4 sites. Based

Fig. 5 | Performances of ZABs with Fe,W-N-C air cathode and in situ XAS char-
acterizations. a Galvanostatic discharge/charge cycling stability tests for liquid-
state ZAB based on Fe,W-N-C air cathode at a current density of 5mAcm−2.
b Discharge polarization and power density plots of Fe,W-N-C and Pt/C-IrO2 based
ZABs. c Cycling stability test of the flexible solid-state ZAB with Fe,W-N-C air
cathode at a current density of 5mA cm−2, and the insets are digital photos of the

ZAB at flat/bent/revert flat states. d Simplified schematic illustration of the solid-
state ZABduring the in situXAS tests. e FeK-edgeXANES spectraof Fe,W-N-C based
ZAB during the discharging and charging processes at different current densities.
f Fe K-edge XANES spectra of Fe,W-N-C based ZAB in resting state after several
discharge/charge cycles.
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on the HAADF-STEM-EELS, XPS, and XAS analysis, the atomic config-
urations of the main active sites in Fe-N-C and Fe,W-N-C catalysts are
illustrated in Figs. 6a and 6b (Supplementary data 1). By analyzing the
charge density differences of the Fe-N4 and 3d-5d hybrid Fe-N4/W-N4

sites, it could be found that after modification with the neighboring 5d

W-N4 site, the electron transfer from Fe atoms to the surrounding
decreased, indicating the reduced oxidation state of the Fe atom,
consistent with the XAS results. Given the oxygen-rich environment in
ORR, we analyzed the adsorption and transition pathways of O2 on the
W-N4 site. As shown in Supplementary Fig. 42, the adsorption of O2

Fig. 6 | Density functional theory calculations for ORR catalysis. Atomic con-
figurations and charge density differences of (a) Fe-N4 and (b) Fe-N4/W-N4 con-
figurations in Fe-N-C and Fe,W-N-C catalysts, where charge depletion and
accumulation were depicted by cyan and yellow, respectively. c The free energy
diagram of ORR through a 4e− pathway on the active sites of Fe-N-C and Fe,W-N-C
catalysts under the electrode potential of 0 V at pH=13. d The atomic configuration
of *OOH intermediate on Fe-N4/W-N4 site, where the dash line represents the
generated hydrogen bond between the H atom in *OOH intermediate and the

absorbed O atom from the W-N4O2 site. The charge density difference and Bader
charge transfer diagrams of *OH on (e) Fe-N4 and (f) Fe-N4/W-N4O2 sites.
g Projected density of state (PDOS) analysis of Fe-3d orbital with *OH intermediates
on Fe-N4 and Fe-N4/W-N4O2 sites.h PDOSanalysis of Fe-3dz2 orbital withO 2px/2py/
2pz orbitals in *OH intermediate on Fe-N4 and Fe-N4/W-N4O2 sites. i The valence
changes of Fe atoms in Fe,W-N-C catalyst during ORR process and the demetalla-
tion energy differences between Fe,W-N-C and Fe-N-C catalysts.
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molecules on W will spontaneously convert from the end-on adsorp-
tion to the side-on adsorption, and the O-O bondwill break and form a
stable W-(O)2 configuration, which remains the same during the cata-
lytic process. Therefore, the actual active site in Fe,W-N-C catalyst
should be denoted as Fe-N4/W-N4O2. To further clarify the regulation
of 5d W-N4O2 sites on Fe-N4 sites and the effects on ORR catalytic
activity, we investigated the ORR catalytic process at pure Fe-N4 sites
and 3d-5d hybrid Fe-N4/W-N4O2 sites. As illustrated in Fig. 6c, due to
the strong adsorption of *OH on the Fe center of the Fe-N-C catalyst,
the potential-determining step is the desorption of *OH. Also, the
positive ΔG for O2 activation (*O2→ *OOH) step reveals its inertness. In
contrast, after introducing the neighboring 5d W-N4O2 site, the intra-
molecular hydrogen bond forms between the H atom in *OOH and the
O atom in the W-N4O2 site, accelerating the activation of O2 (Fig. 6d).
Most importantly, the energy required for the desorption of *OH (rate-
determining step) was reduced by 0.14 eV, suggesting that the for-
mation of 3d-5d hybrid Fe-N4/W-N4O2 is beneficial for optimizing the
adsorption energies of ORR intermediates. This maybe due to the
electron-withdrawing effect of the adjacent W-N4O2 site on Fe site,
which leads to a decrease in the electron density of Fe (the positive
charge on Fe in the Fe-N-C catalyst and Fe,W-N-C catalyst are 1.085 and
1.103, respectively, Supplementary Fig. 43), thereby affecting the
amount of charge that can transferred to *OH,which is beneficial to the
desorption of *OH. The Bader charge transfer results revealed that the
*OH accepted less charge from Fe-N4/W-N4O2 site than pure Fe-N4 site,
which also confirmed the weak adsorption and stronger desorption
ability of *OH on Fe-N4/W-N4O2 site. (Fig. 6e, f). The Projected density
of state (PDOS) analysis also corroborated that the introduction of
neighboring 5d W-N4O2 site reduces the overlap between the Fe-3d
orbitals and O-2p orbitals (in *OH intermediates), especially the over-
lap between Fe-3dz2 orbital and O-2pz and 2py orbitals, which leads to
the weak adsorption of *OH (Fig. 6g, h, Supplementary Fig. 44 and 45).

As for the OER process, since the initial system is not an oxygen-
saturated environment, the active site of Fe,W-N-C catalyst is first
assumed to be the original Fe-N4/W-N4 site of the catalyst. However,
when the W-N4 site serves as the adsorption site of the H2O/OER inter-
mediates, the desorption of *O2 from the W-N4 site requires higher
energy, which reveals the inertness of OER on theW-N4 site in the Fe,W-
N-C catalyst (Supplementary Fig. 46). This also proves that in the OER
reaction, theW-N4 site will eventually form the configuration ofW-N4O2.
Also, under themodification of theW-N4O2 site, lower energy is required
for Fe-N4 site to drive the OER processes. It is further proved that during
the OER reaction, the Fe-N4 site is also the real adsorption site of the
H2O/OER intermediates, while the W-N4O2 site is used to optimize its
electronic structure to promote the occurrence of OER.

To reveal the catalytic stability of the Fe-N4/W-N4O2 site, the oxi-
dation state transition of Fe atoms and the demetallation energy of the
Fe site during theORR processwere calculated. As shown in Fig. 6i, the
oxidation state of Fe atoms tends to be stable in each step under the
regulation of the neighboring 5dW-N4O2 site, indicating that Fe atoms
will not be over-oxidized or over-reduced by the adsorbed oxygen-
containing intermediates. Notably, the positive demetallation energy
differences between the Fe-N4/W-N4O2 and Fe-N4 sites in all reaction
stages demonstrate the strong binding energy of Fe-N bonds in Fe-N4/
W-N4O2 site, which well explains the enhanced catalytic stability of the
Fe,W-N-C catalyst.

Discussion
This work reports a sustainable and scalable approach to construct
highly active Fe-N4/W-N4 dual-atomic sites, utilizing 100% of the pre-
cursors and generating no byproducts. Under the highly energetic
environment of ball milling, we utilized the electron donor-acceptor
interactions between Pc and FePc to bring them in close adjacent, and
used the N4 site in Pc to trap the fresh W atoms scratched off from

milling balls. This strategy has been successfully adapted to construct
other M-N4/W-N4 dual-atomic sites by replacing FePc with other metal
phthalocyanines. TheW atommay even be replaced to fabricate more
genetic M1-N4/M2-N4 sites if specific milling balls containing desired
metals are manufactured. In the ORR reaction, the neighboring W-N4

site facilitates the desorption of *OHon the Fe center and increases the
demetallization energy of FeN4 sites, resulting in a zinc-air battery with
a high energy density of 953Wh kg-1 and cycling stability formore than
10,000h. This low-cost catalyst not only paves the road for the large-
scale commercial deployment of zinc-air batteries but also provides a
feasible approach for the design of advanced 3d-5d metal hybrid
electrocatalysts.

Methods
Reagents and materials
Carbon black super P (99%, Thermo Fisher Scientific Chemicals),
phthalocyanine crystalline (Pc, 98%, Thermo Fisher Scientific Chemi-
cals), iron (Ⅱ) phthalocyanine (FePc, 96%, Thermo Fisher Scientific
Chemicals), cobalt (Ⅱ) phthalocyanine (CoPc, 93%, Tokyo Chemical
Industry Co. Ltd), nickel phthalocyanine (NiPc, 95%, Thermo Fisher
Scientific Chemicals), Nafion dispersion D520 (Fuel Cell Store),
2-propanol (C3H8O, 99.5%, Fisher Chemical),methanol (CH3OH, 99.8%,
Fisher Chemical), potassium hydroxide (KOH, 90%, Sigma-Aldrich),
zinc acetate dihydrate (98%, Thermo Fisher Scientific Chemicals), iri-
dium (Ⅳ) oxide (IrO2, Premion 99.99%, Alfa Aesar), 20% platinum on
carbon (Fuel Cell Etc.) were used as received. The 18.2 MΩ-cm ultra-
pure water was obtained from the Mili-Q system.

Synthesis of catalysts
In a typical synthesis of dual-atom Fe,W catalyst, an appropriate
amount of tungsten carbide grinding balls were put into the tungsten
chamber of a planetary ball mill equipment. Then, 500mg carbon
black powder, 200mgphthalocyanine crystalline and 101.5mg iron (Ⅱ)
phthalocyanine complex were added. The mixture was ground for 15
cycles at room temperature with a rotation speed of 150 rpm, a 5min
stop was set to change the direction of rotation during the 5min
clockwise and 5min counter-clockwise cycle. The precursor mixture
was then annealed at 900 °C for 2 h under a gas flow of 100 sccm Ar.
After cooling down to room temperature, the dual-atom Fe,W catalyst
was obtained and named as Fe,W-N-C.

Other dual-atom catalysts, i.e., Co,W-N-C and Ni,W-N-C were
prepared by using the same synthesis procedures with different
phthalocyanine-metal complexes (cobalt (Ⅱ) phthalocyanine for Co,W-
N-C and nickel phthalocyanine for Ni,W-N-C) instead of iron (Ⅱ)
phthalocyanine complex.

Fe single atom-tungsten carbide nanoparticle coexistence cata-
lyst (Fe,WC-N-C) and W single atom catalyst (W-N-C) were synthe-
sized by using a similar method to Fe,W-N-C catalyst, except for
without the addition of phthalocyanine crystalline and iron (Ⅱ)
phthalocyanine complex in the ball milling step, respectively. Simi-
larly, tungsten carbide nanoparticle catalyst (WC-C) was prepared by
using the same method with Fe,W-N-C catalyst, except for without
the addition of both phthalocyanine crystalline and iron (Ⅱ) phtha-
locyanine complex. As a comparison, Fe single atomcatalyst (Fe-N-C)
was also synthesized by using the same method with Fe,W-N-C cat-
alyst, except that agate grinding balls were used instead of tungsten
carbide grinding balls to avoid introducing tungsten into the Fe-N-C
catalyst.

Characterization methods
The morphology and detailed structure of catalysts were investigated
by using field-emission scanning electronmicroscopy (Hitachi S-4800)
and transmission electron microscopy (JEOL JEM-ARM200CF S/TEM)
equipped with energy-dispersive X-ray spectroscopy (EDX) and
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electron energy loss spectroscopy (EELS). The phase composition was
revealed by X-ray diffraction pattern with Bruker D8 Discover diffrac-
tion system. X-ray photoelectron spectroscopy experiments were
performed by using Kratos Axis (Ultra) spectrometer with mono-
chromatized Al Kα (hυ = 1486.71 eV). The spectrometer was calibrated
by the binding energy (84.0 eV) of Au 4f7/2 with reference to the Fermi
level. Charge effects were corrected by using C 1 s peak at 284.8 eV.
The inductively coupled plasma-optical emission spectroscopy (iCAP
6300) was used to detect the metal content in different samples. The
synchrotron X-ray absorption spectra of Fe and W were recorded on
thehardX-raymicroanalysis beamline (HXMA-061D) ofCanadianLight
Source. XANES data analysis, EXAFS fitting andwavelet transformation
were performed with Athena, Artemis and HAMA Fortran version
software packages, respectively58–60. All spectra were collected in
ambient conditions.

Electrochemical measurements
The catalyst inks were prepared by dispersing 2mg catalyst in a
mixture of 400 µL isopropanol/ultrapure water/5 wt % Nafion solu-
tion (190 µL/190 µL/20 µL). The obtained mixture was ultrasonicated
for 120min before use. Subsequently, 8 µL of the suspension was
dropped by a pipettor onto the surface of a polished glassy carbon
rotating disk electrode (RDE, 0.19625 cm−2) or rotating ring-disk
electrode (RRDE) andnaturally dried in air. Theworking electrode for
the oxygen reduction reaction (ORR) electrochemical test was
catalyst-loaded RDE/RRDE with a catalyst loading of 0.2mg cm−2. As
for the oxygen evolution reaction (OER), a carbon paper electrode
(1 cm−2) coated with 0.2mg cm−2 catalyst was used as the working
electrode.

All of the ORR and OER electrochemical measurements were
carried out in a conventional three-electrode system by a Bio-Logic
electrochemical workstation equipped with a pine modulated speed
rotator. The catalyst modified electrode, a graphite rod and Ag/AgCl
electrode (3.5M KCl) were employed as the working electrode,
counter electrode, and reference electrode, respectively. All
obtained potentials were converted to the reverse hydrogen elec-
trode (RHE) potentials according to Nernst Eq. (1) and without iR-
compensation:

ERHE = EAg=AgCl +0:0591×pH +0:205 ð1Þ

The ORR linear sweep voltammetry (LSV) polarization curves
were conducted in O2-saturated freshly-prepared 0.1M KOH electro-
lyte (pH=13.0 ±0.5, the resistance of the solution was 45 ± 5 Ω) and
recorded at different rotation speeds from 400 to 2500 rpm with a
scan rate of 5mV s−1. The electron transfer number (n) was calculated
based on Koutecky-Levich Eqs. (2)-(4):

1
J
=

1
JL

+
1
JK

=
1

Bω1=2
+

1
JK

ð2Þ

B=0:62nFCOD
2=3
O V�1=6 ð3Þ

JK =nFkCO ð4Þ

where J is the measured current density (mA cm⁻2), JL is the diffusion
limiting current density (mA cm⁻2), JK is the kinetic current density (mA
cm⁻2), ω is the angular velocity of the disk, n is the electron transfer
number, F is the Faraday constant (96485Cmol⁻1), CO is the saturated
O2 concentration (1.2 × 10⁻6mol cm⁻3), DO is the diffusion coefficient of
O2 in the electrolyte (1.9 × 10⁻5 cm2 s⁻1), and V is the kinematic viscosity
(0.01 cm2s⁻1).

The number of electron transfer and the yield of hydrogen per-
oxide on RRDE were calculated on the basis of the currents of the disk

electrode and ring electrode by using the following Eqs. (5)-(6):

n=
4Id

Id + ðIrNÞ
ð5Þ

%H2O2 =
200Ir=N

Id + ðIrNÞ
ð6Þ

where Id is the disk current, Ir is the ring current, N is the H2O2 col-
lection efficiency of the ring.

The double-layer capacitance values (Cdl) was analysis by
recording the cyclic voltammetry curves between 1.06 V-1.16 V with
different scan rates of 10mV s−1 to 100mV s−1. The ORR stability tests
were performed by measuring the current change at an operation
potential of 0.8 V (vs. RHE) for 10 h.

For OER electrochemical measurements, freshly-prepared 1.0M
KOH electrolyte was used as the electrolyte (the resistance of the
solution was 1.7 ± 0.2 Ω), and the long-term stability test was com-
pleted by chronopotentiometry at a constant current density of
10mAcm⁻2.

Determining active site density via the nitrite stripping method
Cleaning protocol. To obtain a non-changing oxygen reduction per-
formance and cyclic voltammograms (CV) for the duration of the
experiment, extensive cycling (20 cycles in Ar-saturated electrolyte at
100mVs-1, 10 cycles in Ar-saturated electrolyte at 10mV s-1, and 6
cycles in O2-saturated electrolyte at 5mV s-1 with the potential range of
1.05 to -0.4 V) were repeated performed to make the layer hydrophilic
and allow a complete wetting. All experiments for active site density
determinationwereperformed in a 0.5M acetate buffer at pH=5.2with
a catalyst loading amount of 0.27mgcm−2.

Measurement (unpoisoned). a. The LSV curve was recorded in O2-
saturated electrolytewithin the voltage range from 1.0 V to0.3 Vwith a
scan rate of 5mV s−1. b. The CV curve was recorded in Ar-saturated
electrolyte within the voltage range of 0.45 V to -0.15 V with a scan rate
of 10mV s−1.

Electrode poisoning. a. The working electrode was dipped in 0.125M
NaNO2 solution for 300 s at open circuit potential (OCP) with a rota-
tion rate of 300 rpm. b. The working electrode was washed in deio-
nizedwater for 60 s, electrolyte for 300 s, and deionizedwater for 60 s
with a rotation rate of 300 rpm at OCP.

Measurement (poisoned). a. The LSV curve inO2-saturated electrolyte
within the voltage range from 1.0V to 0.3 V with a scan rate of 5mV s−1

was recorded again. b. The CV curve was also recorded in Ar-saturated
electrolyte within the voltage range of 0.45 V to -0.15 V with a scan rate
of 10mV s−1.

The gravimetric site density (MSD) can be calculated by the fol-
lowing Eq. (7):

MSD ½mole sites g�1�= Qstrip½C g�1�
nstripF ½Cmol�1�

ð7Þ

The turnover frequency (TOF) at 0.95 V in 0.1M KOH electrolyte
can be calculated via the following Eq. (8):

TOF ½s�1�= JK ½A g�1�
F A smol�1
h i

×MSD½mol g�1� ð8Þ

Where Qstrip is the excess coulometric charge associated with the
stripping peak, nstrip is the number of electrons associated with the
reduction of one adsorbed nitrosyl per site and its value is 5, F is the
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Faraday constant (96500Cmol−1), JK is the kinetic current density of
the catalyst at 0.95 V in 0.1M KOH electrolyte.

Assembly and electrochemical measurements of
rechargeable ZABs
The performance of the rechargeable liquid-state ZABs was evaluated
by theBio-Logic electrochemical workstation and LAND testing system
in a homemade air cell at a temperature of 25 ± 1 °C (relative humidity
45-65%), which consisted of an air cathode (Fe,W-N-C catalyst coated
carbon paper, 0.5mgcm⁻2), a polished zinc plate anode (1 cm × 3 cm),
and electrolyte (6.0M KOH with 0.2M zinc acetate). For comparison,
the commercial Pt/C and IrO2 catalysts (mass ratio of 1:1) were also
loaded on carbon paper with a loading amount of 1.0mg cm⁻2 and
used as the air electrode of the ZABs. The specific capacity and energy
density were determined by the galvanostatic discharge at a current
density of 10mAcm⁻2 and normalized by the mass of consumed Zn
foil, as Eq. (9).

specific capacity =
Idischarge × t
mZn1 �mZn2

ð9Þ

where, Idischarge is the discharge current density (10mA cm−2), t is
the timewhen the reaction stops, mZn1 andmZn2 are the weights of the
Zn foil before and after the discharge process, respectively.

The discharge and charge cycling durability of the batteries were
evaluated at constant current densities of 5mAcm⁻2 (catalyst loading:
0.5mgcm⁻2), 50mA cm⁻2 and 100mAcm−2 (catalyst loading:
1.0mg cm⁻2).

The rechargeable flexible solid-state ZAB was assembled with a
catalyst-coated carbon cloth as the cathode, a polished zinc plate as
the anode, and a PVA-KOH-Zn(CH3COO)2 hydrogel as the solid-state
electrolyte. The discharge and charge cycling durability of the battery
was evaluated at a constant current density of 5mAcm⁻2 with LAND
battery testing system.

In situ X-ray absorption spectrameasurements forflexible solid-
state ZABs
The operando XAS spectra of flexible solid-state ZABs were recorded
in fluorescence mode. In order to ensure that the Fe element in the
cathode of flexible solid-state ZABs could be clearly detected, 200 µL
Fe,W-N-C catalyst ink was dropped on the gas diffusion layer and
served as the air cathode. The Zn mesh was used as the anode and the
glass fiber membrane impregnated with KOH-Zn(CH3COO)2 electro-
lyte was served as the solid electrolyte. To obtain the evolution
information of the active site in the working state of ZAB, discharge
and charge cycle tests were conducted at the current densities of
5mAcm⁻2 and 10mAcm⁻2. During the XAS spectrum collection pro-
cess, the X-ray absorption edge position was calibrated using standard
Fe foil.

Density functional theory (DFT) calculations
All DFT calculations were performed by using the Vienna Ab initio
Simulation Package (VASP)61. The projector augmented wave (PAW)
method was adopted to describe the electron-ion interaction62. The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within
a generalized gradient approximation (GGA) was employed to
describe the electron-electron interaction, and a cut-off energy for the
plane-wave was set as 450 eV63. Moreover, the semiempirical DFT-D3
dispersion correction was applied to describe the weak interactions,
including Van der Waals interactions in molecule adsorption and
hydrogen bonding64. A Γ-centered 2×2×1 k-point mesh was selected to
sample the Brillouin zone of hexagonal cells. The convergence criteria
for the energy and force were set to 10−6 eV and 0.01 eVÅ−1, respec-
tively. To avoid the interactions between two neighboring images, the

vacuum layer thickness was set to be 20Å. All of the atoms were fully
relaxed during the structural optimizations.

The considered reaction steps for the 4e− electrochemical ORR
processes under base conditions are generally reported as following
Eqs. (10)-(14):

O2 gð Þ+ * ! *O2 ð10Þ

*O2 +H2O lð Þ+ e� ! *OOH+OH� ð11Þ

*OOH+e� ! *O+OH� ð12Þ

*O +H2O lð Þ+ e� ! *OH+OH� ð13Þ

*OH+e� ! * +OH� ð14Þ

where * represents the catalytic active sites of vacant surface or the
intermediate species adsorbed on the active sites. The Gibbs free
energy of ORR can be calculated with the following Eq. (15)13:

ΔG=ΔE+ΔZPE� TΔS+neU+ΔGpH ð15Þ

whereΔE represents the adsorption energy difference for each species
adsorbed on the catalyst calculated by VASP, the ΔZPE and ΔS are the
zero-point energy and entropy difference between the adsorbed state
and corresponding free-standing state, respectively. neU andΔGpH are
the free energy contributions related to the electrode potential U and
pH value, respectively. pH value was set as 13 to describe an alkaline
media, and the effect of pH on the ΔG was obtained by the following
Eq. (16):

ΔGpH = kT ×pH × ln10 ð16Þ

The nudged elastic band (NEB) climbing image NEB (CI-NEB)
methodswereused to estimate the diffusion barrier65. All of the atomic
geometries were visualized by the programVisualization for Electronic
and Structural Analysis (VESTA), including the structures of catalysts
and adsorbates, as well as plots of charge density difference66.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Information. Source data are
provided with this paper.
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