
Article https://doi.org/10.1038/s41467-025-64351-9

Single atomactivatedmulti-stage active sites
for thoroughgoing sodium utilization

Shengyong Gao1,2,7, Yibo Zhu 1,7, Ke Shi1, Peng Liu1, Yiming Zhang2,
Junping Hu 3 , Zhenhai Wen 4, Lina Wang 4,5 , Wen Tan5,
Lianzhou Wang 2,6, Bin Luo 2 & Jisheng Zhou 1

Atomically dispersed metals offer advantages in guiding sodium deposition,
yet the effects of single atoms on their surrounding structures and the precise
tuning of coordination-governed single-atom activity remain underexplored.
Herein, carbon nanofiber films with tin single atoms anchored via a dynamic
coordinationmode (shifting from coordination with three nitrogen atoms and
one oxygen atom to coordination with one nitrogen atom and three oxygen
atoms) are developed to address these challenges. The tin atoms not only
enhance the sodium-ion adsorption activity of their directly coordinated
nitrogen and oxygen atoms but also activate remote carbon atoms. The acti-
vation capability is strongly dependent on coordination environment, with tin
atoms coordinated to more nitrogen atoms exhibiting higher activity. As a
result, the optimized tin–carbon host enables uniform sodium deposition and
complete stripping, allowing symmetric cells to cycle stably for 1200h at
100mAcm−2 and 100mAh cm−2 with 100% depth of discharge. Anode-free full
cells pairing the tin-carbon host with a sodium vanadate phosphate cathode
achieve 94% capacity retention after 700 cycles at 10C (6min).

Accompanied by the leapfrog progress of clean energy harvest sys-
tems, the development of high-performance energy storage devices
with low cost hasbecomea topic of commonconcern1,2. Sodium-based
batteries have emerged as promising alternatives to lithium batteries
due to their nonnegligible cost advantages3,4. Sodium metal is con-
sidered as the ultimate selection for the development of anode
materials because of its high theoretical specific capacity
(1166mAh g−1) and low redox potential (−2.714 V)5,6. While it is labor-
ious to achieve high-dimensional Na homomorphism deposition,
leading to pathetic safety and stability of sodium batteries, arising
from dendrites, dead sodium, volume variation, and side reactions7.

Enhancing battery durability hinges primarily on supplying an
excess of sodium source to counteract sodium loss8. Despite the
implementation of some electrodes with extended cycle life, main-
taining depth of discharge (DoD) and N/P ratio below the practical
application thresholds inevitably comes at a cost. This diminishes the
battery’s energy density, rendering poor safety an unnecessary dis-
advantage compared to other advanced electrodes9. Anode-free, an
ideal model where Na is exclusively sourced from the cathode,
represents the ultimate goal for sodiummetal anodes due to complete
active sodium utilization10,11. However, achieving complete stripping
and minimal side reactions between sodium and electrolyte proves
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challenging, leading to continuous electrolyte consumption based on
the initial problem of difficult homomorphism deposition12–14. This
results in, under practical DoD, low current density (e.g., <10mA cm−2)
and areal capacity (e.g., <4mAh cm−2) aregenerallyused for evaluating
battery performances15,16. Strict conditions with practical significance
are almost a luxury for electrodes designed for long-term operating.

Three-dimensional (3D) hosts, represented by carbon-based
materials, demonstrated a unique advantage in guiding high-
dimensional Na deposition and thus relieving volume change,
enabling high deposition capacity17–21. In addition, assisted by disper-
sing local current density arising from regulated ion flux, deposition
under high current densities is also possible to be implemented by 3D
hosts. However, within the 3D carbon skeleton, the shorter diffusion
path on the top surface and the concentration gradient along the
thickness direction jointly contribute to sodium deposition being
more inclined towards the side near the separator22–24. Moreover,
under high current density, the chaotic deposition and dendritic
growth caused by Na-phobic carbon matrix poses a challenge to the
nucleation kinetics of sodium, causing the occurrence of battery fail-
ure due to the dendrite penetration of separator23. Consequently, the
Na-phobic carbon skeletons struggle to support the rapid and uniform
nucleation dynamics, i.e., loss the advantage in sodium carrying
capacity under high current24, which is the lifebloodof the design of 3D
hosts25.

Atomically dispersed metals ignite the hope of improving the
poor sodiophilicity of carbon hosts26–28. Except coordination unsatu-
rated rare-earth elements, e.g., Y7, which reduce the nucleation energy
barrier of sodium based on electron-rich 4f orbitals adsorption, tran-
sition metal M-N4 structures (d-block, represented by Fe29, Mn30, Co31,
Ni32, etc.) and p-block single atoms, such as Sn15 and Bi33, also
demonstrate significant progress in guiding metal deposition. Among
them, Sn shows a unique advantage. Due to the Na alloying reaction
with Sn and the low nucleation energy barrier of Na on Sn metal, Sn
metal is considered a sodiophilic substrate34,35. Space-confine the Sn to
monodispersed clusters and further atomic level can fully utilize the
Na-affinity of Sn15,25. Furthermore, single atom Sn has the 5s25p2 orbital
hybridization, which can guide the planar growth of Na clusters, fur-
ther emphasizing the advantage of Sn35. Thus, carbon-supported Sn
single atoms are supposed to guide reliable Na plating/stripping, act-
ing as host materials.

Investigations towards the mechanisms of the enhanced Na
nucleation on single-atom-modified carbon host have identified two
aspects of cognition: (1) single atoms serve as active sites with sig-
nificant adsorption advantages, turning the one-dimensional growth
to smooth deposition7; (2) metal size that confined to atomic level
permits complete alloy-dealloying, achieving high DoD and
durability15. However, excessive focus on the intrinsic activity of single
atomic sites obscure the contributions of other elements, which could
be the underlying reason for the high activity observed in materials
with low single-atom loadingmass36,37. Heteroatoms, such as N, O, and
P, typically serve as anchoring agents for single atoms, affecting the
activity of metal centers38. Yet, it remains unexplored whether these
heteroatoms act as nucleation sites in the presence of single atoms.
Moreover, single atoms alter the electronic structure of the carbon
matrix, which raises the question of whether the modified carbon
skeleton is also activated as nucleation sites for sodium adsorption.
Furthermore, difficulties lying in controlling the coordination mode
hampers the in-depth exploration of the precise regulation of single
atom activity, leaving the optimal coordination environment for
maximizing the potential of metal centers remains unclear39–44.

In this study, we report a series of free-standing carbon nanofiber
films interspersedwith diverse coordinated single Sn atoms to explore
the metal-heteroatoms and metal-carbon interactions during Na plat-
ing/stripping. Beyond the intrinsic activity of single Sn atoms, the
surrounding structure of Sn atoms also displays enhanced

sodiophilicity due to Sn-induced activation. With the increase of Sn
atoms anchored on the carbon texture, the coordination mode of Sn
migrates from 3N-Sn-O to N-Sn-3O configuration. By optimizing the Sn
coordination environment and activating the surrounding structure,
the carbon hosts exhibit robust sodiophilicity, enabling symmetrical
batteries to achieve stable cycling for over 1200 h under 100% Na
utilization rate, high current density (100mA cm−2) and deposition
capacity (100mAh cm−2). By integrating Na3V2(PO4)3 (NVP) cathode,
anode-free full cells exhibit a stable cycle of 700 cycles under 10 C,
indicating a promising prospect for the practical applications of single-
Sn-atom-activated carbon matrices with optimized coordination.

Results
Fabrication and morphology of carbon nanofibers
The atomic Sn dispersed 3D carbon hosts were obtained by pyrolyzing
polyacrylonitrile (PAN) nanofiber precursors containing SnCl2 (Sup-
plementary Fig. 1). The prepared carbon hosts were named as
SnX@CNFs, where X represents the mass fraction of SnCl2 in the pre-
cursor. The SnX@CNFs films display extraordinary flexibility, can even
be folded as a boat shape (Fig. 1a and Supplementary Fig. 2) and
maintain a 3D network from its precursor (Supplementary Fig. 3),
which ensures the continuity of electronic transfer (Fig. 1b and Sup-
plementary Fig. 4)45. The specific surface area of carbon hosts
decreases with the rise of Sn content (Supplementary Fig. 5).

Single Sn atoms are dispersed in the disordered carbon matrix in
SnX@CNFs. Wide peaks at around 24° corresponding to the (002)
layer of disordered carbon texture appear in the powder X-ray dif-
fraction (XRD) patterns (Fig. 2a) of all SnX@CNFs46. The amorphous
structure can be confirmed by the high-resolution transmission elec-
tron microscopy (HRTEM, Fig. 1c, d and Supplementary Fig. 6) images
and Raman spectra (Supplementary Fig. 7). The Sn dispersion state is
determinedby SnCl2mass fraction in the precursors (X). ForX ≤ 30, the
absence of sharp diffraction peaks (Fig. 2a) indicates non-crystalline
Sn, while for X = 40, the diffraction pattern of Sn crystal appears,
consistent with Sn nanocrystals observed in the HRTEM image of
Sn40@CNFs (Supplementary Fig. 6k), indicating the aggregation
of Sn.

The isolated Sn atoms in SnX@CNFs (X ≤ 30) can be directly
visualized by (AC-STEM, Fig. 1e–g) with corresponding intensity pro-
files. The images of the sample edge can better reflect the state of Sn
atoms in the carbon layer because of the smaller thickness, which
presents as the independent bright spots uniformly dispersed in the
carbon matrix. After processing the carbon samples into fiber tips by
field ion beam (Fig. 1h and Supplementary Fig. 8), the atomic dis-
tribution of Sn, C, N, and O could be manifested by atom probe
tomography (APT, Fig. 1i). The results demonstrate that all elements
are well-dispersed throughout the fiber matrix, which is consistent
with the high-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM) with energy-dispersive X-ray (EDX) ele-
mental mapping (Supplementary Fig. 6).

According to X-ray photoelectron spectroscopy (XPS), the Sn
content in carbon nanofibers rises with the increasing X (Supplemen-
tary Fig. 9a). Wherein, the value for Sn30@CNFs is 22.22wt%, which is
comparable to that obtained from EDX (19.72wt%, Supplementary
Table 1). Because of the residual carbon impurities, thermogravimetric
(TG, Supplementary Fig. 10) test results have a positive bias (30.1wt%).
Besides, fluctuations in N and O content with increasing Sn content
suggest the change of the Sn-coordination environment (Supplemen-
tary Fig. 9b, c). In general, when the Sn content is below approximately
20wt%, the Sn atoms tend to remain in an atomic state.

Coordination structure of Sn atoms
Single Sn atoms are incorporated into the carbon skeleton through co-
coordination with N and O atoms, and the fine coordination structure
is determined by Sn content. By adjusting X from 10 to 40, the
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coordination environment of Sn atoms transforms from 3N-Sn-O to
2N-Sn-2O and eventually to N-Sn-3O, demonstrating a Sn-
concentration-dependent transition. This enables the controllable
synthesis of carbon hosts with an optimal Sn coordination mode for
guiding sodium deposition. The coordination environment of Sn was
preliminarily revealedbyXPS (Fig. 2c, d and Supplementary Fig. 11) and
soft X-ray absorption spectra (sXAS, Supplementary Fig. 13). With the
introduction of Sn, the N 1s XPS spectra of SnX@CNFs shows a new
peakat 399.0 eV, in addition to the characteristic peaks at 398.2, 399.8,
and 400.8 eV (corresponding to the N-6, N-5, and N-Q, respectively) in
CNFs, which indicates the coordination between Sn and N47. Similarly,
theO 1sXPS spectra of SnX@CNFs also emerge a newpeak at 530.8 eV,
alongside the peaks at 532.3 and 538.2 eV, which are assigned to C =O
and C-O configurations48 In addition, the 13C NMR spectra (Supple-
mentary Fig. 14) for both CNFs and Sn10@CNFs show approaching
chemical shift at around 112 ppm, assigned to sp2 hybridized
carbon49,50, indicating that the electrons from Sn has tiny shielding
effect on C, reflecting the absence of Sn-C coordination. Thus, the
primary coordination shell of Sn atoms consists of N and O ligands.
Furthermore, as the Sn content in the carbon framework increases, the

proportion of N from Sn-N coordination decreases, while the propor-
tion of O from Sn-O coordination increases (Fig. 2b; Supplementary
Fig. 12 and Supplementary Table 2), indicating a gradual replacement
of N atoms by O in the coordination environment of Sn.

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) provide the confirmation of
the concentration-dependent coordination of Sn atoms. The white
line peaks in Sn K-edge XANES spectra of SnX@CNFs (X ≤ 30) are
positioned between those of Sn and SnO2 (Fig. 2e and Supplementary
Fig. 15), indicating the +2 valence states, consistent with Sn 3d XPS
spectra (Supplementary Fig. 11)15. The Fourier transformed (FT) k3-
weighted EXAFS spectra of SnX@CNFs show a predominant
R-spacing peak at ≈1.53 Å (Fig. 2f), distinct from both the Sn-Sn peak
inmetallic Sn and Sn-O characteristic peak of SnO2, indicating that Sn
exists in an N, O co-coordination state without agglomeration51. The
peak position of O-Sn-N in the R-space gradually shifts to higher R
value as the atomic concentration of Sn increases, indicating an
enhanced anchoring effect of O on Sn atoms. Least-squares fitting of
Sn K-edge EXAFS curves further confirm the concentration-
dependent coordination of Sn, revealing an alternating anchoring
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Fig. 1 |Morphology andmicrostructure of carbonnanofibers. aOptical photo of
a Sn30@CNFs film folded into a boat shape.b SEM, c TEM, and dHRTEM images of
Sn10@CNFs. AC-STEM images together with 3D profiles of the local structure of Sn
atoms of e Sn10@CNFs, f Sn20@CNFs, g Sn30@CNFs. h FIB processing of

Sn10@CNFs for APT. i SEM image of the prepared Sn10@CNFs sample for APT test
and the corresponding results of 3D atomic distributions of C, N, O, and Sn
elements.
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mechanism (Fig. 2g and Supplementary Fig. 16). At low Sn content
(Sn10@CNFs), the coordination configuration of Sn is 3N-Sn-O. For
Sn20@CNFs, this changes to 2N-Sn-2O, and as the concentration of
single Sn atoms increases, more O atoms coordinate with Sn to form
N-Sn-3O in Sn30@CNFs with the mean bond lengths of 2.07 and
2.10 Å for Sn-O and Sn-N, respectively (Supplementary Table 3). The
reason for this coordination configuration transition is that, at high
terminal temperature, SAs prefer to coordinate with N, however,
when increasing the amount of Sn source, the average amount of N
bonding with each Sn decreases, resulting in a lower N/Sn ratio for
each defect. Notably, the EXAFS curves of Sn, SnO, and SnO2 stan-
dard samples are also fitted in Supplementary Fig. 17. The peaks in
EXAFS spectra of Sn reference are fitted as Sn-Sn scattering path
(Supplementary Table 4), revealing the absence of Sn clusters in all
SnX@CNFs samples. Both the EXAFS fitting curves of SnO and SnO2

show different dominant peaks from those of all SnX@CNFs
samples, indicating the Sn atoms in SnX@CNFs also do not exist in
the form of SnO and SnO2. Furthermore, the wavelet transform-
EXAFS (WT-EXAFS, Fig. 2h) with high resolution of both k and R
spaces shows a shift in the maximum from 5.7 Å−1 for Sn10@CNFs to
7.2 Å−1 for Sn30@CNFs, which are significantly different from those
recorded from Sn foil (Sn-Sn at 8.6 Å−1), SnO and SnO2 (7.0 and 11.5 Å−1

arose from Sn-O and Sn-Sn, respectively), indicating the offset of the
bond position arises from the influence of the coordination
configurations.

Activation effect of Sn on surrounding structures
Encouraged by the controllable coordination mode of Sn, the plating/
stripping processofNa on the as-prepared carbon textures is expected
to beoptimized precisely. Density functional theory (DFT) calculations
were initially performed to investigate the adsorption energies of Na
atoms on SnX@CNFs. According to the experimental Sn coordination
structures, three C44NxOySnmodels were optimized on the base of the
pristine model, a 5 × 5 supercell of graphene containing 50 C atoms
(Supplementary Data 1), as shown in Fig. 3a–d and Supplementary
Fig. 19. For comparison, corresponding C44NxOy models without Sn
atomwere also established (Supplementary Fig. 18). Sodium atoms are
respectivelyplacedatdifferent adsorption sites numbered from1 to 26
for calculation.

Except its own sodium adsorption activity, Sn atoms can activate
the surrounding carbon structure, and its active effect is dominated by
the coordination environment. The graphite-like sodiophobic carbon
network is thermodynamically unfavorable for Na adsorption. In the
C44NxOy models (Supplementary Fig. 18 and Fig. 3e–h), apart from
several adsorption sites located around the Nx-Oymacrocycle showing
notably negative adsorption energies (Ead), the remaining adsorption
sites exhibit a weak adsorption activity, indicating the non-
spontaneous adsorption process. In contrast, the introduction of Sn
atoms greatly enhances the Na adsorption capability of all C44NxOySn
models. Sn atoms themselves exhibit high Na affinity. The Ead values of
the sites located on top of Sn (No. 26 in Fig. 3a, d and No. 16 in Fig. 3b,
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c) is much lower than those at the same sites in the C44NxOy. Similarly,
the Ead of hollow sites in the four heterocycles connected to Sn is
reduced. More interestingly, Sn atoms can activate surrounding inert
sites. In the C44NxOySn models, the hollow sites of heterocycles not
connected to Sn (N hollow or O hollow), and even the carbon hollow
sites far from Sn atoms, exhibit lower Ead, demonstrating a Na
adsorption activity, while these sites in the C44NxOy models exhibit a
thermodynamic disadvantage of Na+ adsorption. The activation of Sn
on surrounding structures creates additional active sites for Na
adsorption. Furthermore, the averageNa+ adsorption energy on 3N-Sn-
O sites surpass those of cis-2N-Sn-2O, trans-2N-Sn-2O and N-Sn-3O,
emphasizing the importance of coordination configuration on Na+

adsorption.
The experimental results regardingNaplating/stripping dynamics

on SnX@CNFs provide further confirmation of the theoretical calcu-
lations. Nucleation overpotential reflects the energy barrier of initial
Nadeposition, lower value suggests improvedNa affinity of the hosts52.
Among all samples, at three different current densities, 0.5mAh cm−2

(Fig. 3i and Supplementary Fig. 20), 1mAh cm−2 (Supplementary
Fig. 21) and 3mAh cm−2 (Supplementary Fig. 22), Sn10@CNFs (3N-Sn-
O structure) shows a lower value than Sn20@CNFs (2N-Sn-2O) and
Sn30@CNFs (N-Sn-3O). Although Sn30@CNFs have the highest load-
ing mass of Sn single atoms, the increasing of single atom concentra-
tion did not further contribute to lower nucleation overpotential,
which indicates there is another more important factor affecting
overpotential than single atom content, emphasizing the importance

of optimizing the coordination structure. Moreover, the cycling sta-
bility of SnX@CNFs hosts in half cells also correlates with the Sn
excitation capabilities, which is dominated by its coordination envir-
onment. Under a low current density (0.5 or 1mAcm−2) with a
deposition capacity of 0.5 or 1mAh cm−2, all the SnX@CNFs (X = 10,
20, and 30) exhibit a better plating/stripping stability with a cycle life
of 2000 h compared with the original CNFs (Supplementary
Figs. 20 and 21). At higher current density of 3mA cm−2 and higher
capacity of 3mAh cm−2 (Fig. 3j), Sn10@CNFselectrode shows themost
stable cycling performancewith the average coulombic efficiency (CE)
stabilizing at 100.0%. While, although the cycle life of Sn30@CNFs is
also expanded, the fluctuating CE reflects a relative high nucleation
barrier and incomplete stripping process (average CE: 99.5%). Thus,
among all structures, Sn atoms can activate the surrounding struc-
tures, turning the inert position to activity sites, and Sn coordinated
with more N atoms (3N-Sn-O structure) can further improve the
nucleation behavior of Na.

The activation effect of Sn on surrounding structures arises from
the strong metal-support interaction in the form of the injection of Sn
valence electrons into the π orbitals of the carbon matrix53. The Bader
charge analysis directly reveals the electron transfer of Sn with OxN4-x-
C (Supplementary Fig. 23). For Sn coordinatedwithmore N atoms (3N-
Sn-O), the higher charge suggests that the negatively charged N atoms
draw electrons from Sn54. While for Sn coordinatedwithmoreO atoms
(N-Sn-3O), the charge transfer between Sn andO is weaker, resulting in
a relatively low Sn charge. Consequently, with the increase of O ligand
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in the coordination environment, the activating capability of Sn gra-
dually decreases, because the charge transfer between Sn and O is
weaker than that of Sn andN. Thus, Sn coordinatedwithmoreN atoms
shows a stronger interaction with the support carbon matrix.

Sn activated multi-stage Na adsorption mechanism
The Sn10@CNFs with optimized coordination configuration (3N-Sn-O)
were selected to study the sodium adsorptionmechanism.Multi-stage
active sites are used to describe the adsorption positions of C44N3OSn
model (Fig. 4a–c, Stage I: the top site of atomic Sn, Stage II: the sur-
rounding hollow sites of Sn, such as those containing N and O atoms,
Stage III: hollow sites composed solely of C atoms). Charge density
difference reveals the adsorption of Na on the Stage I site (Fig. 4a).
Electron depletion around Na+ and accumulation around C44N3OSn
reflect a strong interaction between Na⁺ and the carbonmatrix via Sn,
indicating the effective absorbance of Na on this active site7. Experi-
mentally, Sn10@CNFs exhibits an upward edge energy shift after

sodiation in ex situ XANES (Supplementary Fig. 24), reflecting the
charge transfer happens between Na and Sn. FT-EXAFS depicts
detailed information about the interactions between Sn and Na atoms
at different plating/stripping states (Fig. 4d). Upon Na nucleation
(Fig. 4e), a predominant R-spacing peak emerges at ≈3.4 Å, which is
distinguished from single scattering because it is longer than the Sn-Sn
scattering path and thus attributed to second shell or multiple scat-
tering. After plating 0.5mAh cm−2 of Na, a neo-peak appears at ≈2.5 Å
in R-space, which is absent in Sn, SnO, SnO2 and various pristine
SnX@CNFs. Fitting analysis attributes this peak to the Sn-Na scattering
path, confirming the interaction between Sn active site and Na+. The
Sn-Na scattering path completely disappears after charging, indicating
the complete stripping.

The Na adsorption on the Stage II sites was first explored by
charge density difference (Fig. 4b). Electron depletion around N and O
was observed after Na adsorption, indicating the interaction between
Na and N. The shift of N 1s peaks in XPS towards higher binding energy
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upon Na plating (Fig. 4f) confirms this interaction, occurring specifi-
cally around the initial binding energy of 398.8 eV55. Given the proxi-
mity of Sn-N binding energy to this region, the involvement of Sn-
coordinated nitrogen atoms in Na adsorption is confirmed56,57. Analo-
gously, the obvious change of the dominant peak in O 1s XPS spectra
also indicates the activity of O-configurations (Fig. 4g). Noticeably, at
the stripping state, the influence of Na on the conjugated system is
almost eliminated, manifested as the N 1s and O 1s binding energy
returning to the initial position. As a comparison, the binding energies
of N 1s and O 1s of CNFs show inconspicuous changes before and after
Na plating, reflecting the Na-phobic property of N and O that were not
coordinated with Sn. For Sn30@CNFs (N-Sn-3O configuration),
although its N andO are active, the irreversible change of N 1s andO 1s
binding energy reflect the incomplete sodium stripping (Supplemen-
tary Fig. 25), which is the root for the fluctuation of CE in half batteries
with Sn30@CNFs electrode (Fig. 3j). In short, the reversible change in
binding energy during plating/stripping processes of Sn10@CNFs
reveals the Na+ adsorption ability of N and O which constitutes the
Stage II active sites.

Besides, the charge density difference after adsorbing Na+ around
the Stage III site hints the activity of carbon matrix (Fig. 4c). 13C magic
angle spinning solid-state nuclear magnetic resonance (MAS-ssNMR)
spectroscopy was conducted to confirm the Na+ adsorption process
around C-contained structure (Fig. 4h). Different from the spectra of
CNFs, where the 13C chemical shift decreases after sodiation due to the
shielding effect caused by electron accumulation (Fig. 4i), the 13C
chemical shift of Sn10@CNFs increases significantly after Na plating.
This increase is attributed to the de-shielding effect of adsorbedNa+ on
C atoms, corresponding to the blue region adjacent to C atoms in
Fig. 4a–c58,59. Notably, both CNFs and Sn10@CNFs show the peak
locating at ca. 121 ppm which is attributed to the chemical shift of C in
C=O after sodiation, indicating the carbonyl structure are similar in all
samples, the movement of the chemical shift of the broad peak is not
aroused from the C=O formation.

Projected density of states (PDOS) gives the confirmation of the
interactions between Na+ and Sn, N, O, C elements based on the opti-
mized structures (Supplementary Data 1). Compared with the absence
of PDOS overlapping between Na and N, O elements in unmodified
C44NxOymodels (Fig. 4k and Supplementary Fig. 26b, d), the activation
effect of Sn towards the carbon matrix promoted the adsorption
capacity of the originally inert sites for Na+. For C44NxOySn models
after adsorbing Na (Fig. 4j and Supplementary Fig. 26a, c), the over-
lapping of electronic distribution regions in s orbitals for Na and p
orbitals for C, N, O, and Sn directly reflect the binding formation,
indicating all elements contribute to the Na+ adsorption. Thus, except
for the highly anticipated single atom sites themselves, the activation
effect of single atomson the surrounding structure is also crucial. In Sn
single atomdispersed carbon texture, N,O, andC contribute abundant
active sites and form multi-stage Na+ adsorption sites.

Na nucleation and growth dynamics of Sn activated carbon host
Benefiting from themulti-stage active sitesmotivated by coordination-
optimized Sn, uniform deposition and stripping performance were
achieved under high current density. The ab initiomolecular dynamics
(AIMD) simulations were first conducted to reveal the homogenous
deposition of Na on Sn-modified carbon texture. The simulations
begin with a sparse distribution of Na atoms, followed by a sequential
deposition of additional atomson twomodels (Fig. 5a): one containing
a defect with three nitrogen and one oxygen (3N-O) and the other with
additional Sn atoms in the 3N-O model (3N-Sn-O). The initial and final
configurations for themolecular dynamics trajectories are provided in
Supplementary Data 2. AIMD simulation gives the result that, on the
3N-O model, the aggregation of Na was observed at as early as 10 ps,
indicating Na nucleation prefers agglomerating as a cluster instead of
uniform distribution. However, the absence of Na cluster aggregation

in the 3N-Sn-O model during the simulation reflects the strong inter-
action between the 3N-Sn-O modified carbon texture and Na atoms,
manifesting as dispersed and uniform nucleation. Thus, Sn activated
carbon substrate is expected to correct the vertical growth into planar
deposition, avoiding the dendrites formation.

As indicated by AIMD, the dendrite-free Na plating/stripping
process along Sn-separated fibers was recorded by ex situ SEM and
in situ optical microscope. On CNFs, the irregularly nucleated Na
presents as agglomerated bulk, subsequently accumulating and
aggregating on plated Na (Fig. 5b). This uneven deposition promotes
dendrite formation, as observed in the in situ optical microscopy
(Fig. 5c). Dendrites on CNFs appeared after 45min of plating under
2mAh cm−2, and the formed dendrite detach from the host after
60min, turning into dead Na. Furthermore, Na residues on stripped
CNFs highlight the challenge of achieving complete stripping (Fig. 5b).
In contrast, the nucleation performance of Sn-activated carbon skele-
tons is significantly improved. On both Sn10@CNFs (3N-Sn-O coordi-
nation, Fig. 5b) and Sn30@CNFs (N-Sn-3O structure, Supplementary
Fig. 27), theNa accumulationprocess along thefibers reflects guidance
for sodium deposition, which effectively utilizes the space of the 3D
host. Even when uniformly grown Na completely fills the 3D network,
the fiber morphology remains clearly visible without mossy Na den-
drites in both top-view (Supplementary Fig. 28) and side-view (Sup-
plementary Fig. 29). Meanwhile, the absence of dendrite formation
observed on Sn10@CNFs during the electroplating process (Fig. 5c)
further confirms that the sufficient multi-stage active sites break the
tendency of sodium aggregation, transforming irregular nucleation
into uniform deposition (Supplementary Fig. 30). Even when the
deposition capacity is increased to 250mAh cm−2 at a current density
of 5mA cm−2, the capacity-voltage curve of the battery remains stable
(Supplementary Fig. 31), and the morphology of plated Na is still flat
(Supplementary Fig. 32), demonstrating the sodium affinity of the
carbon skeleton. In short, dendrite-free fiber-guided nucleation mor-
phology exhibits advantages during the plating/stripping process,
allowing Sn10@CNFs to carry a highNa capacity and achieve complete
stripping without residue.

Electrolyte consumption caused by unstable interface and side
reactions is one of the key reasons for battery failure60,61. The interface
morphology of stripped carbon hosts after one cycle was also recor-
ded to reveal the surface reactions. For CNFs, the by-products com-
posed of C, O, andNawith an unconsolidated structure between fibers
were observed (Supplementary Fig. 33a–c). Conversely, no distinct
surface structure differing from the compact matrix was observed on
Sn10@CNFs after 1 plating/stripping cycle, indicating relatively weak
surface side reactions (Supplementary Fig. 33d–f). However, with the
migration of the Sn coordination environment, by-products reappear
and become increasingly pronounced from Sn20@CNFs to
Sn40@CNFs (Supplementary Fig. 33g–o). Depth profiling XPS pro-
vides detailed surface component information about the hosts after
one cycle. For CNFs (Supplementary Fig. 34), the SEI generated by the
decomposition of ether-based electrolytes is mainly composed of
organic components (e.g., O=C-O, C=O and C-O), which is the root for
thefluffy andporous structure (Supplementary Fig. 33b).However, the
SEI of Sn10@CNFs is mainly accompanied by beneficial components
(Supplementary Fig. 35), such as C-F and Na-F, corresponding to the
close-packed surface observed under TEM (Supplementary Fig. 33e).
For Sn30@CNFs, the reappearance of the fluffy structure composed of
organic components (Supplementary Figs. 33k and 36) is one of the
reasons for its relative unstable electrochemical performance.

Na plating/stripping performance of Sn activated carbon host
Symmetric cells were assembled to evaluate the long cycle plating/
stripping stability of SnX@CNFs under a high DoD (100%). Supple-
mentary Fig. 37 shows a comparison of the cycling stability of CNFs/Na
and SnX@CNFs/Na electrodes at a current density of 10mAcm−2 with a
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fixed capacity of 10mAh cm−2 (pre-deposition: 10mAh cm−2). The
Sn10@CNFs/Na symmetric cells exhibit a relative constant voltage
hysteresis of around 22mV during its cycle life of 2800 h, which also
reflects the diminishing side reactions on the interface. The
Sn20@CNFs electrode, featuring a 2N-Sn-2O coordination mode
exhibits higher voltage hysteresis with a slight increase. The cycle life
of Sn30@CNFs/Na symmetric cell is limited by the significantly rising
hysteresis voltage resulting from relatively intense side effects. In
sharp contrast, the CNF/Na symmetric cells fail within a few dozen
hours, characterized by massive irreversible side reactions and den-
drite growth. At a high current density (50mAh cm−2) with a capacity
of 50mAh cm−2 (Fig. 5d and Supplementary Fig. 38), Sn10@CNFs/Na
symmetric cells also demonstrate a long cycle life exceeding 1200 h
under 100% DoD. When further increasing the fixed area capacity to
100mAh cm−2, Sn10@CNFs/Na symmetric cells can even operate at
100mAcm−2 for 1200h under fully stripped conditions with a tighter
voltage hysteresis of around 70mV, showcasing substantial advan-
tages compared to other recently reported sodium hosts/anodes

(Fig. 5g and Supplementary Table 5). Thus, the dendrite-free
Sn10@CNFs electrode demonstrates a potential for application in
sodium metal batteries (SMBs), benefiting from suppressed side
reactions, enhanced sodiophilicity and regulated Na plating/stripping
process.

The complete stripping performance of Sn10@CNFs underscores
their application properties. Full cells were assembled by incorporat-
ing with SnX@CNFs/Na as the anode and NVP as the cathode (Sup-
plementary Fig. 39). Upon overloading the pre-deposited Na on
SnX@CNFs hosts, the charge/discharge profiles of Sn10@CNFs/Na||
NVP full cells for the initial cycle at 100mAg−1 show a reversible
capacity of 105.8mAh g−1 with the corresponding initial CE of 98.4%
(Supplementary Fig. 40b). The Sn10@CNFs/Na||NVP full cells exhibit a
high-rate performancewith the specific capacities stable at 102.1, 99.8,
94.5, 89mAhg−1 at 200mAg−1, 500mAg−1, 1000mAg−1, 2000mAg−1

and 5000mAg−1, respectively, higher than those of the CNFs/Na||NVP
full cells (Supplementary Fig. 40a). Furthermore, batteries with
Sn10@CNFs/Na anodes can demonstrate a long cycle life in different
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electrolytes, delivering a high discharge capacity of 84mAh g−1 (Sup-
plementary Fig. 41) after 2000 cycles at 1 A g−1. In comparison, the
capacity of Na||NVP cells rapidly decay to below 60mAh g−1 after 570
cycles. Moreover, Sn10@CNFs/Na can withstand higher current den-
sity up to 2 A g−1, with a capacity of 78mAhg−1 after 2000 cycles
(Supplementary Fig. 42b). The charge/discharge profiles show the
characteristic of Na plating/stripping process on the anode of full-cell
with overloaded Na (Supplementary Fig. 42a).

The above results indicate that Sn10@CNFs, serving as the host
material for Na metal, are suitable for anode-free SMBs. When
employing Sn10@CNFs without pre-deposition of Na as the host and
high-loaded NVP (about 8.5mgcm−2) as the cathode, with sufficient
electrolyte, the anode-free SMB shows stable cycling performance
(1500 cycles) and competitive reversible capacity (73mAhg−1) under
5C (Fig. 5e). The “soft short” at the 1588th cycle (Supplementary
Fig. 43b, c) indicates battery failure. The capacity loss of each cyclewas
summarized in Supplementary Fig. 43d, the average Na+ consumption
(within 1500 cycles) could be calculated as 0.003mAh per cycle,
corresponding to0.05%of activeNa+ in electrolyte.Within 1500cycles,
the average CE of Sn10@CNFs||NVP anode-free SMB is 99.6%, the CE
fluctuates with the range from 92 to 106% (Supplementary Fig. 43e, f).
The dominant plateau region and limited slopping region (Fig. 5f)
reflects the sodium is stored by being plated on the Sn10@CNFs hosts
instead of being depleted on interphase8. Supplementary Fig. 44b
shows the electrochemistry characteristic of sodium-ion batteries,
showcasing as wide oxidation-reduction peaks in cyclic voltammetry
(CV) curves and slope curves in the voltage profiles. In contrast, the
electrochemical features of anode-free batteries are different, with
sharp oxidation-reduction peaks in CV curves and sustained charge/
discharge plateaus (Supplementary Fig. 45b). Even under the charge/
discharge condition of 10 C (Supplementary Fig. 45d), the anode-free
cells demonstrate a long cycle stability (700 cycles)with an average CE
of 98.1% and a high specific capacity of 83mAhg–1 in the last cycle.
Moreover, even under 20C (Supplementary Fig. 46), the Sn10@CNFs
can support the battery operation for over 700 cycles with an average
CE of 97.4%. Sn10@CNFs hosts provide a stable place for Na plating/
stripping, enabling the slow Na+ consumption to compensate Na+ loss
in irreversible plating/stripping (reflected by the charging capacity is
slightly higher than the discharging capacity of the previous cycle).
Because the charging capacity is slightly higher than the discharging
capacity, the batteries can achieve a stable cycle under a CE less than
100% (Supplementary Table 7 and Supplementary Fig. 8). The perfor-
mance of the anode-free batteries based on Sn10@CNFs host is com-
parablewithmost SMBs usingNVP as cathode (Supplementary Table 6
and Fig. 5h).

To further emphasize the practicality of Sn10@CNFs hosts, we
paired them with a different cathode material, NaNi1/3Fe1/3Mn1/3O2

(NFM) (Supplementary Fig. 47). The electrochemical performance of
NFM in half cells is shown in Supplementary Fig. 48. In anode-free
Sn10@CNFs||NFM cells (Supplementary Fig. 49), the Sn10@CNFs
delivered stable cycling for 300 cycles at 1 C (138mAhg−1) and main-
tained meaningful performance even at 2 C (Supplementary Fig. 50).
Overall, Sn10@CNFs effectively regulate Na deposition behavior, while
the optimized Sn coordination structure suppresses surface side
reactions, enabling 100%Na utilization under high deposition capacity
and current density.

Anode-free pouch cells were assembled to further evaluate the
suppression of dendrite formation and negligible side reactions on the
Sn10@CNFs host, confirming its practical applicability (Supplemen-
tary Fig. 51). The Sn10@CNFs||NVP anode-free pouch cell, initially
tested at 0.5C (Supplementary Fig. 52), delivered a cumulative capa-
city (2.55 A h)with a cycle life of 200 cycles and an average CE of 98.1%.
Even at a higher rate of 1 C (Fig. 5i), the cell maintained a cycle life of
120 cycles with an average CE of 98.2%. Charge/discharge profiles

(Fig. 5j) indicate that Na plating/stripping is the primary contributor to
capacity. At 1 C, the cumulative capacity of 1.2 A h is enabled by
dendrite-free sodium deposition and minimal side reactions, effec-
tively preventing short-circuiting and capacity degradation.

Discussion
In summary, we have developed a coordination-controllable carbon
host with atomically dispersed Sn to guide homogenous Na deposition
in three dimensions and elucidated both the intrinsic activity of Sn
single atoms and their activation effect on the surrounding structure.
Sn was confirmed to exist in an atomically isolated state within the
carbon matrix, and increasing Sn loading induced a concentration-
dependent shift in coordination mode from 3N-Sn-O to N-Sn-3O. The
introduction of Sn single atomsenhances the sodiumaffinity of carbon
matrix, which is not only attributed to the activity of Sn single atoms
themselves, but also contributed from the surrounding structure
(heteroatomscoordinatewith Sn and carbon skeleton) activatedbySn.
Replacement of N with O in the coordination environment was found
to impair Na adsorption. EXAFS, XPS, and NMR analyses revealed
multi-stage active sites for Na adsorption during plating/stripping,
where initially inert sites become activated by Sn to bind Na+. The Sn-
activated carbon framework effectively directs Na deposition,
enabling dendrite-free growth along the fibers and complete stripping
with 100% Na utilization. In symmetry cells, Sn10@CNFs/Na electrode
operated over 1200 h at a high current density of 100mAh cm−2 and a
capacity of 100mAh cm−2 with 100% DoD. Sn10@CNFs/Na||NVP full
cells delivered 78mAhg−1 after 2000 cycles at 2 A g−1, while anode-free
Sn10@CNF||NVP cell achieved 83mAhg−1 after 700 cycles at 10C.
Overall, this work offers a strategy to regulate Na+-carbon interactions,
providing insights for the safe and high-performance operation of
sodium metal-based batteries.

Methods
Preparation of carbon nanofibers
The Sn-doped nanofibers were prepared by a single-nozzle electro-
spinning method with the following carbonization. Firstly, 1.264 g of
PAN (Mw = 150,000, J&K Scientific) was dissolved in N,
N-dimethylformamide (≥99.9%, J&K Scientific) to obtain 10wt% PAN
solution. Then, 0.13, 0.25, 0.38, and 0.51 g of SnCl2·2H2O (≥99.8%,
Sinopharm Chemical Reagent Co., Ltd) was added into the above
solution, which was subsequently stirred at 50 °C for 5 h to obtain a
mixture for electrospinning. After that, the solution obtained was
transformed into a 5mL syringe with a 23 gauged stainless-steel nee-
dle. Under the voltage of 25 kV, the distance of 20 cm was maintained
between the tip of the spinneret and the collector. Next, as-collected
fibers were dried in air at 80 °C for 12 h to evaporate the solvent. For
carbonization, the nanofiber filmswere stabilized in air at 265 °Cwith a
heating rate of 1 °Cmin−1 for 2 h atfirst. Thereafter, the precursorswere
annealed in a N2 flow at 800 °C for 1 h with a heating rate of 5 °Cmin−1.
According to theweight fraction of SnCl2 in the precursor, the samples
were donated as Sn10@CNFs, Sn20@CNFs, Sn30@CNFs and
Sn40@CNFs. The non-doped carbon nanofibers were prepared by the
same processes, named as CNFs.

Preparation of Na3V2(PO4)3
NVP cathode active materials for full cells were prepared by the
sol–gel method. 0.1M of NH4VO3 (≥99%, Aladdin), 0.15M NH4H2PO4

(≥99%, Aladdin), 0.15M NaOH (≥97%, Aladdin), and 0.1M citric
(≥99.5%, Aladdin) acid were firstly dissolved in 80mL of deionized
water. The solution obtained was subsequently evaporated at 80 °C
with stirring for 12 h. Next, the mixture was heated to 800 °C with a
heating rate of 5 °Cmin−1 in an argon atmosphere and then kept at
800 °C for 9 h before naturally cooling to room temperature to
obtain NVP.
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Positive electrode preparation
NVP or NFM (Shenzhen Kejing STAR Tech Co., Ltd.), acetylene black
(Canrd Technology Co. Ltd.), and PVDF (≥99.5%, Canrd Technology
Co. Ltd.) were mixed in an 8:1:1 weight ratio with N-methyl-2-
pyrrolidone (NMP, 99.5%, Beijing Tongguang Fine Chemical Com-
pany) as the solvent. The slurry was prepared in air (25 ± 10 °C) using a
mortar and pestle, cast onto Al foil (>99.9%, 16 µm,HF-KejingMaterials
Tech Co., Ltd.) with a doctor blade, and dried overnight at 100 °C.

Material characterizations
The field emission scanning electron microscope images were recor-
ded by Hitachi S-4700 microscope. The transmission electron micro-
scopy (TEM), HRTEM and HAADF-STEM images were obtained on
Tecnai G2F20 UTWIN electron microscope equipped with EDX spec-
troscopy (Oxford) to performelemental analysis, using an accelerating
voltage of 300 kV. Aberration-corrected scanning transmission elec-
tron microscope (AC-STEM) was performed on a JEOL JEM-ARM200F
TEM/STEM with a spherical aberration corrector, operated at 200 kV.
The samples for AC-STEM are prepared by ball milling following with
ultrasonic dispersion in ethanol. Sample preparation and APT mea-
surement areperformed according to the literature62. The Sn10@CNFs
were mixed with photosensitive resin and then cleaned and dried on a
Si substrate before sputter coating with Cr. Thermo Fisher Scientific
Helios 5UC DualBeam FIB-SEM was used to fabricate the apex. APT
were performed with a local electrode atom probe (CAMECA LEAP
5000XR) under a laser mode. Ultraviolet laser pulsing at laser energy
of 50pJ, a pulse repetition rate of 200Da, and a target evaporation rate
of 1.0% per pulse at 40K. The reconstruction of the APT data were
performed using CAMECA IVAS6 software. The
Brunauer–Emmet–Teller surface area was obtained by isothermal
nitrogen adsorption/desorption measurements on an ASAP 2020
(Micromeritics) at 77 K. Raman spectra were recorded in the range of
500–2000 cm−1 by a JY HR800 Raman spectrometer with a 532nm
laser excitation. TG analysis was studied using Netzsch STA 449C with
a heating rate of 10 °C/min in oxygen atmosphere. XRD patterns were
collected on Rigaku D/max-2500B2+/PCX, using the Cu Ka radiation
(λ =0.154 nm) within a 2-theta angle range from 5 to 90°. XPS were
recorded by a Thermo Electron Corporation ESCALAB 250 XPS spec-
trometer, using monochromatized Al Kα radiation (1486.6 eV) with
30 eV pass energy in 0.5 eV steps over a sample area of 650× 650 µm
under high vacuum (<10−7 Pa). 13C MAS-ssNMR were recorded by a
Bruker Avance III 400 NMR spectrometer, with conductive samples
mixed with KBr (1:5). To collect carbon hosts plated with Na for ex situ
XPS and ex situ ssNMR tests, approximately 100 half cells were
assembled. Sodiation was performed by discharging the cells to 0V at
0.565mAcm−2. All sample preparation was conducted in an argon-
filled glove boxwithwater and oxygen levels below0.1 ppm to prevent
contamination. Electrodes were retrieved from the cells, ground into
powder, and then loaded either into sealing-film-sealed ssNMR tubes
ormountedon conductive adhesive (stored in sealedplasticbags prior
to testing). Sample transfers were performed using argon-filled sealed
containers to avoid air exposure. sXAS were measured at beamline
BL12B of the National Synchrotron Radiation Laboratory of China with
a step length of 0.05 eV under the pressure of 10−10 Torr and total
electron yield mode. Sn K-edge X-ray absorption fine structure (XAFS)
spectra were acquired in fluorescence mode using a seven-element
silicon drift detector with photon fluxes ranging from 1.8 × 1010 to
2 × 108 photons per second under high energymode. For ex situ XAFS,
half cells were discharged/charged to target voltages and then dis-
assembled inside the argon glove box. Electrodes were covered on all
surfaces and edges with Kapton tape and stored in argon-filled sealed
containers during transport and measurement, preventing air expo-
sure. In situ optical microscope was performed on OLYMPUS BX51M
polarization microscope. A specialized two electrode battery with a
quartz window was charged/discharged at 2mAcm−2 to observe

dendrite growth, using Na (12mm diameter, ~200 μm thick) as the
negative electrode and Sn10@CNFs (12mm, ~4mg cm−2, ~200μm
thick) as the positive electrode.

Cells assembly and measurements
Coin cells (CR2032) and pouch cells were assembled/disassembled in
an argon-filled glove box (H2O andO2 < 0.1 ppm). A single layer of glass
fiber separator (Whatman GF/D, 16mm diameter, 0.68mm thickness,
2.7 µm pore size, 40–50% porosity) was cut using an MSK-T10 manual
slicer (Shenzhen Kejing STAR Tech Co., Ltd.). Electrolytes for half and
symmetric cells were 200 µL of 1.5M sodium triflate (NaCF3SO3) in
diglyme (DoDoChem,≥99.8%),while full cells used 200 µLof 1MNaPF6
in diglyme (DoDoChem, ≥99.8%). Electrolytes were stored in alumi-
num bottles inside the glove box and transferred using polypropylene
pipette tips. All electrochemical measurements were performed at
ambient temperature (25 ± 10 °C) without thermal or environmental
control. Tests were conducted on a battery test system (LANHE
CT2001A). Potentiostatic electrochemical impedance spectroscopy
(EIS) was collected on a CHI660E electrochemical workstation using a
50mV AC amplitude with alogarithmic frequency distribution of 6
points per decade in the frequency range from 1 to 100MHz. The time
applied during open-circuit potential before carrying out EIS test was
60 s. The CV was tested on a CHI660E electrochemical workstation in
the cell voltage range of 2–4 V, and the scanning rate was 0.1mV s−1.

Half cells. CNFs were cut into discs with a diameter of 12mm as the
working electrode with the mass loading of 0.4–0.8mgcm−2

(20–40μm thickness). Na metal (Aladdin, >99.7%) served as the
counter electrode, prepared by rolling Na ingots into ~200 µm foils,
cutting into 14mmdiscs without specific surface treatment. Cells were
activated for 10 cycles at 0.113mA (0.1mAcm−2) between 0 and 0.5 V
(vs. Na/Na+) before testing. In each cycle, Na plating/stripping was
performed at 0.5, 1, and 3mAcm−2 to deposition capacity of 0.5, 1, and
3mAh cm−2, followed by stripping to 0.5 V vs. Na+/Na. Current density
was calculated based on the CNF area (1.13 cm2).

Symmetric cells. Na was pre-deposited on CNFs (12mm of diameter,
3.5–4mgcm−2, ~200μm thickness) in half cells using Na foil (~1mm
thickness) at 1 or 2mA cm−2 to capacities of 10, 50, and 100mAh cm−2.
Subsequently, these pre-deposited CNFs were then assembled into
symmetrical cells, cycled at 10, 50, and 100mA cm−2 for 1 h discharge/
1 h charge.

Sodium-metal full cells. Electrolytes were 200μL of 1M NaPF6 in
diglyme or 1MNaClO4 in ethylene carbonate, dimethyl carbonate, and
methyl ethyl carbonate (EC/DMC/EMC, 1:1:1 v/v) with 5% fluor-
oethylene carbonate (DoDoChem, ≥99.8%). Positive electrodes were
12mm diameter discs with the mass loading of about 1.1mg cm−2

(~40μm thickness). For negative electrodes, CNFs (12mm diameter,
~0.4mg cm−2, ~20μm thickness) were pre-deposited with Na at
1mA cm−2to 6mAh cm−2 before assembling full cells. Full cells were
charged/discharged at 1 or 2 A g−1 between 2 and 4 V.

Sodium-ion full cells. Positive electrodes (12mm diameter,
1.4mgcm−2, ~50μm thickness) were prepared as above. CNFs (12mm
diameter, ~2mgcm−2, ~100μm thickness) were pre-cycled in half cells
for 5 cycles between 0 and 2.8 V (vs. Na/Na+) at 0.5mA cm−2 before full-
cell assembly. Full cells were charged/discharged at 5 C between 2 and
4 V (1 C = 117mAg−1).

Anode-free full cells. Positive electrodes (12mm diameter,
8.5mg cm−2, ~300μmthickness).wereprepared as above. For negative
electrode side, CNFs (12mm diameter, ~0.4mg cm−2, ~20μm thick-
ness) were pre-cycled in half cells for 10 cycles at 0.565mAcm−2

between 0 and 0.5 V (vs. Na/Na+) before full-cell assembly, no pre-
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deposition of Na. And then, these CNFs and NVP (N/P ratio ~0.035)
were used to assemble the anode-free full cells. Full cells were charged/
discharged at the charge/discharge rate of 5 C, 10C, 20C between the
cell voltage of 2–4V (1C = 117mAg−1).

Anode-free pouch cells. Single-layer anode-free pouch cells were
assembled by pairing one NVP positive electrode (3 × 4 cm,
10.5mgcm−2, ~360μm thickness) with one CNF negative electrode
(3 × 4 cm, 0.4mg cm−2, ~20μm thickness) and a sandwich-structured
separator (Whatman GF/D, 3 × 4 cm) soaked in 1000μL of 1M NaPF6
dissolved in diglyme (N/P ratio ~0.039). The assembly was packaged in
Al-plastic films, with Al tabs (≥99.3%, Shenzhen Kejing STAR Tech Co.,
Ltd.) for the positive electrode and Ni tabs (≥99.6%, Shenzhen Kejing
STAR Tech Co., Ltd.) for the negative electrode. Gas release was per-
formed by evacuating to −95 kPa. For the negative electrode, CNFs
were mixed with acetylene black (Canrd Technology Co. Ltd.), and
poly (vinylidene fluoride) (PVDF, Kynar) in a weight ratio of 8:1:1, using
NMP (99.5%, Beijing Tongguang Fine Chemical Company) as solvent.
The slurry was prepared with a mortar with pestle in air (25 ± 10 °C),
cast onto Cu foil (>99.9%, 25μm thickness, HF-Kejing Materials Tech
Co., Ltd.) via a doctor blade, and dried at 100 °C overnight. CNFs were
electrochemically activated in half-pouch cells between0and0.5 V (vs.
Na/Na+) for 1 cycle at 0.1mAcm−2 without pre-deposition. For elec-
trochemical testing, full pouch cells were initially cycled at 0.5C for
five cycles, followed by cycling at 0.5 or 1 C between 2 and 4 V. Specific
capacity and current were calculated based on the NVP mass.

DFT calculations
Periodic spin-polarized DFT was applied to calculate changes in ato-
mistic and electronic structures of the models for carbon hosts under
the influence of sodium by using the plane-wave pseudopotentials63,64

associated with the exchange-correlation formed by
Perdew–Burke–Ernzerhof (PBE)65,66 in the Vienna Ab initio Simulation
Package67. The treated valence electrons for the C, O, N, Sn, and Na
atoms are 2s22p2 (ZVAL = 4.000), 2s22p4 (ZVAL = 6.000), 2s22p3

(ZVAL = 5.000), 5s25p2 (ZVAL = 4.000) and 3s1 (ZVAL = 1.000), respec-
tively. 3 × 3 × 1 Monkhorst-Pack k-point grid for the structural optimi-
zation and 5 × 5 × 1 mesh for the electronic structure calculations are
set for the Brillouin zone samplingwith the cut-off energy of 520 eV for
plane wave expansion of the wave functions68. The convergence cri-
teria for each self-consistent field cycle was set to 10−5 eV for total
energy. The convergence criterion for each geometry optimization
was set to 0.001 eV/Å for ionic forces.

A 5 × 5 supercell of graphene containing 50 C atoms was selected
as the pristine model. Six models (i.e., C44N3O, C44N2O2, C44NO3,
C44N3OSn, C44N2O2Sn, C44NO3Sn) are constructed and optimized
basedon it, according to the element ratio obtained fromexperiments.
A vacuum region of at least 20Å in the z-direction was constructed on
the primary structural model and adsorption configurations to mini-
mize the adjacent image interactions. Density of states and PDOSwere
calculated to quantify contributions from atomic orbitals to band
structures. The adsorption energy (Ead) of Na atom on C44OxNySn and
C44OxNy host was defined as:

Ead = ENa�host � Ehost � ENa ð1Þ

where ENa-host and Ehost are the total energies of the corresponding
hosts with and without adsorbed Na atom, respectively. ENa is the
average energy of metal Na.

To analysis the metal-support interaction, we performed Bader
charge analysis on the converged charge densities. In addition, we
constructed charge-density differencemaps to further analysis charge
transferred upon Na adsorption by subtracting the charge densities of
Na atoms and each two-dimensional host without Na from the

corresponding hosts with adsorbed Na atom.

Δρ=ρNa�host � ρhost � ρNa ð2Þ

where ρNa�host is the charge density of hosts with Na atom, ρhost is the
charge density of two-dimensional hosts without Na atom, and ρNa is
the charge density of Na atom.

Computational details for ab initio molecular dynamics
simulations
The AIMD simulations in this work were conducted within the DFT,
utilizing the Vienna Ab-initio Simulation Package63. The PBE form of
generalized gradient approximation was selected as the exchange-
correlation functional67. A plane-wave energy cutoff of 282 eV was
chosen, along with the following projector augmented wave pseudo-
potentials: Sn_PBE (5s25p2) for tin, C_s (2s22p2) for carbon, N_s (2s22p3)
for nitrogen, O_s (2s22p4) for oxygen, Na (3s1) for sodium, and H_s (1s1)
for hydrogen65. A Monkhorst-Pack mesh with a k-point spacing of
approximately 2π/30 Å−1 was employed with the supercell size is about
25 × 26 × 38Å3. The simulationswere carriedoutwith a time stepof 1 fs
for 13 ps under the canonical ensemble at an elevated temperature of
400K. To model the Na deposition, Na atoms were gradually and
randomly introduced into the system. We used hydrogen atoms to
saturate the dangling bonds in 3N-Omodel, due to the dangling bonds
were unstable, and hydrogen was ubiquitous in the experiment69.
Additionally, considering that the valence of Sn in 3N-Sn-O model was
+2 by Bader charge analysis, twohydrogen atomswere employed here.

Data availability
All data generated in this study are provided in the Supplementary
Information/Source data file. Source data file has been deposited in
Figshare under accession code DOI link70.
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