nature energy

Article

https://doi.org/10.1038/s41560-026-01974-2

Durable alloy anode for Na-ion batteries with
high volumetric energy density

Received: 3 April 2025

Accepted: 6 January 2026

Published online: 16 February 2026

% Check for updates

Zhao Chen®"?¢, Yuqi Li®'*°%, Liqgi Wang'?, Jiao Zhang"?, Rongbin Dang"?,

Hailong Yu'?, Bowen Wang ®", Chunliu Xu', Huajun Li*%*?, Yuting Li', Yu Li*%3,
Lin Zhou', Fei Xie®'
Xuejie Huang ®'?, Liquan Chen"? & Yong-Sheng Hu ® 234

, Ruijuan Xiao®'"?, Yaxiang Lu®'?, Hong Li®'?,

Alloy anodes can offer high energy densities of Na-ion batteries (NIBs) but
suffer from poor cycling performance. Conventional strategies to mitigate
the volume expansion often sacrifice the capacity delivery and material
scalability, while the underlying mechanisms governing the cycling stability
and practical applicability remain unrevealed. Here we design a scalable
micrometre-scale Sn anode for ampere-hour-level NIBs, which delivers

a high volumetric energy density of 453 Wh 1™ and realizes fast charging
(~15 min) over 600 cycles. Notably, the Sn-based cell exhibits superior
low-temperature performance compared with the LiFePO,/graphite cell.
Multiscale characterizations combined with machine learning-assisted
quantitative analyses reveal that the adequate and continuous topological
morphological evolution of the Sn particles, synergistically reinforced

by the cross-linked networks of single-walled carbon nanotubes, ensures
stable electrical connection and high active material utilization throughout
the cyclelife. This work clarifies the structure-stability-performance
correlation of alloy-based anodes and highlights their great potential for
next-generation high-energy NIBs.

Na-ion batteries (NIBs) have entered a critical stage of commercial
developmentbased ontheir great potentialin large-scale energy stor-
age and electrical heavy trucks. However, the space and volume require-
ments of these application scenarios put forward higher demand on
not only the mass energy density but also more on volumetric energy
density. Toachieve this goal, alloy-based anodes such as Sn present as
apromising candidate. Inaddition to having high theoretical capacity
and compacted density, they are safer and easier to handle than the
metallic Na anodes, and can be prepared under air, which are com-
patible with existing production lines, thus showing better practical
prospects'’. However, the Sn anodes are suffering from poor cycling
stability. The substantial volume change during cycling leads to gradual

particle pulverization®, resulting in the sluggish dynamics and severe
capacity fading* %% Moreover, the insufficient Mohs hardness of Sn
can cause spontaneous agglomeration during slurry preparation, hin-
dering the potential of practical cell fabrication.

In reality, the core of the serious capacity fading of alloy-based
anodesis not the volume expansionitself, but the derivative formation
ofelectricalisolated ‘dead’ particles uponthe volume expansion, lead-
ing to the electrical connection lossamong the active particles and the
pulverization of the electrodes. Numerous studies have explored vari-
ous modificationstrategies, such as nano-sizing particles’®, designing
specialmorphologies’ ™, compositing with carbonaceous matrix'* %,
optimizing electrolytes’*and incorporating new binders**, which
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can mitigate the volume expansion, reduce strain accumulation and
optimize the solid electrolyte interphase (SEI), thus enhancing the
cycling stability. Itis also evidenced that the dead particles can be effi-
ciently recovered by optimizing the charging/discharging protocols,
which have been attracting increasing attention” >, Nevertheless,
these approaches would more or less introduce trade-offs such as
sacrificed capacity, low initial Coulombic efficiency (ICE) and complex
synthesis processes. Although some of these strategies have been suc-
cessfully verified for alloy anodes such as Siin practical Li-ion batteries
(LIBs), the heavier Na*ions as well as the larger volume expansion of
Sn (420%) than that of Si (280%) bring more severe challenge for NIBs.
How to use a simple method to make the alloy-based anode undergo
sufficient sodiation/desodiation to exert its capacity and meanwhile
provides robust support for the particles to prevent them from elec-
trical isolation during the morphological and structural evolution is
of great importance to balance the high capacity and long cycle life.
Constructing conductive confining networks during the electrode
fabrication (for example, assisted by carbon nanotubes®** and so
on) is benefit from relatively easy production. Current studies can
mostly achieve the optimization of the alloy anodes at the gram level
and obtained improved electrochemical stability in coin-type cells,
whileitis urgent tounderstand the performance tailoring mechanism
and put step forward the scalable, stable and high-loading Sn anodes
towards practical high-energy Ah-level NIBs.

Herein, by leveraging the strong adsorption between single-walled
carbon nanotubes (SWCNTs) and crystal plane of micrometre Sn,
the constructed cross-linked networks can effectively confine the
Sn particles, promoting the superior specific Na storage capacity of
789.4 mAh g™ and 87.6% capacity retention after 6,000 cyclesat2 Ag™.
Profiting from the excellent mechanical stability without particle
agglomeration, the Snanode can be scaled up to kilogram level witha
high active material ratio of 92%. The assembled Ah-level NIB delivers
~75% capacity retention after 600 cycles between 1.5V and 3.8V as
well as high volumetric and mass energy density over 435 Wh 1 and
200 Wh kg™ between1Vand 4.1V, respectively. The low-temperature
performance of the Sn-based pouch cell also surpasses the commercial
LiFePO,/graphite battery. Combining the structural characterization
with computational study and machine learning with statistical analy-
sis, the superior performance and stability of the micrometre Snanodes
are contributed fromadequate topological morphological evolution of
the Sn particles with high active material utilization during the cycling
owingtotherobust supportandsustained electrical connectivity from
the optimized conductive three-dimensional (3D) networks (Fig. 1).
This study provides insight into the role of topological morphologi-
calevolutioninalloy-based anode particles and presents an effective,
scalable strategy to stabilize these anodes using supporting conduc-
tive networks, advancing practical applications of next-generation
high-energy NIBs.

Building cross-linked networks within
micrometre Sn particles
The micrometre Sn was selected for this study consideringits smaller
surface area, higher compacted density and lower cost**** com-
pared with the nano-sized Sn. The particle size and basic structures
of the pristine Sn powders are shown in Supplementary Fig. 1. Since
the discovery by lijima in 1991°**, CNTs with excellent mechanical
and electrical properties®**° can bring high areal loading, improved
dynamics and enhanced cycling stability for electrodes™***'. There-
fore, theanode was fabricated with 92 wt% micrometre Sn, 2% SWCNTs
(Supplementary Fig.2) and 6% carboxymethyl cellulose (CMC) binder
(9226-SWCNT). Compared with the anode using conventional acetylene
black (9226-AB) inFig. 2a, the Sn particles canbe well encapsulated by
the SWCNT networks (Fig. 2b,c and Supplementary Fig. 3).

Because of the low Mohs hardness of 1.5 for Sn (ref. 42), cold weld-
ing occurs commonly under external forces* during the electrode

slurry stirring, causing micrometre Sn particles to agglomerate
into larger sizes when using conventional conductive carbon such
as AB (Fig. 2d, and Supplementary Figs. 4 and 5a,d,g,i,k), which is
one of the biggest problems of the unsatisfactory performance of
Sn anode. Even if the ratio of AB increases to 20 wt% while that of Sn
decreases to 70 wt% (721-AB), such agglomeration s still unavoidable
(Supplementary Fig. 5b,e). However, previous studies have shown that
process control agents (PCAs) adsorbed onthe surface of particles can
effectively lower the surface tension and minimize the cold welding*.
The SWCNTSs can act as PCA (Supplementary Fig. 4a) to effectively
impede the agglomeration (Fig. 2e and Supplementary Fig. 5¢,fh,j,1).
The high-resolution transmission electron microscopy (HRTEM)
images of theinitial electrodes also verify this finding, which isshown
inSupplementary Fig. 6.

Toclarify the effect of SWCNTs as PCA to inhibit the agglomeration
of Sn particles, the first-principle calculation was performed. On the
basis of the B-Sn surface energy data**¢ and the Gibbs-Wulff crystal
growthlaw* reported by Sellers et al. and Eckold et al., we constructed
an equilibrium Wulff crystal structure of the Sn electrode (Fig. 2f),
and the occupancy of the individual exposed crystal planes was cal-
culated (Supplementary Table 1). Subsequently, we built a model of
the Sn electrode surface structure (Supplementary Fig. 7a) centred
around the (211) plane, which has the highest exposure percentage at
79.53%. We then carried out structural optimization using selective
dynamics. The optimized Sn particle surface structure model was
used to study the adsorption of the foreign Sn atom and the SWCNT
(Supplementary Fig. 7b). As shown in Fig. 2g,h, it is revealed that the
SWCNTSs reduce more system energy (0.778 eV/Ny,ngs) than foreign
Snatoms (0.011 eV/Ny,ngs), suggesting that SWCNTs are more likely to
adsorb onto the Sn particle, preventing the adsorption of foreign Sn
atoms and subsequently inhibiting the agglomeration. Remarkably,
unlike the formation of alarge number of dislocationsinside the micro-
metre Sn particles of 9226-AB, the SWCNTs in 9226-SWCNT can well
cross-link with the CMCbinder, uniformly encapsulating the microme-
tre Sn particles and serving as a protective layer on the micrometre Sn
surface, as proved by the Fourier transform infrared (FT-IR) spectra*s*°,
scanning electron microscope (SEM), TEM and scanning transmis-
sion electron microscope (STEM) images (Supplementary Figs. 8-11).
Besides, all the Snanodes were subjected to 180° peeling tests, and the
9226-SWCNT is able to withstand higher peeling strength (Fig. 2i and
Supplementary Fig.12), whichindicates that the cross-linked networks
can also provide high mechanical stability of the 9226-SWCNT.

Superior stability 0of 9226-SWCNT ensured by the
cross-linked networks

After the construction of homogeneous and mechanically stable elec-
trodes by SWCNT cross-linked networks, the electrodes were assembled
into half cells to further evaluate the electrochemical properties. The
9226-SWCNT demonstrated the highest capacity of 789.4 mAh g™ with
animpressive ICE 0f 89.5% at 0.1 A g and the best rate capability of
766.0 mAhg'at2 A g (Fig. 3a,b). By contrast, 9226-AB exhibited a
lower capacity of only 123.7 mAh g with an ICE of 14.4% at 0.1A g™,
while the rate performanceis miserable. The 721-AB also shows unsat-
isfied capacity of 550.2 mAh g™ with an ICE 0f 80.8% at 0.1A g and
430.7mAh g™at2 A g. Asshownin Fig.3c, 9226-SWCNT also exhibits
remarkable specific capacity of 654.5 mAh g after 6,000 cycles atacur-
rentdensity of 2 A g, corresponding to an impressive capacity reten-
tion of 87.6%. By contrast, 9226-AB shows ignorable reversible capacity,
while the 721-AB still delivers much lower capacity than 9226-SWCNT
and requires an activation process of nearly 150 cycles with a sudden
capacity drop after 500 cycles (Fig. 3¢). Notably, the ratio among the
active material, the conductive carbon and the binder of 7:2:1is com-
monly used in recent studies for the Sn anode'®**°*, and such low
content of active material will cause decreased energy density. Insuf-
ficient conductive carbon additives (such as 9226-AB) usually lead to
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Fig.1| The SWCNT-incorporated micrometre Sn anode with the cross-linked
networks. The network reinforces the adequate topological morphological
evolution and maintains continuous mechanical and electrical connections
among Sn particles during cycling. The central image illustrates that the SWCNT
cross-linked network uniformly encapsulates the micrometre Sn particle.

The three images on the left respectively indicate that the SWCNT network (i)

SWCNT
3D cross-linked network
CMC

Achieving high Sn utilization

Micrometre Sn particle

promotes the topological morphological evolution of Sn particles, (ii) mecha-
nically reinforces the particles to maintain reliable electrical contact and (iii)
enhances electronic conductivity. The right image shows that micrometre Sn
particle undergoes pronounced morphological evolution upon repeated cycling,
during which the SWCNT network achieves high Sn utilization.
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Fig. 2| Formation and protection of the SWCNT cross-linked networks on
micrometre Sn particles. a,b, SEM images of the micrometre Sn particlesin
9226-AB (a) and 9226-SWCNT (b) pristine electrodes. ¢, Schematic diagram of
the SWCNT network encapsulating micrometre Sn particles. d,e, Photographs
0f9226-AB (d) and 9226-SWCNT (e) pristine electrodes. The large reflective dots
represent the agglomeration of Sn particles, and the surface of 9226-SWCNT is
smoother with less agglomeration than 9226-AB. The inset ind shows annular
bright-field-scanning transmission electron microscopy (STEM) images for 9226-

AB.Theyellow linesinside represent atomic layers. Stacking fault can be seenin
several atomic layers in the centre of the figure. The inset in e shows high-angle
annular dark-field STEM image for 9226-SWCNT. f, The equilibrium Wulff shape
ofthe Sn crystal particle obtained based on surface energy calculations. g,h, The
adsorption scenarios of the foreign Sn atom (g) and SWCNT (h). The chemical
bonds are represented in black. Surface energy reduction values are labelled at
the bottom of the graph. i, The peel strength of 9226-AB, 721-AB and 9226-SWCNT
pristine electrode measures by 180° peel testing.

inferior capacity with inferior rate and cycling performance owing to
the poor electronic conductivity (Supplementary Fig. 13). However,
SWCNTs well solved this dilemma. The advance of SWCNT is further con-
firmed by comparing it with other popular conductive agents as shown

in Supplementary Fig. 14. Compared with other studies of Sn-based
anode for NIBs, 9226-SWCNT achieves the most robust electrochemical
performance so far, exhibiting remarkably high current density, high
specific capacity and extraordinary cycling life (Supplementary Fig. 15
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Fig. 3| Electrochemical and thermal performance of micrometre Sn electrode.
a, Galvanostatic initial discharge/charge curves of all samples at a current
density of 0.1A g™ b, Rate capability of all samples from0.1A g t02.0A g™,

¢, Cycling performance 0f 9226-SWCNT, 9226-AB and 721-AB at a current

density of 2.0 Ag™. d, Schematic diagram of different effects of SWCNT and
ABonthe Sn particles. e,f, Quantitative analysis of potential value distribution

on the surface. The root mean square roughness R, of the surface potential of

Temperature (°C)

9226-SWCNT (e) and 9226-AB (f) is 0.0125V and 0.0930 V, respectively. g, The
SEMimage of 9226-SWCNT electrode after 200 cycles. h, DSC profiles of the
sodiated 9226-SWCNT and 9226-AB after the first discharge process. i, Water
soaking safety test for sodiated electrodes. The real photos of the corresponding
sodiated electrodes and separators are on the left and right side, respectively.
The green dashed line indicates the reaction products of 9226-AB with water.

and Supplementary Table 2). Notably, under the assistance of SWCNT
cross-linked networks, the mass loading of the micrometre Sn anode
canreach maximum13.4 mg cm™, corresponding to a high areal capac-
ity 0f 9.9 mAh cm™(Supplementary Fig.16 and Supplementary Table 3).

The different effects of SWCNT and AB on the electrochemi-
cal stability of the Sn anodes are illustrated in Fig. 3d. It is also note-
worthy that the failure of AB to uniformly wrap Sn particles results
in the contact mode between the two parts that is dominated by
point contact (Supplementary Fig. 17a-f). In comparison, spontane-
ously adsorbing of SWCNTs on micrometre Sn particles (Fig. 2f,g)
ensures dense face contact and efficient electrical connection® in
the SWCNT among Sn particles (Supplementary Fig. 11). Except for
the difference between intrinsic conductivity of SWCNT and AB, the
conductivity of face contact is much better than that of point contact
(Supplementary Fig.17g). The improvement in electrical connection
is also accompanied by the homogenization of the electric field dis-
tribution® as proved by Kelvin probe force microscopy (Fig. 3e,f and
Supplementary Fig. 18), which accelerates the directional shuttle of
Na‘*ions. Accordingly, the morphological evolution process of micro-
metre Sn is ultimately different. The 9226-SWCNT electrode acceler-
ates the evolution of the particles towards coral-like morphology,

leading to the highest capacity and continuous electrical connection
duringthe cycling (Supplementary Fig.19a-c). By contrast, the micro-
metre Sn particles with AB remain dense chunks and aggregate to
lose connection among each other (Supplementary Fig.19d,e). X-ray
micro-computed tomography (u-CT) further demonstrates that a
majority of micrometre Sn active particles in 9226-SWCNT undergo
morphological transformation during cycling, transforming from
dense spheres (bright region) to porous coral-like structures (dark
region) as shown in Supplementary Fig. 20. Such coral-like morphol-
ogy can also facilitate better kinetics owing to the porous structures
and larger surface area that leads to better electrolyte wettability
(Supplementary Fig. 21) and more Na* ion diffusion channels, repre-
sented by the higher ionic conductivity with the average diffusion
coefficient of Na*ions in 9226-SWCNT than both 9226-AB and 721-AB
(Supplementary Fig. 22). This was also verified by the electrochemi-
cal impedance spectroscopy (EIS) and cyclic voltammetry results so
that lower impedance and higher reversibility could be obtained in
9226-SWCNT (Supplementary Figs. 23-25).

Although the Sn anode in ether-based electrolytes does not
suffer from particle pulverization as in ester-based electrolyte®*
(Supplementary Fig. 26), one of the intrinsic reasons of capacity decay
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Fig. 4| Topological morphological evolution and exposure effect. a, Scheme
oftopological structure analysis of micrometre Sn particles. b, Plot of degree
oftopological evolution (expressed as the 3,) versus degree of exposure effect
(expressed as the area percentage of the exposed Sn) and the specific capacity

of micrometre Sn particles cross-linked with 2%/4% SWCNTs in NIBsunder2A g™
cycling. ¢, The cross-section SEM image of amicrometre Sn particle representing
the exposure effect under SWCNT cross-linked network encapsulation. d, Scheme

ofthe exposure effect study of micrometre Sn particles through machine learning.
e, Pearson correlation coefficients among various cycle number, specific capacity,
area percentage of exposed Snand 8, 0f 9226-SWCNT and 9046-SWCNT. The
Pearson correlation coefficient is anindex for linear relationships. The values
liebetween -1 (perfect negative) and 1 (perfect positive), with 0 signifying
uncorrelated data. Eachnumber in the grid represents the Pearson correlation
coefficient between particular two variables.

for the Sn-based anodesis theloss of electrical connection among the
wholeactive particles during cycling, so that the deactivated Snor ‘dead
Sn’forms and the ratio of active Sn decreases (Supplementary Fig. 27),
resultingin thereduction of Sn utilization. The SWCNTs functioned as
amesh® to encapsulate the active micrometre Sn particles, forming 3D
conductive matrix (Fig. 3g). Inaddition, this 3D network also provides
anchoring of the micrometre Sn particles, promising the 9226-SWCNT
with no detachment after cycling (Supplementary Fig. 28).

The interface of the Sn-based anodes was also investigated via
X-ray photoelectron spectroscopy (XPS) for 9226-SWCNT and 721-AB
(9226-AB s excluded from comparison owing toits poor electrochemi-
calperformance). The F Isspectrain 9226-SWCNT reveal a higher con-
tent of NaF, especially on the surface layer (Supplementary Fig.29a,b).
Conversely, 721-AB has only a few amounts of NaF at inner layers but
almost no NaF at the surface layer instead of dominating by P-F bonds.
The Clsspectrum® 0f9226-SWCNT reveals alower content of Na,CO,
butahigher content of organicspeciesatboththe surfaceandinnerlay-
ers of the SEI, whichis opposite to 721-AB (Supplementary Fig. 29¢,d).
The ideal combination of the SEI in 9226-SWCNT dominated by NaF
and organic components® with trace amounts of unstable Na,CO,
provides exceptional flexibility and strength, making it highly suitable
for Sn-based anode stable cycling.

In addition to the electrochemical stability, the fully sodiated
9226-SWCNT also demonstrates enhanced thermal stability compared
with 9226-AB, as evidenced by its higher decomposition temperature
andreduced exothermicbehaviour (Fig. 3h and Supplementary Fig. 30).
Itisalsofound that the sodiated 9226-SWCNT has the gentlest reaction

without any smoke and fire when soaked in the water compared with
9226-AB and pure Sn foil (Fig. 3i and Supplementary Note 1).

In short, the superior performance and stability of 9226-SWCNT
can be attributed to the established 3D conductive matrix and
cross-linked networks by the assistance of SWCNTSs. These ensures
the optimized morphology and interface evolution, uniformed electric
field distribution, higher Na* ion kinetics and continuous electrical
connection among Sn particles, which maintains always adequate Sn
utilization during the whole lifespan.

Topological morphological evolution of the Sn
particles during cycling
Considering the superior advantages of SWCNTSs, the effect of differ-
ent SWCNT contents on the electrochemical properties was investi-
gated. Itis expected that using 0.2 wt%and 0.6 wt% SWCNTs (SWCNTs
and AB were mixed together into the anodes to keep the total ratio of
the conductive carbons at 2 wt%) led to inferior capacity especially
at high current densities (Supplementary Fig. 31). However, albeit
similar reversible capacities are delivered at a low current density
of 0.1A g™, the Sn anode with an increased SWCNT ratio to 4 wt%
(9046-SWCNT) shows deteriorated rate and cycling performance
(Supplementary Fig. 31b,c). This suggests that the electrochemical
performance of Sn-based anode cannot be solely dependent on the
electrical conductivity by mixing more conductive additives.

Taking into account the 9226-SWCNT and 721-AB, their capac-
ity difference is strongly influenced by the coral-like morphological
evolutioninduced by repeated sodiation/desodiation with volumetric
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‘expansion-contraction’ during cycling, which represents the Sn
utilization. Therefore, the coral-like morphological evolution was
quantitatively investigated to verify its effect on the electrochemical
performance 0f9226-SWCNT and 9046-SWCNT. Asillustrated in Fig. 4a,
the formed holes during the evolution of coral-like morphology can
beinterpreted as atopological behaviour, quantified by the first Betti
number (8,)*, whichserves as anindicator of the total number of closed
holes. Higher S, represents more thorough topological morphological
evolution. Tofacilitate the determination of §,, skeletonized topologi-
cal equivalence analysis®”*® was performed on SEM images at various
cycling stages. As depicted in Fig. 4b and Supplementary Figs. 32-34,
9226-SWCNT has higher §,than 9046-SWCNT during the cycling, indi-
catingamore adequate topological structure and faster evolutionary
process. These factors account for their observed capacity difference
during cycling.

Why does 9046-SWCNT, despite its higher SWCNT ratio, fail
to undergo adequate topological morphological evolution and
achieve effective Sn utilization during the cycling? Initially, the
micrometre Sn particles in the electrode are partially embedded
and shielded by the SWCNT-CMC cross-linked networks (Fig. 4c and
Supplementary Fig. 35). Only the exposed particles efficiently partici-
pate in the Na storage process. By contrast, the embedded particles
exhibit reduced activity from limited electrolyte contact, resultingin
inadequate topological morphological evolution and worse ion diffu-
sion ability compared with 9226-SWCNT (Supplementary Figs. 21, 36
and 37). The conversion from the embedded to exposed Sn, driven by
the sodiation-induced expansion during the cycling, is also necessary
to provide more active Sn for the Na storage process to ensure high
utilization of active material. Notably, the capacity disparity caused by
exposure effect even cannot be fully eliminated through the low-rate
activation process (Supplementary Fig. 38).

To verify the above hypothesis, we captured the SEM images
of the Sn anodes at desodiated status after 300 cycles. By manually
pre-labelling asmall number of regions as demonstration, the exposed
Sn and substrate regions of the electrodes in all SEM images were dis-
tinguished by machine learning* as showninFig. 4d. The percentage of
theareaoccupied by exposed Sn can be obtained by statistical analysis
(Supplementary Figs. 39-41). It is found that the area percentage of
exposed Sn for 9226-SWCNT is higher than that of 9046-SWCNT, and
theincreasingrate of the area percentageis also higher for the former
during the cycling (Fig. 4e), which coincides with the XPS spectrumthat
the Sn atom ratio 0of 9226-SWCNT is higher than that of 9046-SWCNT
(Supplementary Fig. 42). This means that an optimal SWCNT con-
tent ensures more exposed active Sn particles and facilitates the con-
version from embedded ones to exposed active species during the
cycling, which is analogous to the seed to break out of the ground
(Supplementary Fig. 43). The exposure effect is also suitable for the
Sianode in LIBs, which will be discussed in Supplementary Note 2.

The Pearson correlation analysis of cycle number, specific
capacity, area percentage of exposed Sn, and S, of 9226-SWCNT and
9046-SWCNT in the first 300 cycles are shown in Fig. 4e. The values
0f 0.981in 9226-SWCNT and 0.953 in 9046-SWCNT demonstrate the
strong linear correlation between specific capacity and the area per-
centage of exposed Sn. Consequently, the lower capacity observed
in 9046-SWCNT compared with 9226-SWCNT is attributed to less
adequatetopological morphological evolution (smaller 8,) and lower
area percentage of exposed Snso that the utilization of active Snfor the
Na storage is limited during the cycling, thus leading to lower capac-
ity retention (poorer cycling stability). After an in-depth study of the
statistical correlation between the four indicators, f3;, area percent-
age of exposed Sn, specific capacity and cycle number, respectively,
the growth correspondence between each two indicators is constant
(Supplementary Fig. 44). In other words, it is possible to predict the
specific capacity with the area of exposed Sn particles and their topo-
logical morphological evolution of Sn anodes in later cycling.

It is now reasonable to conclude that the superior Na storage
performance of 9226-SWCNT can be attributed to the sufficient sodia-
tion/desodiation of the Sn particles with topological morphological
evolution during the whole cycling process. The optimized cross-linked
networks with proper SWCNT content ensure continuous electrical
connectivity among the Sn particles, facilitating efficient electronic
transport. Simultaneously, theimproved contact between the exposed
Snparticles and the electrolyte can promote abundant ionic transport.
Moreover, the SWCNT networks can provide robust support toimpede
the mechanical/electricalisolation of the micrometre Sn particles and
the pulverization of the electrode (Supplementary Figs. 26 and 27) dur-
ing the complete topological morphological evolution, thus keeping
the high utilization of active material.

Scaling up the Sn anode for Ah-level NIBs

To evaluate the practical performance of the Sn anodes, 9226-SWCNT
was assembled with Na[Cu,xNi,,Fe,sMn,;;]0, cathode to construct
coin-type full cells and investigate the electrochemical performance.
Theinitial discharge capacity of the full cell reaches 115.2 mAh g™ (based
on cathode) at 20 mA g with a highICE of 82.6% and excellent cycling
performance over 350 cycles at 0.2 A g™ with a capacity retention of
82.2% (Supplementary Fig. 45).

To further explore the potential of Sn-based anode for practical
applications, the first Ah-level pouch cells using Na[Cu,,xNi,sFe; sMn, 5]
0, and 9226-SWCNT were fabricated. During the slurry prepara-
tion process, the micrometre Sn particles were well protected by
SWCNTSs during stirring, without any agglomeration (Fig. 5a and
Supplementary Fig. 46). Benefiting from the high compacted density
ofanode, the pouch cell shows the capacity of 2.7 Ahand achieves high
energy density over 200 Wh kg™/453 Wh " and 190 Wh kg™/430 Wh1!
(Fig. 5b and Supplementary Fig. 47) between 1V and 4.1V under the
current of 0.1 A and 0.3 A, respectively, much superior than that of
150 Wh kg™/256 Wh I (volumetric energy density boosted by 76%) for
the pouch cellsbased on hard carbon anode (Supplementary Fig. 48),
whichisintheleading positionamongreported Ah-level NIBs, even sur-
passing the LiFePO,/graphite commercial LIBs (Supplementary Fig. 49
and Supplementary Table 4). It is also shown in Fig. 5c that the pouch
cell with 9226-SWCNT anode maintains nearly 75% of its capacity after
600 cycles at a current of 8 A (<15 min charge, 4 C) between 1.5V and
3.8 V. The energy densities of the cell can still achieve 134 Wh kg™ and
303 Wh I undersuch high rate. By contrast, the commercial LiFePO,/
graphite Ah-level cell exhibited a capacity retention of only 32% after
600 cycles (Supplementary Fig. 50). The Sn-based cell also exhibits
superior low-temperature performance to that of the commercial
LiFePO,/graphite cell. The discharge capacity retention at —20 °C
(charged at roomtemperature) canbe 65.6%, whichis much higher than
47.6% for the LiFePO, system. When charged and discharged both at
—-20 °C, the Sn-based cell canstill deliver 61.2% of its room-temperature
capacity with stable cycling, while the LiFePO,-based cell shows
almost no performance (Fig. 5d,e, Supplementary Fig. 51 and
Supplementary Table 5). These results indicate the feasibility of the
scale-up ofthe 9226-SWCNT electrode and the applicationin Ah-level
cells, promising the great potential of next-generation high-energy
NIBs using alloy-based anode.

Conclusion

In summary, assisted by the incorporation of SWCNTs, we have dem-
onstrated a scalable, stable and high-loading micrometre Sn anode
with a high active material ratio of 92 wt%. The cross-linked networks
formed by the SWCNTSs can prevent the loss of electrical connection
and provide strong adhesion for the Sn particles during deep topo-
logical morphological evolution, which guarantees the high capacity
delivery of the Sn anode with superior mechanical, thermal and elec-
trochemical stability. This anode achieves a high reversible specific
capacity and impressive cycling stability over 6,000 cycles at acurrent
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Fig. 5| Practical performances of the prepared micrometre Sn anode in Ah-level
NIBs. a, The real photos of the Ah-level pouch cell production process. Slurry
dispersion, coating, drying and calendering process of 9226-SWCNT electrode
and Sn-based multi-layer NIB pouch cell. b,c, The electrochemical performance

of the Na[Cu,,yNi,sFe;;sMn,;;]0,/9226-SWCNT Ah-level pouch cell. Galvanostatic
charge/discharge curve of the pouch cell atacurrent of 0.1 Abetween1V

and 4.1V (b). Cyclic capability of the Na[Cu,,Ni,sFe;sMn,;;10,/9226-SWCNT
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performance of the Na[Cu,,xNi,sFe; ;Mn,5]0,/9226-SWCNT NIB pouch cell. RT
represents room temperature, while char. and dischar. represent charge and
discharge, respectively. Comparison of discharge curves at 0.4 A under different
temperature conditions (d). Charge-discharge curves of Na[Cu,xNi,sFe;;Mn,;]
0,/9226-SWCNT Ah-level cells over the first 50 cycles at —20 °C (e).

density of 2 A g™'. The Sn-based Ah-level NIB pouch cell with Cu-based
cathode delivers 2.7 Ah capacity and exceptional volumetric energy
densities over 453 Wh [ between 1V and 4.1V with nearly 75% capac-
ity retention after 600 cycles between 1.5V and 3.8 V at a high rate of
4 C. The low-temperature performance of the Sn-based pouch cell
is also superior to that of the LiFePO,/graphite cell. This work offers
importantinsight into achieving excellent capacity, rate capability
and cycling stability in practical alloy-based anodes by ensuring high
active material utilization via continuous and adequate topological
morphological evolution that is supported by robust mechanical and
electrical connections. These findings highlight the great potential of
next-generation high-energy NIBs.

Methods

Electrochemical preparation and electrochemical measure-
ments

For anode materials of coin-type cell, the commercial pure micro-
metre Sn powders (Sigma-Aldrich, 99.80%) and carbon-based con-
ductive additive materials SWCNT (Tuball, OCSiAl) or AB (Alfa Aesar)
are dispersed into water using sodium CMC (Grade 2200, Daicel)
as binders (mass ratio of micrometre Sn:SWCNT:CMC = 92:2:6
and 90:4:6, Sn:SWCNT:AB:CMC = 92:0.2:1.8:6 and 92:0.6:1.4:6 or
micrometre Sn:AB:CMC = 92:2:6 and 70:20:10 coating on Al foil).
The layered O3-type cathode (mass ratio of Na[Cu,,,Ni,,sFe;;Mn, ;]
0,:AB:PVDF =93.5:3.5:3 coating on Al foil) was provided by HiNa Battery
Technology. The electrolyte is 1M (mol 1) NaPF, (Kishida Chemical,
99%) dissolved in diethylene glycol dimethyl ether (Sigma-Aldrich,
99.5%), labelled as1-G2.

Coincells (CR2032) were assembled inside aglovebox under the Ar
environment. The electrolyte volume for each cell was fixed at 100 pl.
The composite separator consisting of a Whatman GF/A glass fibre
layer and Celgard 3501 polypropylene nanoporous membrane was
used throughout this work. Pristine Sn-based electrode was punched

into discs with a diameter of 10 mm. The Na ingot (99.8%, Alfa) was
rolled into Na foil and cut into pieces as the counter electrodes with
a diameter of 12 mm. The half cell was prepared using pure Na metal
foil as a counter electrode, and pristine Sn-based electrode as the
anode. The loading masses of the Sn-based electrodes for half cells
werel.6 mgem? 2.4 mgem?, 3.4mgem>, 5.0 mgem? 83 mgcm™
and 13.4 mg cm?, respectively. The full cells were prepared using
Na[Cu,,Ni,,Fe; sMn,5]0,as the cathode and 9226-SWCNT as the anode.
The diameters of cathode and anode for full cell are both 10 mm, and
the corresponding negative/positive (N/P) ratio was controlled at about
1.05.1-G2 was used as the electrolyte for both half cells and full cells.
The current densities used for electrochemical testing in half cells are
0.1Ag"’,0.2Ag",0.5Ag",1.0Ag" and 2.0 Ag™, respectively, based
on the mass of Sn anodes. Note that the small-current pre-activation
process at 0.2 A g before the cycling test is not shown in Fig. 3c.In
the coin-type full cells, the areal loadings are 1.6 mg cm™ (anode) and
10.0 mg cm™(cathode), while the current densities are 20 mA g™ and
0.2 Ag™, respectively, based on the mass of cathode. Note that the
small-current pre-activation process at 20 mA g™ before the cycling
testisnotshowninSupplementary Fig. 45b. For Si-based anode materi-
als, the commercial pure micrometre Si powders (Zhongye, 99.90%)
and SWCNT are dispersed into water using sodium CMC (Grade 2200,
Daicel) as binders (mass ratio of micrometre Si:SWCNT:CMC = 85:6:9
and 70:12:18).

The operation temperature of all cells is ambient tempera-
ture (-35 °C). Galvanostatic charge-discharge measurements of all
coin-type cells were carried out using the NEWARE battery testing
system (CT-4008Tn-5V10mA-164). EIS test was performed onan IMé6e
Zahner electrochemical workstation over a frequency range from
1MHz to 100 mHz. Ex situ EIS curves of each half cell were recorded
whenthe cells were fully charged, which correspond to the 1st, 50th and
200th cycles between O Vand 1V ata current density of 2 Ag™. Cyclic
voltammetry curves were recorded by an Autolab 302 electrochemical
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workstation over the initial 3 discharge-charge cyclesin the potential
range of 0-1Vatscanratesof 0.1mVs™,0.2mVs?,0.5mVs™,1mVs?,
1.5mVs™2mVstand3mvs™

For the Ah-level pouch cell, the 9226-SWCNT and Na[Cu,,
Ni,,sFe;sMn,;]0, were prepared by the coating machine. First, the
composition of the anode (mass loading ~2.43 mg cm™) slurry was
92 wt% commercial pure micrometre Sn powder, 2 wt% SWCNT and
6 wt% CMC. Then, the electrode preparation used extrusion coating
on Al foil, followed by drying treatment at -60 °C and a calendering
process under pressure of 5-10 tons. The cathode slurry (total mass
loading ~16 mg cm™) contained 92 wt% active material. It was cast
onto Alfoiland subsequently dried under vacuum. The corresponding
N/P ratio is about 1.05. The electrolytes used for the Ah-level pouch
cellsare1-G2. Theelectrolyte was prepared and dried using molecular
sieves (Duoduo Chemical, 4 A)in a high-purity Ar-filled glovebox. The
LiFePO,/graphite batteries provided by Zhuoneng New Energy have
nominal specific capacity ~2 Ah.

The Ah-level pouch cells were assembled inadry room, sealed in Al
plasticfilmand comprised 9226-SWCNT anode, Na[Cu,,Ni,sFe;sMn,s]
0, cathode, Celgard 3501 membrane separator and the 1-G2 electrolyte
(2.5g Ah™). The cells were operated at ambient temperature (-35 °C).
Galvanostatic charge/discharge test was conducted on a NEWARE bat-
tery test system (CT-4008Tn-5V12A-S1). The currents used for the elec-
trochemicaltestare 0.1 A (for Fig.5b), 0.3 A (for Supplementary Fig.47),
0.4 A (for Fig. 5d,e) and 8.0 A (for Fig. 5¢c), respectively. The size of the
pouch cellis 79.9 mm x 65.0 mm x 3.3 mm (L x Wx H) before cycling.
The low-temperature performance of the Sn-based NIB and commer-
cial LiFePO,/graphite LIB were carried out by charging the cells at
room temperature or —20 °C and discharging at —20 °C. The pouch
cellwas tested under astabilized stack pressure of -23 kg during elec-
trochemical cycling. Volumetric energy density is calculated based on
the initial cell volume. Note that the activation (formation) process
using a smaller current of 0.4 A before the cycling measurement is
notshowninFig. 5c.

Characterization

Allelectrodes were disassembled from coin-type cellsunder Ar atmos-
phere, washed several times with1,2-dimethoxyethane and driedinan
Ar-filled transfer tube for ex situ tests. Powder X-ray diffraction pat-
terns were measured using a Bruker-AXS D8 ADVANCE diffractometer
with a Cu Ka radiation source. Morphology and energy-dispersive
X-ray spectra were investigated via a Hitachi-S4800 SEM. For acquir-
ing cross-section SEM images, the electrodes were processed using a
JOEL IB-19510CP cross-section polisher. Specimens for TEM and SEM
observations were prepared using a focused ion beam (FIB; Thermo
Scientific Helios 5 CX). Before milling the sample, a Pt protective layer
was deposited. As for SEMimages, the electrodes were cutinto1/4 disc
in Ar atmosphere. Following this, five distinct areas were selected on
each electrode using the five-point sampling method to obtain SEM
images. SEMimages were processed using image region segmentation
to differentiate micrometre Sn particles from the surrounding holes.
On the basis of the spatial distribution of these holes, the skeletoni-
zation®® of micrometre Sn particle structures was performed in Fiji
Image]) software (version 1.53t) to enable accurate hole counting and
determine the first Bettinumber. The exposed micrometre Sn particles
of electrode in SEM images were identified for analysis using machine
learning from Trainable Weka Segmentation plug-in in Fiji Image) soft-
ware (version 1.53t). The classifier of machine learning was trained to
discriminate the exposed micrometre Sn particles based on specific
contrast ranges in the images. The detailed operations can be found
inSupplementary Note 3. Then statistics analysis of machine learning
was performed to obtain the percentage of exposed micrometre Sn
particlearea. Pearson correlation coefficient was used torepresent the
degree of correlation between each two of these factors: cycle number,
specific capacity, percentage exposed micrometre Sn/Si particle area

and first Betti number. The formula of the Pearson correlation coef-
ficientis shown below:

D Y e ()
VS =X T (-7

@®

r

where X and ¥ are the average over the X; and ¥; samples. The fine
microstructure was obtained by using HRTEM (JEM 2100 plus). The
annular bright-field and high-angle annular dark-field images were
performed usinga STEM (JEOL ARM-200F) equipped with dual spheri-
cal aberration (Cs) correctors for both the condenser and objective
lenses. The high-angle annular dark-field detector was operated with
an acceptance angle range of 90-370 mrad. Optical microscopic
images were captured in a dark-field environment within a glovebox
atambient temperature, using a Leica DM6 metallographic microscope
equipped with a charge-coupled device camera. Wettability was
assessed using a DataPhysics OCA40 automatic contact angle instru-
ment. Toinvestigate the surface element chemical state, XPS (Thermo
Scientific) was used, utilizing an ESCALAB 250 Xi spectrometer with
Mg/AlKa X-ray source. FT-IR spectrawere recorded by aBruker VERTEX
70 V spectrophotometer in attenuated total reflection mode under
atmospheric conditions. Differential scanning calorimetry (DSC) was
performed using a NETZSCH STA 449F3 thermal analyser, heating
samples from room temperature to 500 °C at 10 °C min™under Ar flow.
Surface roughness and charge distribution were investigated with a
Bruker Multimode 8 atomic force microscope equipped with the ampli-
tude modulation-Kelvin probe force microscopy module operatingin
Peak Force Tapping mode. Using a single-pass scanning method, the
surface topography and potential pictures of the sample could be
obtained simultaneously. The conductive probe was SCM-PIT (0.01-
0.025 Q cmantimony (n) doped Si). The 3D submicrometre-scale struc-
tural state of the electrodes was observed by using X-ray pu-CT
(nanoVoxel-2000). Operating at a test voltage of 60 kV and a current
of 30 pA, this technique provided a spatial resolution of 500 nm. The
Bruker Skyscan 1276 with a minimum pixel size of 2.8 pm is also used
as a 1-CT for the characterization of the 3D structural state of elec-
trodes. The 180° peel strength test of electrodes was measured using
an electronic universal material testing machine (MTS Instron
CMT6103) in tensile mode under atmospheric conditions at ambient
temperature. The electrodes were fabricated by normal coating and
rolling process, and then cutting into rectangular shape with a size of
60 mm x 20 mm. The total mass loading of the electrode for peel
strength testing was in the range of 2.2-2.5 mg cm™. The electrode was
stretched at a rate of 10 mm min™ until complete separation of powder
and current collector. The force displacement curves were continu-
ously monitored. The electrochemical dilatometry (ECD) was meas-
ured by a pressure transducer (Chengying Transducer, HZC-T-200N)
under0.5Ag™.

Calculations
First-principles computations were carried out using the Vienna Ab
initio Simulation Package (VASP, version 5.4.4), in conjunction with
the projector augmented-wave approach for density functional theory
calculations. The exchange-correlation functional was treated within
the Perdew-Burke-Ernzerhof generalized gradient approximation.
A plane-wave cut-off energy of 520 eV was used, and I'-centred Monk-
horst-Pack k-point meshes of appropriate density were adopted for
Brillouin-zone sampling. Electronic and ionic relaxations were con-
verged to1x 107 eV (EDIFF) and —0.02 eV A™ (EDIFFG), respectively.
Bulk B-Sn was modelled in its body-centred tetragonal phase
(Supplementary Fig. 52), starting from experimental lattice param-
eters reported by Sellers et al. Relaxation with a 3 x 3 x 6 k-point grid
yielded equilibrium lattice constantsof a=b=5.880 Aand c=3.172 A
and an energy of —3.996 eV per Sn atom. This optimized structure
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served as thereference for all subsequent modelling. The equilibrium
Wulff shape of B-Sn was constructed with pymatgen (v2023.8.10) using
surface energies of low-index facets taken from Sellers et al. and Eckold
et al. (Supplementary Table 6), and the resulting facet area fractions
for the {100}, {101}, {112}, {211}, {301} and {321} families are summarized
in Supplementary Table 1. All crystal structures were visualized with
VESTA (v3.4.3).

To describe the Sn electrode surface, a 3-Sn(211) slab was gener-
ated from the optimized bulk structure using the Atomic Simulation
Environment (ASE, v3.25.0). As shown in Supplementary Fig. 7a, the
slab cell parameters weresettoa=8.683 A, b=20.156 Aandc=26.191 A,
exposing the (211) surface with sufficient vacuum along the surface
normal. During structural optimization (3 x 1 x 1 k-point mesh), the
bottom two Sn layers were fixed to mimic bulk behaviour, while the
top two layers were fully relaxed; the optimized geometry is presented
inSupplementary Fig. 7b.

To elucidate the mechanism by which SWCNTs suppress
Sn agglomeration, as schematically illustrated in Fig. 2f,g, four
models were constructed on the basis of the 3-Sn(211) surface:
(i) a Sn adatom (Supplementary Fig. 7c), (ii) an isolated SWCNT
(Supplementary Fig. 7d), (iii) a Sn adatom adsorbed on the Sn(211)
surface (Supplementary Fig. 7e) and (iv) an SWCNT adsorbed on the
Sn(211) surface (Supplementary Fig. 7f). The (6,0) SWCNT segment was
generated with ASE and then aligned and merged with the surface slab
in VESTA, while keeping the cell dimensionsata =8.683 A, b =20.156 A
and ¢ =26.191 A.Inall adsorption calculations, the cell vectors and the
bottom two Sn layers were fixed, and the top two Sn layers together
with all adsorbate atoms were relaxed using a3 x 1 x 1 k-point mesh.

To quantify the interaction strength of Sn adatoms and SWCNTs
with the Sn surface, Sn-Sn and Sn-C bonds were identified based on
interatomic distances relative to the sum of covalent radii (rs, = 1.41 A,
rc=0.77 A). Pairs within100-120% of the summed covalent radii were
counted as chemical bonds, giving nominal bond-length thresholds
of ~2.82 A for Sn(surface)-Sn(adatom) and ~2.18 A for Sn(surface)-
C(SWCNT). For each model, the total energy reduction upon adsorp-
tion was divided by the number of such bonds to obtain an average
stabilization energy per bond; the corresponding energies and bonding
statistics are summarized in Supplementary Table 7.

Model construction, data post-processing and automatic monitor-
ing of VASP convergence were carried out with in-house Python scripts
(Python 3.9.6, 64-bit). In particular, ionic convergence was verified by
parsing OUTCAR files and checking for the ‘reached required accu-
racy’ message. The fullinput scripts used to generate the Wulffshape,
surface slabs, SWCNT models and convergence checks are provided
inSupplementary Note 4.

Data availability
The data supporting the findings of this study are available within the
article and its Supplementary Information files.
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