
Article https://doi.org/10.1038/s41467-025-63797-1

Orbital electron couplingofGa-Cddual-atom
sites catalyzes sulfur redox in potassium-
sulfur battery

Shipeng Zhang1,2,5, Zhen Li3,5, Menggang Li 1, Yu Gu1, Ying Han1, Ruijin Zeng1,
Lu Tao 1, Youxing Liu 1, Na Ye 1, Xiaocang Han 1, Mingchuan Luo 1,
Xiaoxu Zhao 1, Yan Yu 3 , Shaojun Guo 1 & Jin Zhang 1,4

Dual-atom catalysts are a class of important catalytic systems for accelerating
the kinetics of solid-phase conversion of K2S2 to K2S in potassium-sulfur bat-
tery cathodes, yet their uncontrolled metal-metal interactions greatly limit
their catalytic capability, leading to low conversion efficiency of potassium-
sulfur batteries. Herein, we report the precise synthesis of Ga-Cd dual-atom
catalysts with strong orbital electron coupling of p-block Ga and d-block Cd,
anchored on hollow mesoporous carbon spheres (Ga-Cd DAs-HMCS) for
boosting the performance of potassium-sulfur batteries. Ga shows strong
adsorption capacity for potassium polysulfides, but lacks sufficient valence
electrons to promote their conversion. We demonstrate that the introduction
of Cd with a more filled valence electron configuration enables the transfer of
electrons into the empty orbitals of Ga via strong orbital electron coupling,
which enhances the catalytic ability of the Ga site to activate the S-S bond in
potassium-sulfur chemistry, and thus accelerates the conversion kinetics from
K2S2 to K2S. This enables a S/Ga-Cd DAs-HMCS cathode material with an
improved rate performance up to 589mAh g−1 at 5 A g−1.

Because of their high theoretical specific energy (1023Whkg−1), the
multi-electron reaction capability of sulfur cathode, the low redox
potential of K metal anode (−2.93 V vs SHE), and their cost-effective-
ness, potassium-sulfur (K-S) batteries have emerged as a significant
research area with the objective of developing efficient energy storage
systems1–8. Nevertheless, challenges such as the low utilization of
active sulfur, the larger ionic radius of K+ compared to Li+/Na+, and the
high conversion energy barrier associated with solid-state transfor-
mation from K2S2 to K2S contribute to a low conversion efficiency of
K-S batteries, resulting in substantial capacity loss9–14. It is therefore
imperative to identify an optimal sulfur cathode catalyst capable of

enhancing the solid-state potassiumpolysulfides conversion efficiency
in the sulfur redox reaction and suppressing the “shuttle effect”, which
are the key to enhancing the value of K-S batteries15.

Single atom,metal nanoparticles andpolar compoundshave been
developed for improving the sluggish kinetics of K-S batteries16–18.
However, the existing catalysts struggle to simultaneously catalyze and
adsorb potassium polysulfide while promoting the migration of K+. In
particular, the solid-state conversion of K2S2 to K2S is highly insulating
and resistant to decomposition, which can readily accumulate on the
catalytic sites, resulting in catalyst poisoning19–22. Dual-atom catalysts
(DACs) with specific electronic redistribution have the potential to

Received: 2 October 2024

Accepted: 21 August 2025

Check for updates

1School of Materials Science and Engineering, Peking University, Beijing, China. 2State Key Laboratory of Solidification Processing, Center for Nano Energy
Materials, School of Materials Science and Engineering, Northwestern Polytechnical University and Shaanxi Joint Laboratory of Graphene (NPU), Xi’an, China.
3Hefei National Research Center for Physical Sciences at the Microscale, Department of Materials Science and Engineering, University of Science and
Technology of China, Hefei, Anhui, China. 4Center for Nanochemistry, Beijing Science and Engineering Center for Nanocarbons, Beijing National Laboratory
for Molecular Sciences, College of Chemistry and Molecular Engineering, Peking University, Beijing, China. 5These authors contributed equally: Shipeng
Zhang, Zhen Li. e-mail: yanyumse@ustc.edu.cn; guosj@pku.edu.cn; jinzhang@pku.edu.cn

Nature Communications |         (2025) 16:8652 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-1354-2645
http://orcid.org/0000-0003-1354-2645
http://orcid.org/0000-0003-1354-2645
http://orcid.org/0000-0003-1354-2645
http://orcid.org/0000-0003-1354-2645
http://orcid.org/0000-0002-5996-9233
http://orcid.org/0000-0002-5996-9233
http://orcid.org/0000-0002-5996-9233
http://orcid.org/0000-0002-5996-9233
http://orcid.org/0000-0002-5996-9233
http://orcid.org/0000-0003-4407-8785
http://orcid.org/0000-0003-4407-8785
http://orcid.org/0000-0003-4407-8785
http://orcid.org/0000-0003-4407-8785
http://orcid.org/0000-0003-4407-8785
http://orcid.org/0000-0003-2895-2751
http://orcid.org/0000-0003-2895-2751
http://orcid.org/0000-0003-2895-2751
http://orcid.org/0000-0003-2895-2751
http://orcid.org/0000-0003-2895-2751
http://orcid.org/0000-0001-8458-5568
http://orcid.org/0000-0001-8458-5568
http://orcid.org/0000-0001-8458-5568
http://orcid.org/0000-0001-8458-5568
http://orcid.org/0000-0001-8458-5568
http://orcid.org/0000-0001-9772-2154
http://orcid.org/0000-0001-9772-2154
http://orcid.org/0000-0001-9772-2154
http://orcid.org/0000-0001-9772-2154
http://orcid.org/0000-0001-9772-2154
http://orcid.org/0000-0001-9746-3770
http://orcid.org/0000-0001-9746-3770
http://orcid.org/0000-0001-9746-3770
http://orcid.org/0000-0001-9746-3770
http://orcid.org/0000-0001-9746-3770
http://orcid.org/0000-0002-3685-7773
http://orcid.org/0000-0002-3685-7773
http://orcid.org/0000-0002-3685-7773
http://orcid.org/0000-0002-3685-7773
http://orcid.org/0000-0002-3685-7773
http://orcid.org/0000-0002-5941-414X
http://orcid.org/0000-0002-5941-414X
http://orcid.org/0000-0002-5941-414X
http://orcid.org/0000-0002-5941-414X
http://orcid.org/0000-0002-5941-414X
http://orcid.org/0000-0003-3731-8859
http://orcid.org/0000-0003-3731-8859
http://orcid.org/0000-0003-3731-8859
http://orcid.org/0000-0003-3731-8859
http://orcid.org/0000-0003-3731-8859
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63797-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63797-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63797-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63797-1&domain=pdf
mailto:yanyumse@ustc.edu.cn
mailto:guosj@pku.edu.cn
mailto:jinzhang@pku.edu.cn
www.nature.com/naturecommunications


synergistically change the spatial configuration and electronic prop-
erties of two metal atoms for improving the sluggish conversion
kinetics of K-S batteries23–28. However, to date, there are still grand
challenges for the precise synthesis of a dual-atom catalytic system
with strong atom-atom interaction, and also the clarification of their
new electronic structure-catalytic efficiency relationship.

Herein, we present a class of heteronuclear Ga-Cd DACs with
strong orbital electron coupling, anchored on hollow mesoporous
carbon spheres (Ga-Cd DAs-HMCS), as a highly efficient catalyst for
boosting the kinetics and stability of K-S batteries. Given their analo-
gous orbital energies and shapes, the p-orbitals of Ga exhibit a greater
tendency to hybridize with the p-orbitals of S, resulting in a stronger
adsorption of potassium polysulfide at the Ga site. We investigate that
the valence electron orbitals of the d-block Cd are highly filled, and
possess a notable propensity for electron transfer to external entities.
By leveraging the relatively abundant empty orbitals and the higher
electronegativity of the p-block Ga, the d-block Cd is possible to
facilitate a regular electron transfer to the empty orbitals of the Ga.
Basedon the controllableorbital electron couplingofGa-Cddual-atom
sites, Ga as an active site could enhance the activation of the S-S bond
in K2S2 and facilitate the conversion of solid-phase K2S2 to K2S,
resulting in a multifunctional catalyst with both adsorption and cata-
lytic reduction capabilities. The as-prepared S/Ga-Cd DAs-HMCS
cathode can provide a high rate performance (589mAhg−1 at 5 A g−1),
discharge capacity (855mAh g−1 at 0.2A g−1 after 100 cycles) and
cycling stability over 500 cycles at 1 A g−1. The in situ X-ray diffraction
(XRD), ex situ high-resolution X-ray photoelectron spectroscopy
(XPS), ex situ high-resolution transmission electron microscopes
(HRTEM) and in situ ultraviolet-visible (UV-vis) spectroscopy collec-
tively reveal that the electrocatalysis mechanism of Ga-Cd DACs,
highlighting how the orbital electron coupling facilitates the conver-
sion of solid potassium polysulfide while inhibiting the “shuttle effect”
associated with potassium polysulfide.

Results and discussion
Figure 1a illustrates the preparationof highly N-dopedHMCS via a two-
step coordination reaction involving Ga3+ and Cd2+ ions, following
cryo-photo reduction. Specifically, it was synthesized by combining
the polymerization of m-aminophenol and formaldehyde (APF) with a
SiO2 template, followed by calcination and NaOH etching. Due to the
lowmelting point of Ga and the low boiling point of Cd, the Ga and Cd
atoms are uniformly anchored onto the highlyN-dopedHMCSwithout
the formation of metal clusters.

Scanning electron microscopy (SEM), high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM), and
TEMwere employed to elucidate the structural characteristicsof the S/
Ga-Cd DAs-HMCS. As shown in Fig. 1b & S1a, b, the Ga-Cd SiO2@APF
displays the uniform spherical structure with a diameter of around
200-300nm. Figure 1c & S1c, d demonstrate the hollow porous char-
acteristics of the Ga-Cd DAs-HMCS. The HAADF-STEM image (Fig. 1d)
reveals numerous adjacent bright spots of varying shades for Ga-Cd
DAs-HMCS. The corresponding 3D atom mapping of these pairs in
Fig. 1e clearly illustrates the existenceof heteronuclear atompairs. The
atom distances of these heteronuclear atom pairs were found to be
approximately 4.19 Å (Fig. 1f), as identified by the intensity profiles of
Fig. S2. Figure 1g presents the corresponding energy dispersive spec-
troscopy (EDS) mapping of Ga-Cd DAs-HMCS, revealing the uniform
distribution of C, N, O, Ga, and Cd elements throughout the N-doped
HMCS. The atomic-resolution HAADF-STEM image, corresponding
mapping, and EDS patterns of line scanning of Ga-Cd DAs-HMCS fur-
ther explain that the distributions of the Ga and Cd elements on the
atomic-resolution and elemental content ratio of Ga and Cd (Fig. S3).
Figure S4 displays the TEM, STEM images, and EDS mappings of S/Ga-
Cd DAs-HMCS, confirming the uniform penetration of sulfur into the
mesoporous and cavity regions of the N-doped HMCS. To investigate

the charge transfer capacity within the Ga-Cd atom pair for catalyzing
potassium polysulfide, we synthesized control samples of single-atom
(SA)Ga andCd anchored onHMCS (Ga SA-HMCS andCd SA-HMCS), as
well as a standard normal group of N-doped HMCS. Their SEM, TEM,
STEM images, and EDS patterns of these three control samples were
tested (Fig. S5–11). The atomic-resolution HAADF images of Ga SA-
HMCS and Cd SA-HMCS reveal numerous bright spots on the HMCS
surface (Figs. S12 & 13), attributed to single-atom Ga and Cd,
respectively.

As shown in Fig. S14a, the Ga-Cd DAs-HMCS, Ga SA-HMCS, Cd SA-
HMCS and HMCS show substantial quantities of both micropores and
mesopores (0.5~4.1 nm). Following sulfur infusion, active sulfur was
found to occupy these pore structures, effectively filling the porous
network (Fig. S14b). The Brunauer-Emmett-Teller (BET) analysis indi-
cates that the Ga-Cd DAs-HMCS (1217m2g−1), Ga SA-HMCS (1152 m2g−1),
Cd SA-HMCS (1254 m2g−1) and HMCS (1289 m2g−1) possess a large
specific surface area (Fig. S14c, d). X-ray diffraction (XRD) patterns of
Ga-Cd DAs-HMCS, Ga SA-HMCS, Cd SA-HMCS and HMCS reveal only a
carbon diffraction peak (Fig. S15), indicating that the Ga and Cd
nanoclusters are not present on the HMCS. Following the sulfur
immobilization, the S/Ga-Cd DAs-HMCS, S/Ga SA-HMCS, S/Cd SA-
HMCS and S/HMCS exhibit no discernible diffraction peaks. This
observation suggests that sulfur molecules are uniformly dispersed
within the mesoporous structure of the N-doped HMCS. The amount
of Ga and Cd atoms in Ga-Cd DAs-HMCS was determined to be 2.36wt
% and 4.74wt%, respectively, by inductively coupled plasma mass
spectrometry (ICP-MS). The Ga atom in Ga SA-HMCS and the Cd atom
in Cd SA-HMCS were determined to be 4.05wt% and 5.14wt%,
respectively. The high elemental content proves that the Ga and Cd
atoms are highly densely dispersed in the N-doped HMCS host. Ther-
mogravimetric analysis (TGA) of the S/Ga-Cd DAs-HMCS, S/Ga SA-
HMCS, S/Cd SA-HMCS and S/HMCS samples indicates sulfur mass
contents of 55.3 wt %, 55.6wt %, 55.2 wt % and 58.9wt %, respectively
(Fig. S16).

To identify the chemical environments and atomic structures of
Ga and Cd sites, X-ray absorption near-edge structure (XANES) and
X-ray absorption fine structure spectroscopy were performed on Ga-
Cd DAs-HMCS, Ga SA-HMCS, Cd SA-HMCS, and standard references
(Fig. 2a & b). The absorption edge energies of the Ga K-edge and Cd
K-edge in Ga-Cd DAs-HMCS, Ga SA-HMCS, and Cd SA-HMCS are situ-
ated between the standard references of Ga foil and Ga2O3, as well as
Cd foil and CdO, indicating the Ga and Cd oxidation states locate
between Ga0 and GaIII, and Cd0 and CdII, respectively29–31. The intensity
of the Ga K-edge white line serves as a qualitative indicator of electron
density in the 4p orbitals of Ga. The inset in Fig. 2a illustrates that the
peak intensity of Ga-Cd DAs-HMCS is lower than that of Ga SA-HMCS,
suggesting that the electron density of Ga-Cd DAs-HMCS is greater
than that of Ga SA-HMCS. The inset in Fig. 2b presents an opposing
result, indicating the electron jump from the 5 s orbital of Cd to the 4p
orbital of Ga, thereby confirming the electron transfer fromCd toGa32.
The Fourier transform (FT) k2-weighted EXAFS spectra of Ga-Cd DAs-
HMCS, Ga SA-HMCS, and Cd SA-HMCS exhibit distinct peaks at
approximately 1.42 Å and 1.67 Å, respectively. No characteristic peaks
corresponding to Ga-Ga or Cd-Cd bonds are detected, indicating the
presence of isolated Ga-N and Cd-N coordination (Fig. 2c & d). The
fitted parameters of the Ga and Cd K-edge for Ga-Cd DAs-HMCS are
shown in Fig. 2e & S21a, Table S1 & 2, the coordination number (CN)
and bond length of Ga and N are determined to be 4.2 and 1.9Å,
respectively, while for Cd and N, the CN and bond length are 4.2 and
2.3 Å, suggesting the formation of Ga-N4 and Cd-N4 sites on the HMCS.
The EXAFS fitting curves and Wavelet transform (WT) EXAFS were
performed on Ga-Cd DAs-HMCS, Ga SA-HMCS, Cd SA-HMCS, and
standard references to provide both K- and R-space resolution, further
elucidating the dispersion of Ga and Cd atoms on the HMCS
(Fig. S17–24). The Ga-N-N-Cd structural model (inset in Fig. 2e) and the
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interatomic distance of the Ga-Cd atom pair (~4.2 Å) are ascertained
based on the aforementioned HAADF-STEM images and XAS results.

To further ascertain the interaction between the Ga and Cd atom
pair and the surface elemental compositions and electronic states of
the Ga-Cd DAs-HMCS, Ga SA-HMCS, and Cd SA-HMCS, the high-
resolution XPS spectra were collected (Fig. S25–27). The full survey
spectrum of Ga-Cd DAs-HMCS displays five types of characteristic
peaks (C, N, O, Ga, and Cd elements) in the range of 200-1200 eV
(Fig. S25a). The fitted N-Ga and N-Cd peaks in the high-resolution N 1 s
XPS spectra of Ga-Cd DAs-HMCS provide additional evidence for the
coordination between the N atoms and the Ga/Cd atoms in this system
(Fig. S25b). In Fig. 2f, the Ga 2p1/2 (1117.0 eV) and Ga 2p3/2 (1143.9 eV)
peaks in Ga-Cd DAs-HMCS exhibit a downshift of ~0.2 eV compared to
those in Ga SA-HMCS (Ga 2p1/2 at 1117.2 eV and Ga 2p3/2 at 1144.1 eV). In

contrast, the XPS spectra of Cd 3 d for both Ga-Cd DAs-HMCS and Cd
SA-HMCS (Fig. 2g) reveal that the Ga-Cd DAs-HMCS (Cd 2p3/2 at
404.7 eV andCd 2p5/2 at 411.5 eV) exhibits a high energy shift of ~0.2 eV
relative to the Cd SA-HMCS (Cd 2p3/2 at 404.5 eV and Cd 2p5/2 at
411.3 eV)30,33. These results indicate the electron transfer from the Cd
atoms to the Ga atoms in the Ga-Cd DAs-HMCS, thereby identifying Ga
atoms as the primary catalytic center via the orbital electron coupling
within the Ga-Cd DAs-HMCS catalytic system.

The electronic structure and interactionmechanisms between the
Ga andCd siteswere further investigatedby the density of states (DOS)
of the Ga-Cd DAs-HMCS, Ga SA-HMCS, and Cd SA-HMCS (Fig. 2h &
S28). The electronic states of Cd are primarily distributed within the
valence band, with minimal contribution near the Fermi level. This
phenomenon can be attributed to the fully filled valence electron
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Fig. 1 | Synthesis and characterization of S/Ga-Cd DAs-HMCS. a Schematic
illustration of the synthesis of S/Ga-Cd DAs-HMCS cathode. b SEM image of the Ga-
Cd SiO2/APF. c SEM and d atomic-resolution HAADF-STEM images of the Ga-Cd

DAs-HMCS.e, f 3Datommapping and atomdistance ofGa-Cd atompair formarked
areas in (d). g EDS elemental mapping for C, N, O, Cd, and Ga elements of Ga-Cd
DAs-HMCS. Source data for (f) was provided as a Source Data file.
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configuration of Cd ([Kr]4d105s2), which hinders its coordination with
potassium polysulfide. Conversely, the electronic states of Ga ([Ar]
3d104s24p) are mainly distributed above the Fermi energy level34,35. A
comparison of the DOS between Ga-Cd DAs-HMCS and Ga SA-HMCS
reveals a notable downward shift in the electronic states of Ga within
the Ga-Cd atom pair relative to the Fermi level, proving that Cd can
donate some electrons to the empty orbitals of Ga. Additionally, the
introduction of Cd results in an electron gain for Ga over Cd, as evi-
denced by the charge density difference, further demonstrating the
orbital electron coupling between the p-block Ga and the d-block
Cd (Fig. 2i).

The unique orbital electron coupling between Ga atoms, which
serve as the primary catalytic centers, enables the Ga-Cd DAs-HMCS to
efficiently catalyze potassium polysulfide in K-S batteries in the
potential window of 0.5-2.8V (vs. K+/K). The cyclic voltammograms
(CVs) of the S/Ga-Cd DAs-HMCS, S/Ga SA-HMCS, S/Cd SA-HMCS, and
S/HMCSwere conducted at 0.1mV s−1 for the first four cycles (Fig. 3a &
S29). For the S/Ga-Cd DAs-HMCS cathode, the reduction peak at ~2.5 V
corresponds to the formation of long-chain potassium polysulfides
(e.g., K2S6 or K2S4), while two additional, more pronounced reduction
peaks at ~1.14 V and ~0.73 V are attributed to the formation of insoluble

short-chain potassium polysulfides of K3S2/K2S2 and K2S. Compared to
theS/GaSA-HMCS, S/CdSA-HMCS, andS/HMCScathodes, the S/Ga-Cd
DAs-HMCS exhibits the strongest oxidation peaks, indicating that it
can effectively reduce the energy barrier of sulfur conversion via the
non-bonding interaction of the Ga-Cd atom pair36–38. Furthermore, an
analysis of the galvanostatic charge-discharge profiles during the first
cycle suggests that the S/Ga-Cd DAs-HMCS demonstrates the highest
Coulombic efficiency (CE) of ~56.7% (Fig. S30). Figure 3b shows the
second galvanostatic charge-discharge profiles of the S/Ga-Cd DAs-
HMCS cathode alongside the three control groups. Notably, the S/Ga-
Cd DAs-HMCS cathode exhibits the lowest overpotential of ~0.95 V
among all samples, including S/Ga SA-HMCS (~1.06 V), S/Cd SA-HMCS
(~1.01 V), and S/HMCS (~1.23 V), indicating that Ga-Cd DACs can reduce
the polarizing voltage during the redox reaction of sulfur.

The cycling and rate performance were examined to assess the
stability and catalytic efficiency of the Ga-Cd DAs-HMCS electro-
catalyst for K-S batteries. As illustrated in Fig. 3c, the S/Ga-Cd DAs-
HMCS cathode exhibits the highest discharge capacity of 855mAhg−1

at a specific current of 0.2 A g−1 after 100 cycles, surpassing the capa-
cities of the S/Ga SA-HMCS (657mAhg−1), S/Cd SA-HMCS
(590mAh g−1), and S/HMCS (355mAhg−1) cathodes. The electronic

4.2 Å

a b c

d e f

g h i

Ga
Cd

Ga Cd N C

GaCd

Fig. 2 | Electronic structures of Ga-Cd DAs-HMCS, Ga SA-HMCS and Cd SA-
HMCS. a Ga K-edge XANES spectra of Ga-Cd DAs-HMCS, Ga SA-HMCS, Ga foil, and
Ga2O3. b Cd K-edge XANES spectra of Ga-Cd DAs-HMCS, Cd SA-HMCS, Cd foil, and
CdO. c Fourier-transform EXAFS spectra of Ga-CdDAs-HMCS, Ga SA-HMCS, Ga foil,
and Ga2O3. d Fourier-transform EXAFS spectra of Ga-Cd DAs-HMCS, Cd SA-HMCS,
Cd foil, andCdO.e EXAFSfitting curveofGa-CdDAs-HMCS inR space (Inset: atomic

structure of the Ga-Cd DAs-HMCS). f High-resolution XPS spectra of Ga 2p for Ga-
Cd DAs-HMCS and Ga SA-HMCS. gHigh-resolution XPS spectra of Cd 3 d for Ga-Cd
DAs-HMCS andCd SA-HMCS.hTheDOSof theGa-CdDAs-HMCS, Ga SA-HMCSand
Cd SA-HMCS models. i The charge density difference of Ga-Cd DAs-HMCS model.
Source data for a–h were provided as a Source Data file.
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effect of Cd on the regulation of Ga in the Ga-Cd DAs-HMCS as the
catalytic active center enhances the conversion of potassium poly-
sulfide, as evidenced by the strong rate performance (Fig. 3d). The S/
Ga-Cd DAs-HMCS cathode demonstrates the highest discharge capa-
cities of 1028, 901, 825, 747 and 589mAhg−1 at 0.2, 0.5, 1, 2 and 5 A g−1,
respectively, compared to the S/Ga SA-HMCS (882, 747, 672, 568 and
344mAh g−1), S/Cd SA-HMCS (804, 670, 596, 479 and 300mAhg−1),
and S/HMCS (453, 355, 276, 183 and 123mAh g−1). Owing to the orbital
electron coupling between the Cd and Ga atoms, the reaction kinetics
of the S/Ga-Cd DAs-HMCS cathode is significantly boosted, thereby
displaying satisfactory rate performance. Even at a high specific cur-
rent of 5 A g−1, the S/Ga-Cd DAs-HMCS cathode still exhibits optimal
performance among the literature for K-S batteries
(Fig. 3e & Table S3)6–8,15–17,39–42.

The S/Ga-Cd DAs-HMCS cathode with a high sulfur mass loading
of 1.6mgcm−2 was prepared to promote the practical application
potential of K-S batteries. The S/Ga-Cd DAs-HMCS cathode with a high
sulfur loading can exhibit stable cycling performance over 60 and 100
cycles at the specific currents of 0.2 and 0.5 A g–1, respectively (Fig. 3f).
Furthermore, the S/Ga-Cd DAs-HMCS cathode exhibited long-cycling
stability, attaining a high reversible capacity of 649mAh g−1 at 1 A g−1

after 500 cycles (Fig. 3g). Figure S31 displays the galvanostatic charge/
discharge curves and cycling performance of the S/Ga-Cd DAs-HMCS
cathode in the potential window of 0.5-2.8V for K-ion batteries at
0.2 A g−1 and 1 A g−1, showing the negligible charge capacity of

35.5mAh g−1 after 100 cycles and 14.1mAh g−1 after 500 cycles,
respectively. The K-S pouch cell with S/Ga-Cd DAs-HMCS as the cath-
ode and potassium metal as the anode could maintain the brightness
of the light-emitting diode (LED) for an extended period, further
proving the utility of the S/Ga-Cd DAs-HMCS cathode for K-S bat-
teries (Fig. 3h).

To unveil the catalytic mechanism of the Ga-Cd atom pair, the
reaction kinetics of the S/Ga-Cd DAs-HMCS, S/Ga SA-HMCS, S/Cd SA-
HMCS, andS/HMCSwere exploredbyCV tests atdifferent scan ratesof
0.2–0.8mV s−1, revealing a synergistic mechanism characterized by
both diffusion-controlled and capacitive behaviors (Fig. S32–34)43,44.
The strongest redox peaks are displayed for the S/Ga-Cd DAs-HMCS
among the samples tested, confirming that the Ga-Cd atom pair can
facilitate the conversion of potassium polysulfide. Compared with the
three control samples, S/Ga-Cd DAs-HMCS (0.19 and 0.21) shows the
largest slopes of Ip and v0.5, signifying the fastest ion diffusion rate for
the S/Ga-Cd DAs-HMCS cathode in K-S batteries (Fig. 4a & S35). As
demonstrated by the SEM images of the S/Ga-Cd DAs-HMCS electrode
after cycling, the HMCS host exhibits satisfactory structural stability
during the charge and discharge process (Fig. S36).

As shown in Fig. 4b, the adsorption and UV-vis absorption
experiments were conducted to ascertain the adsorbability of the S/
Ga-Cd DAs-HMCS, S/Ga SA-HMCS, S/Cd SA-HMCS, and S/HMCS sam-
pleswith respect topotassiumpolysulfide. The results indicate that the
S/Ga-Cd DAs-HMCS with the Ga-Cd atom pair has a strong adsorption

a b c

d e

hg

f

K-S pouch cell of S/Ga-Cd DAs-HMCS

Fig. 3 | Electrochemical performance of S/Ga-Cd DAs-HMCS cathode and three
control groups (S/Ga SA-HMCS, S/Cd SA-HMCS, and S/HMCS) for K-S batteries.
a CVs of S/Ga-Cd DAs-HMCS cathode at a scan rate of 0.1mV s−1. b Galvanostatic
charge-discharge curves at 0.2 A g−1. c Cycle performance and d rate capabilities.
e Comparison of S/Ga-Cd DAs-HMCS cathode at 5 A g−1 with previously reported

cathodes for K-S batteries. f Cycling performance of S/Ga-Cd DAs-HMCS cathode
with an S mass loading of 1.6mg cm−2. g Cycling stability at 1 A g−1. h K-S pouch cell
based on S/Ga-Cd DAs-HMCS cathode lighting LED. Source data for a–g were
provided as a Source Data file.
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capacity for potassium polysulfide. Furthermore, the lowest shuttle
current value observed for S/Ga-Cd DAs-HMCS (Fig. 4c) suggests that
the Ga-Cd atom pair can provide optimal physical confinement and
chemical anchoring for potassium polysulfide, thereby effectively
mitigating the “shuttle effect” in K-S batteries. The enhanced kinetics
of potassium polysulfide conversion endowed by the Ga-Cd atom pair
catalyst is further evidenced by precipitation experiments via Fara-
day’s law (Fig. 4d). Among the samples tested, the Ga-Cd DAs-HMCS
exhibits the highest capacity of K2S precipitation (235.9mAh g−1) and
the fastest response time (34 s), surpassing those of the S/Ga SA-HMCS
(163.2mAhg−1 and 47 s), S/Ga SA-HMCS (114.5mAhg−1 and 77 s) and S/
HMCS (61.7mAh g−1 and 109 s), which underscores the notable cata-
lytic ability of Ga-Cd atom pair in the Ga-Cd DAs-HMCS for facilitating
efficient solid-state potassium polysulfide conversion45.

The enhanced adsorption and conversion capacity of potassium
polysulfide by Ga-Cd atom pair, attributed to the orbital electron
coupling of Cd single atoms, is evidenced by in situ UV spectra. During
the charging and discharging process, no peaks related to the potas-
sium polysulfide are detected for the S/Ga-Cd DAs-HMCS cathode,
indicating a significant suppression of the “shuttle effect” in K-S

batteries (Fig. 4e & S37a). In contrast, the distinct peaks of potassium
polysulfide are observed during the charging and discharging pro-
cesses in the in situ UV-vis spectra of the S/HMCS electrode (Fig. 4f &
S37b).Consequently, the active sulfur in the S/Ga-CdDAs-HMCS is fully
converted into the K2S, thereby improving the electrochemical per-
formance of K-S batteries. The unique orbital electron coupling
between the p-block Ga and d-blockCd enables the Ga-Cd atompair to
function as a comprehensive catalyst, facilitatingboth the catalysis and
adsorption of potassium polysulfide while promoting themigration of
K+. As shown in Fig. 4g, the S/Ga-Cd DAs-HMCS outperforms the S/Ga
SA-HMCS, S/Cd SA-HMCS and S/HMCS across several metrics,
including initial CE, pseudocapacitance, diffusion rate, overpotential,
and K2S precipitation.

To gain insight into the mechanisms for the improved electro-
chemical catalytic efficiency of the Ga-Cd atom pair, we conducted a
detailed investigation of the electronic structures and reaction path-
ways of Ga-Cd DAs-HMCS, Ga SA-HMCS, and Cd SA-HMCS using DFT
calculations. The optimized model structure diagrams of the Ga-Cd
DAs-HMCS, Ga SA-HMCS, Cd SA-HMCS, and K2Sx (x = 8, 6, 4, 2, 1) were
shown in Fig. S38 & 39 (Supplementary Data 1-8). As shown in Fig. S40,
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Fig. 4 | Analysis of the catalytic and adsorption capacity of Ga-Cd DAs-HMCS
and three control groups. a Fitted lines of oxidation peak for S/Ga-Cd DAs-HMCS
cathode and three control groups (S/Ga SA-HMCS, S/Cd SA-HMCS and S/HMCS)
between Ip and v1/2. bOptical photographs of visualized adsorption tests (K2S6) and
UV-vis spectra of Ga-CdDAs-HMCS,Ga SA-HMCS,CdSA-HMCS andHMCS samples.
c The shuttle currents of S/Ga-Cd DAs-HMCS cathode and three control groups.

d The potentiostatic discharge curves of Ga-Cd DAs-HMCS, Ga SA-HMCS, Cd SA-
HMCS and HMCS samples (K2S6-EC). e, f The in situ UV-vis spectra of S/Ga-Cd DAs-
HMCS and S/HMCS cathodes during the first cycle (specific current of 0.2 A g−1, test
temperature of 28 °C). g Comparison of the radar chart for the S/Ga-Cd DAs-HMCS
cathode and three control groups. Source data for a–g were provided as a Source
Data file.
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the Ga-Cd DAs-HMCS configuration exhibits significantly stronger
adsorption energy toward potassium polysulfide compared to Ga SA-
HMCS and Cd SA-HMCS configurations, highlighting its strong
anchoring capability for S8 and K2Sx. Figure 5a shows the Gibbs free
energy changes associated with the reversible conversion reactions of
S8 and K2Sx for the Ga-Cd DAs-HMCS, Ga SA-HMCS, and Cd SA-HMCS.
The conversion of S8 to K2S4 is thermodynamically spontaneous
throughout the entire reaction process, whereas the conversion from
K2S2 to K2S is endothermic. Notably, the reaction sub-steps transi-
tioning from K2S2 to K2Smust surmount the maximum energy barrier,
which is identified as the rate-determining step in the overall reduction
process. Compared with Ga SA-HMCS (1.64 eV) and Cd SA-HMCS
(1.78 eV), the Ga-Cd DAs-HMCS (1.57 eV) displays a reduced reaction
energy change, indicating that the Ga-Cd atom pair effectively lowers
the Gibbs free energy change associated with the rate-determining
step. This enhancement is attributed to the ability of the Ga site to
acquire additional valence electrons through the orbital electron
coupling with Cd, thereby activating the S-S bond in K2S2 and pro-
moting the conversion of solid-phaseK2S2 to K2S. TheDDEC analysis of

K-S effective bond orders revealed weaker activation at the Ga-Cd
atom pair (0.099) site compared to Ga (0.110) and Cd (0.127) sites,
further promoting the conversion from K₂S₂ to K₂S conversion via K-S
bond orders weakening (Table S4). Figure S41–43 show the optimized
conformations of K2Sx on the Ga-Cd DAs-HMCS, Cd SA-HMCS, and Ga
SA-HMCS surfaces.

The introduction of Cd atomic site via the orbital electron cou-
pling results in the adsorbed K2S2 on the Ga sites in Ga-Cd DAs-HMCS
gaining more electrons compared to those in Ga SA-HMCS and Cd SA-
HMCS (Fig. 5b). This is evidenced by the lower integrated crystal
orbital bond index (ICOBI) for K2S2 on Ga-Cd DAs-HMCS relative to
that onGa SA-HMCS and Cd SA-HMCS. The S-S bond of K2S2, adsorbed
on Ga sites, experiences a loss of electrons, indicating effective coor-
dination between sulfur and the active site. As shown in Fig. 5c, the
crystal orbital Hamilton population (COHP) of S-S bond in K2S2 on the
three model surfaces was calculated for further analysis. This analysis
reveals that the Ga site on the Ga-Cd DAs-HMCS surface is closest to
the Fermi level among the antibonding states near the Fermi energy
level of the S-S bonds in K2S2, proving that Ga is more conducive to
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Fig. 5 | DFT calculations of Ga-Cd DAs-HMCS, Ga SA-HMCS, and Cd SA-HMCS.
a Gibbs free energy profiles for the S8 and K2Sx (x = 8, 6, 4, 2, 1) on the Ga-Cd DAs-
HMCS,Ga SA-HMCS, andCdSA-HMCSmodels.bChargedensitydifferencesofK2S2
on Ga-Cd DAs-HMCS, Cd SA-HMC,S and Ga SA-HMCS surfaces. c COHP of S-S bond
in K2S2 onGa-CdDAs-HMCS, Ga SA-HMC,S and CdSA-HMCS surfaces.d ELF for K2S

adsorbed on Ga-Cd DAs-HMCS, Cd SA-HMCS and Ga SA-HMCS models.
e, fMigrations energy of K-ion and energy barrier of K2S dissociation on the Ga-Cd
DAs-HMCS,Ga SA-HMCSandCdSA-HMCS substrates. Source data for a, c, e, fwere
provided as a Source Data file.
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activating the S-S bond in K2S2. The electron localization functions
(ELF) further confirm that K2S2 is adsorbed on Ga site, with a notable
bonding interaction between Ga and S, demonstrating the satisfactory
catalytic ability of Ga as the active site in Ga-Cd DAs-HMCS for K2S2
(Fig. 5d). A comparative analysis of the DOS of the K2S2 and K2S2
adsorbed on the three models reveals that the DOS of K₂S₂ on the Ga-
Cd DAs-HMCS surface undergoes a downward shift toward deeper
energy levels (Fig. S44). This observation demonstrates that Cd in the
Ga-Cd DAs-HMCS further facilitates electron transfer from Ga to K₂S₂,
thus activating the K₂S₂ molecule through orbital electron coupling.
Additionally, the migration barriers of K-ions on the surfaces of Ga-Cd
DAs-HMCS, Ga SA-HMCS and Cd SA-HMCSwere calculated to be 0.96,
1.89 and 2.95 eV, respectively, implying that K-ion migration occurs
most rapidly on the Ga-Cd DAs-HMCS surface (Fig. 5e). The energy
barriers for K2S decomposition on the surfaces of Ga-Cd DAs-HMCS
(0.83 eV), Ga SA-HMCS (0.95 eV) and Cd SA-HMCS (1.27 eV) are com-
pared (Fig. 5f). The lowest energy barrier for K2S decomposition on the
Ga-CdDAs-HMCS surface suggests thatGa-Cd atompair can accelerate
the transformation of K2S.

To explore the conversion mechanism and the reaction products
of sulfur and potassium polysulfide in K-S batteries under the catalysis
of Ga-Cd atom pair, a series of characterization techniques were
employed. Figure S45 presents the in situ XRD results of the S/Ga-Cd
DAs-HMCS cathode during the initial discharge and charge processes
for K-S batteries. During the discharging process, the characteristic
peaks of S8 (JCPDF No. 78-1888) gradually disappear. In the following
charging process, the characteristic peaks of S8 re-emerged, indicating
a highly reversible conversion process of S8

16,19. Moreover, the ex situ
high-resolution XPS characterizations of S/Ga-Cd DAs-HMCS cathode
were conducted to further define the conversion products of sulfur
(Fig. 6a).We found that during the pristine and discharging stages, the
diffraction peaks of S8, K2S4, K2S2 and K2Swere detected in succession,
and in the subsequent charging stages, a reversible transformation of

S8→K2S4→K2S2→K2S occurred5,17. To further validate these reversible
reactions from S8 to K2S, we conducted ex situ HRTEM and selected
area electron diffraction (SAED) of the S/Ga-CdDAs-HMCS cathode for
K-S batteries. Figure 6b shows the sulfur exhibiting an amorphous
structure at the initial stage. As the battery discharges to 1.4, 1.0, and
0.5 V, the lattice spacings and diffraction rings of K2S4, K2S2, and K2S
are detected, respectively (Fig. 6c–e). Subsequently, upon charging
the battery to 1.0 and 2.8V, the lattice spacings and diffraction rings of
K2S2 and amorphous sulfur are re-identified (Fig. 6f, g). Thefinal results
of ex situ high-resolution XPS, HRTEM, and SAED align well with the
in situ XRD, clearly identifying the reaction intermediates of K2S2 and
K2S, which indicates that the Ga-Cd atom pair can promote the solid-
state conversion of K2S2 to K2S during the cycling process, thereby
enhancing the conversion efficiency of reactive sulfur for K-S batteries.

We report a class of Ga-Cd atom pairs with strong orbital electron
coupling between Ga and Cd, anchored on HMCS for facilitating the
conversion of solid-phase K2S2 to K2S in K-S batteries. DFT calculations
and high-resolution XPS spectra indicate that the d-block Cd with a
more filled valence electron configuration could transfer more elec-
trons to the empty orbitals of the p-block Ga. Therefore, the Ga site
with strong adsorption capacity for potassium polysulfide serves as
the catalytic active center, activating the S-S bond through the parti-
cipation of additional valence electrons, thus lowering the conversion
energy barrier of solid-state potassium polysulfide and increasing the
utilization of active sulfur. The unique orbital electron coupling
between the p-block Ga and d-block Cd enables the S/Ga-Cd DAs-
HMCS cathode to exhibit considerably long cycle stability and the
highest discharge capacity of 589mAh g−1 at a specific current of 5 A g−1

among the reported literature on K-S batteries. The in situ UV-vis
spectra and precipitation experiments demonstrate that the Ga-Cd
DAs-HMCS catalyst can effectively inhibit the dissolution and “shuttle
effect” of potassium polysulfide, thereby accelerating the kinetics of
K-S batteries.
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Methods
Chemicals
Tetraethylorthosilicate (TEOS, AR), ethanol (AR, ≥99.7%), and sodium
hydroxide (NaOH, AR, ≥95%) were purchased from Beijing Tong-
guang Fine Chemicals Company. Formaldehyde solution (AR, 40%)
was purchased from Adamas-beta. Ammonia solution (NH3·H2O,
30wt%), gallium(III) nitrate hydrate (Ga(NO3)3·3H2O, ≥99%), cad-
mium nitrate tetrahydrate (Cd(NO3)2·4H2O, ≥99%), sulfur (99.999%)
and potassiummetal (99.5%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. M-aminophenol (AR, 99%) was
purchased from innochem. Potassium bis(trifluoromethylsulfonyl)
imide (KTFSI, battery grade, ≥99.5%), ethylene carbonate (EC, battery
grade, ≥99.95%), carboxymethyl cellulose (CMC, battery grade) bin-
der, and acetylene black (battery grade) were purchased from
DoDoChem.

Synthesis of the Ga-Cd DAs-HMCS, Ga SA-HMCS, Cd SA-HMCS
and HMCS
In a typical synthesis process, a SiO2 suspension was prepared by
sequentially dissolving 15mL of ammonia solution and 17.3mL of tet-
raethylorthosilicate (TEOS) in a mixed solvent of 350mL ethanol and
50mL deionized water, followed by 10min of magnetic stirring. Sub-
sequently, 150mg of Ga(NO3)3 was introduced into the SiO2 suspen-
sion under continuous stirring for 10min. Then, 2.8mL of
formaldehyde solution and 2.1 g of M-aminophenol were added, and
the mixture was vigorously stirred for 12 h at about 28 °C. Afterward,
150mg of Cd(NO3)2 was incorporated, and stirring wasmaintained for
an additional 12 h. The resulting precipitate was washed via cen-
trifugation with deionized water and ethanol, followed by vacuum
drying at 60 °C for 12 h to obtain Ga-Cd SiO₂@APF. The sample was
then calcinated at 700 °C for 5 h under an Ar atmosphere to produce
Ga-Cd SiO2@C nanospheres. To obtain Ga-Cd@HMCS, the silica tem-
plate was etched using a 1.5M NaOH solution. The Ga-Cd@HMCS
mixed ice was melted at room temperature after irradiation by Xe-
lamp (λ > 420 nm). The Ga-Cd DAs-HMCS was obtained by vacuum
freeze-drying. The Ga-Cd DAs-HMCS sample was chemically activated
by mixing with KOH, followed by calcination at 800 °C for 30min
under an Ar atmosphere. The Ga SA-HMCS and Cd SA-HMCSwere also
synthesized by the same method, with the addition of 300mg of
GaNO3 and 300mg of CdNO3, respectively.

Synthesis of the S/Ga-Cd DAs-HMCS, S/Ga SA-HMCS, S/Cd SA-
HMCS and S/HMCS cathodes
The Ga-Cd DAs-HMCS (Ga SA-HMCS, Cd SA-HMCS, and HMCS) and
sulfur were mixed in a 1:1 mass ratio using mortar-pestle. The mixture
(without solvent addition) was sealed in an Ar-filled autoclave and
heated at 155 °C for 12 h to obtain the S/Ga-Cd DAs-HMCS, S/Ga SA-
HMCS, S/Cd SA-HMCS, and S/HMCS cathodes.

Preparation of K2S6 solution
A stoichiometric mixture of sulfur and anhydrous K2S powder was
dispersed in EC solution and stirred at 60 °C for 24 h in an Ar-filled
glove box. The resulting dark brown solution contained 0.1M atomic
sulfur in the form of K2S6.

K2S precipitation experiments
Precipitation experiments of K2S were conducted using CR2032-type
coin cells with a GF/D membrane as the separator, carbon cloth as
current collector and K metal as the anode. A volume of 50μL of K2S6
catholyte was applied to the surfaces of Ga-Cd DAs-HMCS, Ga SA-
HMCS, Cd SA-HMCS and HMCS electrodes, while 80μL of EC elec-
trolyte without K2S6 was dropped on the negative electrode at 35 °C.
The assembled batteries were initially galvanostatically discharged to
1.30 V at 35 °C, followed by a potentiostatic hold at 1.25 V to promote

K2S nucleation and growth. The potentiostatic discharge was main-
tained until the current decayed below 10−7A.

Electrochemical measurements
All electrochemical measurements were conducted using CR2032-
type coin cells in an Ar-filled glove box (MIKROUNA, H2O ≤0.01 ppm,
O2 ≤0.01 ppm) at 26 ± 3 °C. The coin cell case, gasket, and funnel-type
spring tab were fabricated from 304 stainless steel. The working
electrode was prepared by mixing the active material, carboxymethyl
cellulose (CMC) binder, and acetylene black conductive agent at a
mass ratio of 7:2:1 in deionized water, followed by coating the mixture
onto carbon-coated Al foil (0.016mm thick) via a doctor blade. The
electrolyte was prepared by dissolving 3M potassium bis(tri-
fluoromethylsulfonyl)imide (KTFSI) in ethylene carbonate (EC). The
obtained working electrodes (single-sided coated) were dried under
vacuum at 70 °C for 12 h. K metal was used as the counter and refer-
enceelectrodes, andGB/Dwasemployed as the separatorwith a size of
approximately 2 cm2. In the K-S batteries, the size of all cathodes was
approximately 0.5 cm2. The K metal electrode (0.2mm thick) was tai-
lored into pieces of 0.5 cm2 in an argon-filled glove box. The sulfur
mass loading in the conventional and thick electrodes was approxi-
mately 0.6 and 1.6mg cm−2, respectively. The capacity value was cal-
culatedbasedon themassof sulfur. The electrolyte/sulfur (E/S) ratioof
the thick electrode for the K-S batteries is about 31.3μLmg−1. Galva-
nostatic charge-discharge tests were conducted on the Neware BTS-
610 instrument within a potential window of 0.5–2.8 V. Cyclic vol-
tammetry (CV) measurements were conducted on a CHI 660D work-
station with scan rates of 0.1, 0.2, 0.4, 0.6, and 0.8mV s−1, over a
potential range of 0.5-2.8V. All battery tests were performed at about
28 °C after aging for 5 hours.

Material characterization
TEMwas conductedon aHITACHIH-7700 at an accelerating voltage of
100 kV. Atomic-resolution HAADF-STEM and corresponding elemental
analysis were performed on a JEM ARM300F TEM. HRTEM and SAED
were performed on a JEM-2100F. SEMwas performed on a ZEISS G450,
with a beam voltage of 5 kV employed. XRD patterns were collected on
a PANalytical-XRD instrument using a Cu Kα radiation
(λ =0.15406 nm), operating at 40 kV and a current of 30mA. Datawere
acquired at a scan rate of 15° min−1 and a step size of 0.01°. XPS mea-
surements were carried out on a Kratos Axis Supra+ spectrometer
equipped with a monochromatic Al Kα excitation source (1486.6 eV)
and a high-resolution hemispherical analyzer. The source power was
maintained at 150W during data acquisition, which employed a hybrid
operationalmode covering an analytical area of 700 × 300 μm. Survey
spectra were acquired at 160 eV pass energy (1.0 eV/step), whereas
high-resolution regional spectra utilized 40 eV pass energy (0.1 eV/
step)46. A charge neutralizer with low-energy electrons was used to
exclude surface charging effects, and the C 1 s peak (284.8 eV) was
used as a reference for binding energy calibration. TGAwas conducted
on a NETZSCH TG 209 F3 Tarsus under an N2 atmosphere from 30 °C
to 600 °C with a heating rate of 10 °C min−1 to determine the sulfur
contents of samples.

XAFS spectra at the Ga K-edge and Cd K-edge of Ga-Cd DAs-
HMCS, Ga SA-HMCS and Cd SA-HMCS were collected at the BL14W1
and BL11B in the Shanghai Synchrotron Radiation Facility (SSRF). The
Ga K-edge and Cd K-edge XAFS data were recorded in a transmission
mode. Ga foil, Ga2O3, Cd foil and CdO were used as reference stan-
dards. The acquired EXAFS data was processed using the Athena
module of the IFEFFIT software47. The k2 weighted XAFSwere obtained
by subtracting the pre-edge and post-edge background from the raw
absorption data, followed by normalization to the edge jump step
(derived from the first derivative of the absorption edge) in Athena
software. The χ(k) data were Fourier transformed to R-space for
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further analysis. XAFS fitting was proceeded using ARTEMIS
software47. The EXAFS equation can be expressed as:

χ kð Þ=
X

j

NjS0
2Fj kð Þ

kRj
2 exp �2k2σ2

� �
exp

�2Rj

λ kð Þ

� �
sin 2kRj +Φj kð Þ

h i

where the parameters denote: S0
2 denotes the amplitude reduction

factor, Fj(k) represents the effective curved-wave backscattering
amplitude, Nj corresponds to the coordination number of the jth
atomic shell, Rj represents the interatomic distance between the
absorbing atom and the scattering atoms within the jth shell, λ stands
for themean free path inÅ,Фj(k) represents the total phase shift, which
incorporates the phase shift for each shell and the total central atom
phase shift, and σj is the Debye-Waller parameter for the jth atomic
shell, reflecting the variation of interatomic distances around the
averageRj and representing the ordering degree of thematerials48. The
relevant parameters were calculated with the ab initio code FEFF 6.
Wavelet transformed (WT) analysis of EXAFSdatawas conductedusing
the HAMA software49,50. The R space is between 0 and 6Å. The
calculating pattern is Morlet. The kappa Morlet κ = 10, the sigma
Morlet σ = 1.

Ex situ measurements
Battery assembly was performed following the identical procedure
employed for electrochemical measurements. The batteries were
cycled toapredeterminedvoltage at a currentdensityof0.1 A g−1 before
being disassembled. The harvested electrode sheets were subsequently
immersed in dimethyl carbonate (DMC) for 5min, followedby drying in
an argon-filled glove box. For ex situ high-resolution XPS measure-
ments, the electrode sheetswere sectioned into small pieces andaffixed
to the sample stage of an XPS vacuum transfer device at 26 ± 3 °C for
testing. For ex situ HRTEM and SAED measurements, the electrode
sheets were ultrasonically dispersed in DMC, and the resulting sus-
pension was dropped onto a microgrid at 26 ± 3 °C for testing.

Theoretical Calculation
DFTcalculationswere performedusing theViennaAb initio Simulation
Package (VASP)51. The energy calculations were conducted with the
Revised Perdew-Burke-Ernzerhof functional52,53, while the electronic
structure calculations employed the hybrid functional HSE0654. Geo-
metry structures were optimized with a cutoff energy of 500 eV. To
account for the solvent stabilization on reaction intermediates,
implicit solvation was incorporated using the VASPsol software
package55, with EC (dielectric constant of 89.6) selected as the solvent.
The projector-augmentedwave (PAW) pseudo-potentials were used to
describe the electronic exchange interactions56. The energy con-
vergence threshold of 10−5eV and geometry relaxation of 0.02 eV/Å
were applied. A Monkhorst-Pack k-point mesh of 3 ×3 × 1 was adopted
for Brillouin zone sampling. A vacuum layer of 15 Å in the normal
direction was employed to separate neighboring slabs. Transition
states were located using the CI-NEB method57. Bond order analysis
was performed via the DDEC6 method, which involves calculating the
bond orders based on the electron density distribution to gain insights
into the bonding characteristics of the system under study58.

Data availability
The data that support the conclusions of this study are available within
the paper and Supporting information. Source data are provided with
this paper.
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