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Architected continuum mixed ionic and
electronic conducting alloy negative
electrode for fast-charging all-solid-state
lithium batteries

Tao Liu1,2,8, Youlong Sun2,3,4,8, Yantao Wang2,8, Shu Zhang 2, Yuchen Zhang2,4,
Shanmu Dong2,3,5 , Jinzhi Wang2, Chuanchuan Li 2, Lei Hu2,
Weijiang Xue 6 , Jiangwei Ju 2,5, Jun Ma 2,5, Bo Tang 1,7 &
Guanglei Cui 1,2,3,4,5

All-solid-state lithium batteries for electric vehicles require high specific
power, challenged in thick negative electrodes by fragile conducting networks
during volume changes and dendrite growth at high currents. We propose an
In0.38Sn0.33Bi0.29 ternary alloy negative electrode creating a mixed ionic-
electronic conducting continuum that overcomes these limitations. The
stepwise formation of multiple phases with sufficient mechanical robustness
during Li-alloying effectively stabilizes the ionic and electronic conducting
percolation by relieving stress concentration and minimizing crack propaga-
tion. The unique reversibility of the multiple phase changes during lithiation/
delithiation ensures stable cycling performance. The In0.38Sn0.33Bi0.29 negative
electrode exhibits a high capacity of ~ 724mAhg−1 and a critical current density
of 150mA cm−2 at 5.0mAh cm–2. The In0.38Sn0.33Bi0.29 | |LiCoO2 full cell with
industry-level mass loading (6.49mAh cm–2) can retain 87.5% capacity over
1300 cycles at 4.0 C, delivering a jellyroll specific energy of 203.1Wh kg−1 and
670.6WhL−1 at 5.0 C. The fast-charging capability is further validated by large-
format pouch cells. The design principles can be extended to other negative
electrode designs for solid-state batteries.

All-solid-state lithium batteries (ASSLBs) with high specific power
(gravimetric and volumetric specific power in Wkg−1 and W l−1, respec-
tively) offer great promise as the ideal batteries for electric vehicles and
consumer products. However, the key bottleneck lies in the negative
electrode materials, such as inefficient ion-electron transportation,

fragile conducting network, large volume change, and the lithium
dendrite growth at high current densities1,2. Although a lot of efforts
have been devoted to address these issues in thin electrodes3–5, there
still lack of effective strategies for industry-level thick (>4mAh cm−2)
negative electrodes, whereas the difficulty increases expotentially6.
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To realize fast charging in a practical cell architecture with thick
negative electrodes, it is crucial to create highly mixed ionic and
electronic conducting (MIEC) percolations and to maintain intimate
solid-solid contact at the nano-level7,8. Generally, the prevailing nega-
tive electrode is based on a particle-stacked architecture (PSA, Fig. 1a),
namely the mixture of active (like graphite, silicon, et al.) and inactive
(conductive carbon and solid electrolyte) material particles com-
pressed on Cu current collector9. This is a favorable architecture for
fast charging because the movement of ions and electrons is largely
decoupled (Fig. 1a) with nano-scale sufficient contact between the ionic
and electronic percolations10. Themechanically soft sulfide-based solid
electrolyte (SE) could buffer the mechanical stress and deform plasti-
cally to maintain close physical contact. However, this design exhibits
insufficient specific energy, and conversion reactions suffer from the
unstable three-phase boundaries among the active material, carbon,
and solid electrolyte (SE), adversely affecting the cycling stability of
negative electrodes with large volume change11,12. Moreover, another
type of negative electrodes, based on a planar-metal-foil architecture
(PMFA, like the Li/Al/In-metal, Fig. 1a), has its volumetric advantage
compared to the PSA, because it contains no porosity and other
inactive components13. Ideal PMFA negative electrodes must function
as mixed electronic and ionic conductors, maintaining intimate solid-
solid contact throughout the lithiation/delithiation process. Although
solid-electrolyte interface (SEI) could still be formed between the
negative electrode and the SE, the volume change in ASSLBs tends to
be a more mechanical behavior compared to liquid electrolyte-based
batteries, as the accompanied chemical behavior (i.e., dissolution) can
be eliminated. However, for PMFA negative electrodes, it is challenging
to maintain the MIEC percolation integrity under large fluctuating
mechanical stresses induced by cycling.

In a PMFA negative electrode, the grain boundary (GB) region
often allows faster Li-atom movement than the bulk14, inducing alloy
phase transformations and volume expansion along the diffusion
pathway. Upon fast charging, local stress concentrations (Klocal) are
easily built up thermodynamically by the large driving force from the
overpotential and structurally by the heterogeneous Li alloying15. If
the potentially huge Klocal is not relieved in a timely manner, it would
initiate crack deformation, crack propagation, and porosity, which
could not be accommodated by the hard-hard contact between the
metal particles and their lithiated products. In this scenario, more
and more dead volume is generated that is kinetically unavailable at
high rates, eventually falling off from the MIEC percolations and thus
hurting the fast charging capability16. This crack-induced degrada-
tion mode is especially true when the metal is lithiated and loses
most of its ductility. A possible strategy to solve these
electrochemically-generated mechanical issues in the PMFA negative
electrode to facilitate fast-charging capability is to rationally design
the compositions and microstructures of the PMF negative elec-
trode, but it still remains unexplored.

Here, unlike previous works that employ single-phase alloy or
multi-phase alloy negative electrodes17–19, our approach precisely
controls the ratio of three metallic elements, creating an architected
continuum intermetallic compound negative electrode (Fig. 1b) that
synergistically incorporates the advantages of both the PSA and PMFA.
The core of this work is to design an energy-dense PMFA alloy (Fig. 1b)
with: (1) soft phases to relieve mechanical stress; (2) the formation of
bi-continuous highly conductive MIEC phases; and (3) resistance to Li
dendrite formation at high current densities. To meet these multi-
functional requirements, an alloy composed ofmultiple elements with
a low eutectic point is preferable. From a mechanical view, we first

Fig. 1 | The design of the architected continuum alloy concept. a The conven-
tional negative electrode architectures—PSA and PMFA with their advantages and
disadvantages. b By adopting the advantages of the PSA and PMFA, the architected
continuum alloy is designed, composed by multiple metal elements, featuring bi-
continuous MIEC percolation and soft-soft contact to buffer the mechanical stress
and to stop the crack-based degradation. c Deformation mechanism maps for

various materials at 25 °C (TH is homologous temperature, where TH = Tw/
Tm=working temperature/melting temperature). The mechanical data and melting
points of these materials are obtained from ref. 17 and the Material Project
(materialsproject.org), accessed 2023-11-15. The In, Sn, and Bi were screened out
with sufficient flexibility and creep behavior. d Schematic diagram of lithiation
process and advantages of the designed InSnBi negative electrode.
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screened “soft” metals based on the homologous temperature
(TH=working temperature/melting temperature) and shearmodulus in
Fig. 1c since themetals with TH >0.5 exhibits significant creep behavior
under applied external stress20. In, Sn, Bi, and their alloys with lowmelt
points show the highest TH and soft characteristics (shear modulus <
40MPa). Among these elements, Bi exhibits the highest lithiation
potential (~0.75 V vs. Li/Li+), and its lithiation product Li3Bi possesses
the highest ionic conductivity, thereby enhancing the ion transport of
lithiated electrode and suppressing Li dendrite formation. In and Sn,
with their lower potentials and higher capacities, contribute to max-
imizing the overall specific capacity. The incremental lithiation of Li3Bi,
LixIn, and LiySn leads to continuously changing MIEC percolation
network (Fig. 1d). Based on this understanding, a carefully tailored
ternary alloy In0.38Sn0.33Bi0.29, composed of 76% InBi and 24% InSn4
((InSn4)0.24(InBi)0.76, abbreviated as InSnBi), has been developed. This
alloy demonstrates a high specific capacity of 724mAh g−1, a low
working potential of 0.47 V vs. Li/Li+, and a high critical current density
(CCD) of up to 150mA cm–2/5.0mAh cm–2 at 30 °C. With Li6PS5Cl
(LiPSCl) as the SE, the InSnBi | |LiCoO2 cell demonstrated a jellyroll
specific energy of 278.4Wh kg−1 (919.5Wh L−1) at 0.2 C, retaining 73.6%
and 72.0%of its specific energy at 5.0 C and 6.0C, respectively. The full
cell exhibited a remarkable specific power of up to 1545.3Wkg−1

(5103.8WL−1), rivaling that of supercapacitors. This architecture con-
tinuum alloy concept presents a significant milestone in negative
electrode design for fast-charging and high-power-density ASSLBs.

Results and discussion
The design of the InSnBi negative electrode
The interfacial stability andmechanical properties of electrodes play a
pivotal role in electrochemical performances, especially for alloy-type
negative electrodes that experience large volume changes during (de)
lithiation. In classical mechanics, a material with homologous tem-
perature (TH = Tw/Tm, Tw and Tm are working temperature and melting
temperature, respectively) > 0.521 would undergo significant creep and
shape changes through self-diffusion in response to applied external
stress below yield strength, causing polycrystalline solids to behave
like viscous fluids at the macroscopic level. These characteristics
effectively leverage the stress-driven creep and flexibility to facilitate
interfacial contact and relieve stress, improving the contact between
electronic and ionic percolations. Besides the shear modulus in Fig. 1c,
we further evaluate the mechanical properties of the InSnBi alloy and
its lithiated products by nanoindentation. Plastic deformation char-
acteristics are observed from the nanoindentation load–displacement
curves (Supplementary Fig. 1a, b), fromwhich thehardness valueswere
deduced. The hardness values of the InSnBi alloy (0.31 GPa) and lithi-
ated products including Li3Bi (0.71 GPa), In3Sn (0.05GPa), Li-In
(0.26 GPa), and Li-Sn (0.51 GPa) are even much lower than the LiPSCl
(1.93 GPa), which is also confirmed by the comparison of the hardness
between the LixInSnBi at different lithiation states and the LiPSCl
(Supplementary Fig. 1c).

In order to identify the optimal composition, we explored
several ternary alloys composed of In, Sn, and Bi according to the
critical current density (CCD) including In0.38Sn0.33Bi0.29,
In0.48Sn0.32Bi0.20, In0.60Sn0.25Bi0.15, and In0.75Sn0.15Bi0.10 (Supple-
mentary Fig. 2). Among them, In0.38Sn0.33Bi0.29 was chosen for its
highest CCD with a melting point of approximately 85 °C (Fig. 2a).
Notably, the melting point of lithiated InSnBi exceeds 120 °C (Sup-
plementary Fig. 3), effectively eliminating the risk of negative elec-
trode melting during fast charging. Unlike the multiple steps
required to manufacture conventional particle-stacked electrodes22,
InSnBi foil can be easily fabricated by casting its molten form onto a
copper collector in air (Fig. 2b and Supplementary Fig. 4). The
InSnBi alloy’s perfectly balanced rigidity and flexibility make it sui-
table for fabricating free-standing or thin electrodes (Fig. 2c and
Supplementary Fig. 5). Interestingly, the InSnBi alloy consists of two

phases, InBi and InSn4, as revealed by X-ray diffraction (XRD) results
(Fig. 2d) and high-resolution transmission electron microscopy
(Supplementary Fig. 6). The presence of In-Sn and In-Bi bonds in the
InSnBi alloy is confirmed by a series of synchrotron-based techni-
ques (Supplementary Fig. 7), while no In-In scattering (at ~2.98 Å) is
detected in the extended X-ray absorption fine structure (FT-EXAFS)
shown in Fig. 2e. The InBi and InSn4 phases are uniformly mixed at
nano to submicron scale, forming a three-dimensional inter-
connected network (Fig. 2g). This phase composition and its spatial
distribution characteristics provide the foundation for favorable
MIEC percolation with high mechanical stability, enabling the alloy
to accommodate the large fluctuating mechanical stresses gener-
ated during alloying and dealloying with Li.

As depicted in Fig. 2f, the InSnBi negative electrode exhibits an
initial discharge specific capacity of 713mAhg−1 (theoretical value:
724mAhg−1) with aworking potential of 0.47 V versus Li/Li+, indicating
its potential suitability for high-energy batteries. Utilizing the InSnBi
negative electrode paired with an NCM811 positive electrode, the
estimated cell-level specific energy significantly surpasses that of
Li4Ti5O12 | |NCM811 and graphite | |NCM811 full cells (Supplementary
Fig. 8), even exceeding 400Whkg−1 at a positive electrode loading of
35mgcm−2. Furthermore, the volumetric capacity of the InSnBi
(1998mAh cm−3) is 2.6–3.4 times higher than that of typical PSA
negative electrodes like graphite (781mAh cm−3) and Li4Ti5O12

(598mAh cm−3),making it advantageous for achieving high volumetric
specific energy.

Interface compatibility and stability
To evaluate the InSnBi’s ability for fast charging in ASSLBs, we inves-
tigated the critical current density (CCD) of Li-InSnBi|LiPSCl|Li-InSnBi
symmetric cells at a fixed capacity of 5.0mAh cm−2 (Fig. 3a, Supple-
mentary Fig. 9, and Supplementary Note 1). Notably, the CCD of the Li-
InSnBi negative electrode (more than 75% lithiation degree) can reach
up to 150mAcm−2 at 30 °C, which is one of the highest levels among
the state-of-the-art negative electrodes (Supplementary Fig. 10).
Moreover, the CCD of the Li-InSnBi negative electrode can be further
increased to more than 200mAcm−2 at 60 °C (Supplementary Fig. 11).

To evaluate the long-term stability of InSnBi, Li-InSnBi|LiPSCl|Li-
InSnBi symmetric cells were cycled at 100mA cm−2/5mAh cm−2. As
shown in Fig. 3b and Supplementary Fig. 12, the cell can survive for
over 5500 cycles (550 h). Electrochemical impedance spectroscopy
(EIS, Supplementary Fig. 13) results reveal that the interfacial
impedance remains stable during prolonged cycling. Additionally,
our InSnBi negative electrode exhibited high performance in the Li-
In | |Li-InSnBi half-cell configuration, achieving an average Cou-
lombic efficiency of 99.92% over 500 cycles (Supplementary Fig. 14).
The EIS results and corresponding distribution of relaxation times
(DRT) of the InSnBi | |LiCoO2 cell confirm stable contact impedance
(Rc) during long-term cycling (Supplementary Fig. 15), further indi-
cating stable chemo-mechanical compatibility between InSnBi and
LiPSCl during cycling.

The 3D morphology of the In | |LiCoO2 and In0.38Sn0.33Bi0.29 | |
LiCoO2 cells cycled at 8.2mA cm−2 was acquired by X-ray computed
tomography (XCT, Fig. 3c, d). In contrast to the In negative electrode
with severe Li-In dendritic growth (Fig. 3c, Supplementary Note 2), no
dendrite formation was observed in our InSnBi negative electrode
(Fig. 3d). Raman analysis (Fig. 3e) demonstrates that the interfacial
reaction between In-metal and LiPSCl produces In2S3, which has been
identified as the primary cause of Li-In dendrite formation23. Both
Raman mapping (Supplementary Fig. 16) and X-ray photoelectron
spectroscopy (XPS, Supplementary Fig. 17) results suggest the sup-
pressed interfacial reactions between InSnBi (and lithiated InSnBi) and
LiPSCl, which can be further verified by the First-principles thermo-
dynamic calculations (Fig. 3f)24. Additionally, Raman spectroscopic
analysis of LiPSCl after cycling reveals a uniform distribution of PS4

3–
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tetrahedral structures (425 cm–1) (Fig. 3g), while Li2S (372 cm
–1) exhibits

relatively weak Raman spectral intensity across the entire electrode
surface (Supplementary Fig. 18). These observations indicate that the
majority of LiPSCl in contact with the lithiated InSnBi negative elec-
trode maintains its structural stability during cycling. These findings
demonstrate that both pristine InSnBi and lithiated InSnBi exhibit
stable compatibility with LiPSCl.

Electrochemical performance
To evaluate the rate performance of the InSnBi negative electrode in
ASSLBs, prelithiated InSnBi negative electrodes were coupled with
various positive electrodes (SupplementaryNote 3 andSupplementary
Fig. 19). The InSnBi | |LiCoO2 cell exhibits reversible capacities of 159.5,
147.3, 127.8, 110.1, 95.4, 85.3, and 72.8mAh g–1 at rates of 2.5 C, 5 C, 10C,
20C, 30C, 40C, and 50C, respectively (Fig. 4a and Supplementary
Fig. 20). Specifically, the InSnBi | |LiCoO2 cell maintains 66.7% and
44.1% of its capacity at 20C and 50C, respectively (Fig. 4b). In contrast,
the cell with the Mix-InSnBi negative electrode (Mix-InSnBi refers to a
simple physical mixture of In, Sn, and Bi powders in an atomic ratio of
38:33:29) exhibits significantly poorer rate performance, retainingonly
35.0% and 7.4% of its capacity at 20C and 50C, respectively (Supple-
mentary Fig. 21). Furthermore, when the LiCoO2 loading was increased
to 21.0mgcm–2, the InSnBi | |LiCoO2 cell still maintain its 63.5% and
49.4% capacities at 5 and 10C, respectively (Supplementary Fig. 22).
Meanwhile, the InSnBi ||NCM83 cell also demonstrates high-rate per-
formance ranging from 0.2 to 10C (Supplementary Fig. 23), with
capacities of 211.8, 192.5, 173.3, 150.1, 133.7, 110.5, and 72.8mAhg–1 at
rates of 0.2 C, 0.5 C, 1.0 C, 2.0C, 3.0C, 5.0 C, and 10C, respectively.

Various stack pressures were employed to assess the effect of
pressure on the capacity of the InSnBi negative electrode (Fig. 4c).
Only 20MPa is required for the InSnBi | |LiCoO2 cell to achieve the
highest capacity, while 70MPa is needed for the Mix-InSnBi | |LiCoO2

cell. During 10C operation, the InSnBi | |LiCoO2 cell shows a capacity
retention of 82.2% with an average Coulombic efficiency (CE) of
99.96% over 3000 cycles (Supplementary Fig. 24). Even under
industry-level parameters including low negative/positive capacity (N/
P) ratio of 1.5 and high areal capacity of 6.49mAh cm−2, the InSnBi | |
LiCoO2 full-cell still displays a high initial capacity of 4.58mAh cm−2 at
4.0 C and sustains a capacity retention of 87.5% along with an average
CE of 99.93% after cycling at 4 C for 1300 cycles (Fig. 4d). In contrast,
the full cell fabricated with Mix-InSnBi, and the compositionally dis-
tinct In0.60Sn0.20Bi0.20, In0.20Sn0.60Bi0.20, and In0.20Sn0.20Bi0.60 nega-
tive electrodes exhibit much lower capacity retention (less than 50%)
after extended cycling (Supplementary Fig. 25). Furthermore, the
InSnBi | | LiCoO2 cell could also maintain a desirable wide-temperature
performance from –20 to 60 °C (Fig. 4e).

The significantly better electrochemical performance of the
PMFA-type InSnBi negative electrode compared to the Mix-InSnBi
indicates good interfacial contact during cycling, which guides us to
characterize the contact between the InSnBi negative electrode and
LiPSCl. As shown in Fig. 4f–h, the InSnBi electrode retains its structural
integrity without pulverization or void formation and maintains tight
contact with LiPSCl, despite significant volume expansion and con-
traction. Furthermore, the stack pressure fluctuation monitored dur-
ing cycling remains consistently within a very narrow range
(Supplementary Fig. 26), indicating the high structure stability and
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electrochemical reversibility of the InSnBi electrode throughout
cycling. The structure integrity and stability is quite desirable for thick
negative electrodes, which can be reflected by the cell with high mass
loadings (Supplementary Fig. 27). The InSnBi | |NCM83 cell with a
positive electrode loading of 62.7mg cm−2 delivers a high initial
capacity of 8.66mAh cm−2 at 0.3 C and retains a capacity of
6.47mAh cm−2 over 150 cycles. The cell constructed by LiCoO2

(94.9mg cm−2) and InSnBi shows a high initial capacity of
12.0mAh cm−2 at 0.3 Cwith high capacity retentions of 83.3% and 71.7%
after 200 and 350 cycles, respectively. This cycling performance
represents one of the most advanced levels under such high positive
electrode loadings25,26.

Fast ionic and electronic transport
To investigate the MIEC mechanism of the InSnBi negative electrode,
we measured its ionic and electronic conductivities at various lithia-
tion states at 25 °C (Supplementary Fig. 28)27. The Li+ ionic con-
ductivities of LixInSnBi range from 0.32 to 1.12mScm−1

(Supplementary Fig. 29), comparable to those of solid sulfide
electrolytes28. These conductivities increase to 0.56–1.72mS cm−1 at
40 °C and further to 1.07–2.91mS cm−1 at 60 °C (Supplementary
Fig. 29). The ionic conductivity increases with the degree of lithiation,
significantly reducing the risk of lithium dendrite formation at low
potentials. The electronic conductivity of LixInSnBi exceeds 180 S cm−1,

substantially higher than that of most conductive carbon materials8.
Moreover, the co-migration of ions and electrons within the same
medium in the LixInSnBi electrode reduces the tortuosity of charge
transport pathways, enhancing the efficiency of ionic and electronic
transport.

The room-temperature Li+ diffusion coefficient of LixInSnBi is
notably higher than 1 × 10−12 m2 s−1 (Supplementary Fig. 30), improving
that of conventional negative electrodes such as graphite29, Li-metal30,
Li4Ti5O12

31, and Li-Si32. It is also comparable to that of the fast-charging
Li6.3Nb16W5O55 negative electrode33 and solid sulfide electrolytes34,35.
Combining the relationship between diffusion coefficient and diffu-
sion lengths (Supplementary Table 1) reveals that the Li+ diffusion
coefficient of LixInSnBi significantly exceeds the requirements for both
10C and 25 C rate performance at a commercial-level areal capacity of
4mAh cm⁻2.

In situ XRD analysis was conducted to investigate the lithiation
and delithiation processes (Fig. 5a). The initial InSnBi only consists of
InBi (25.8°, 31.5°, and 35.8°) and InSn4 (29.7°, 32.1°, and 44.3°). During
the initial lithiation process, three distinct peaks at 22.9°, 26.5°, and
37.8° appear, corresponding to Li3Bi, indicating that the Bi atoms are
lithiated first due to the high lithiation potential (0.75 V vs. Li/Li+). As
lithiation progresses, the Li3Bi peaks intensify, while the InBi and InSn4
peaks gradually diminish. Concurrently, peaks at 32.9° and 36.6° cor-
responding to In3Sn emerge and intensify. These observations suggest
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that In atoms detach from InBi and react with InSn4, forming In3Sn
during the Bi lithiation process. As lithiation continues, In3Sn/InSn4
gradually transforms into a mixture of amorphous Li-In and Li-Sn
(Fig. 5e, Supplementary Fig. 31). Notably, after initial lithiation of Bi
atoms, the subsequent lithiation of In and Sn atoms proceeds syner-
gistically, without a distinguishable sequential order. This concurrent
lithiationmechanism interrupts the crystallization process of Li-In and
Li-Sn phases. Notably, all these lithiation processes are fully reversible.
The Li3Bi, Li-In, and Li-Sn phases can recover to their original InBi and
InSn4 phases during delithiation (Supplementary Fig. 32). The three-
dimensional ion channel network of Li3Bi, which features the flattest
energy landscape with the lowest Li+ migration barrier (Fig. 5b, Sup-
plementary Data 1), results in high ionic conductivity (2.33mScm−1,
Supplementary Fig. 33), as previously reported36. Notably, Li3Bi
remains the dominant phase throughout the cycling process due to its
high lithiation potential, making it an ideal Li+ conducting backbone
for InSnBi (Fig. 5c and d). Furthermore, this heterogeneous structure,
where crystalline Li3Bi is embedded within amorphous Li-In/Li-Sn

compounds, enhances ion transport at both the bulk and interfacial
levels through nanoscale interface effects11.

The LixInSnBi alloy maintains an intact morphology without
notable cracks, ensuring tight solid-solid contact between active
materials (Supplementary Fig. 34). Density functional theory (DFT)
simulations were performed to investigate Li+ diffusion barriers
(Fig.5g, h, Supplementary Data 1) across grain boundaries. The acti-
vation energy for Li+ diffusion across Li3Bi (110)/Li7Sn2 (amorphous)
and Li3Bi (110)/Li13Sn3 (amorphous) interfaces is much lower than
that across Li3Bi (110)/Li7Sn2 (010) and Li3Bi (110)/Li13Sn3 (110) grain
boundaries, indicating that the grain-boundary-free characteristics
of amorphous Li-Sn and Li-In facilitate Li+ migration between active
particles37. Furthermore, ab initio molecular dynamics (AIMD)
simulations (Supplementary Fig. 35, Supplementary Data 1) demon-
strate that amorphous Li-In and Li-Sn phases exhibit higher lithium-
ion conduction percolation compared to crystalline Li7Sn2 and
Li13In3, attributed to the open structure of their glassy networks and
isotropic ionic conduction. These results reveal that the unique
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crystal/amorphous structure in lithiated InSnBi not only facilitates
intact solid-solid contact but also significantly reduces grain
boundary resistance.

Practical application in full-cells
Considering the requirements for practical ASSLBs, the InSnBi | |
LiCoO2 full-cell was assembled with a high active loading
(~21.0mgcm−2), a thin solid electrolyte (41.5μm), and an N/P ratio of
1.3 (Fig. 6a and Supplementary Fig. 36). The full-cell delivers a capacity
of 3.46mAh cm−2 at 0.2 C and maintains 94.9%, 89.8%, 83.1%, 78.8%,
75.7%, 73.6%, and 72.0% of the initial capacity within 111, 53, 25, 16, 12,
9.5, and 8min (0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0C), respectively
(Fig. 6b and Supplementary Fig. 37). Taking into account theweights of
positive electrode (LiCoO2, VGCF, LiPSCl), negative electrode (InSnBi),
and the solid-state electrolyte film (Supplementary Table 2), the
InSnBi | |LiCoO2 cell demonstrated a jellyroll specific energy of
278.4Wh kg−1 (919.5Wh L−1) at 0.2 C. More importantly, the full cell
maintained a specific energy of 203.1Wh kg−1 (670.6Wh L−1) within a
9.5-min charging period (5C), demonstrating the fast-charging cap-
ability of the InSnBi negative electrode under practical conditions.
Additionally, the InSnBi | |LiCoO2 full-cell demonstrated high jellyroll
specific power, up to 1545.3Wkg−1 at 6.0 C, which are much higher
than those of the state-of-the-art ASSLBs (Fig. 6c, Supplementary

Fig. 38, and Supplementary Table 3)9,25,36,38–42. It is noteworthy that the
jellyroll specific energy of the cells can be increased to 297.2Wh kg−1

(1053.7Wh L−1) by reducing the solid electrolyte film to 25μm. Addi-
tionally, at 30 °C, the InSnBi | |NCM83 full-cell exhibited a specific
energy of 314.5Wh kg−1 at 0.2C (Supplementary Table 4), while the
InSnBi | |LiCoO2 full-cell delivered a specific energy of 243.4Wh kg−1 at
0.2 C and maintained a high rate performance from 0.2 to 5.0 C
(Supplementary Fig. 39).

A single-layer InSnBi | |LiCoO2 pouch cell (3.5 cm × 5.0 cm in
dimension) with 19.8mg cm−2 LiCoO2 maintains a capacity retention
of 90.4% over 650 cycles at 4.0 C, even under lower pressure applied
to the pouch cell, confirming its viability for practical application
(Fig. 6d). A comparison of the performance of our InSnBi negative
electrode with other available negative electrode materials and
state-of-the-art fast-charging LIBs is presented in Fig. 6e (Supple-
mentary Table 5). In comparison to previous works on solid-state
batteries (based on Si and Li-In negative electrodes)16,43, high-
energy-density batteries (based on Si and Li-metal negative
electrodes)44,45, and fast-charging batteries (using LTO and graphite
negative electrodes)3,4,46, our InSnBi | |LiCoO2 cell can simulta-
neously realize fast-charging capability (<10min) and high specific
energy (> 200Wh kg−1), even comparable to previous fast-charging
liquid batteries with the rapid thermal modulation4. Our full-cell
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configuration, combining fast-charging capabilities with high-
energy density, represents a great advancement compared to pre-
vious fast-charging batteries47–49.

In this work, we demonstrate a rationally designed energy-dense
planar alloy In0.38Sn0.33Bi0.29 that enables fast-charging capabilities in
ASSLBs. The InSnBi alloy, comprising electrochemically reversible InBi-
InSn4 binary phases, exhibits highly MIEC percolation through its
unique crystal-amorphous hybrid structure during cycling. This
structural feature, coupled with stable chemo-mechanical compat-
ibility with the LiPSCl solid electrolyte, effectively suppresses lithium
dendrite formation during cycling, even under high areal capacities
and current densities. In a full-cell configurationwith a LiCoO2 positive
electrode, the ASSLB achieves a high specific energy of 278.4Wh kg−1

(919.5Wh L−1) at 0.2C and sustains 73.6% and 72.0% of its specific
energy with charging times of 9.5min and 8min, respectively. The
straightforward synthesis of InSnBi negative electrodes, which
requires only low-temperature heating (<100 °C) in air, presents great
potential for commercial scale-up. These findings demonstrate the
potential of InSnBi negative electrodes in realizing practical fast-
charging, high-energy-density ASSLBs.

Methods
Materials preparation
Li6PS5Cl (6.8mS cm−1 at 25 °C) was obtained fromHefei KejingMaterial
Technology Co., Ltd. The alloy In0.38Sn0.33Bi0.29 was prepared by
thoroughly mixing In (≥99.99%, Aladdin), Sn (≥99.5%, Aladdin), and Bi
(≥99.99%, Aladdin) particles in an atomic ratio of 38:33:29, heating the
mixture at 300 °C for 1 h under an argon atmosphere, and subse-
quently cooling it to room temperature in argon atmosphere. The
InSnBi electrode was prepared as follows. The InSnBi alloy was melted
in air using a tube furnace at 88 °C. The molten alloy was then uni-
formly spread onto the surface of a copper foil. The InSnBi-coated

copper foil was subsequently transferred onto a steel plate in contact
with an ice–water mixture to facilitate rapid solidification of the alloy.
After solidification, the InSnBi layer was repeatedly rolled using a
rolling mill until the desired thickness was achieved. This method was
also employed for preparing all other proportions of InSnBi alloys as
well as for In3Sn. 4.45 V high-voltage-type LiCoO2 (LCO)waspurchased
from Guangdong Canrd New Energy Technology Co., Ltd.
LiNi0.83Co0.12Mn0.05O2 (NCM83) positive electrode was obtained from
RiseSun MGL Co., Ltd. Li4Ti5O12 (D50= 0.7–1.6μm) was purchased
from Dongguan Gelin Lithium Industry Co., Ltd.

LiPSCl film and electrode preparation
PTFE-LiPSCl film was fabricated bymixing 0.8wt% PTFE and 99.2 wt%
Li6PS5Cl powders by ball milling with 250 rpm for 15min to ensure
the fibrillation of PTFE. Then the obtainedmixture was rolled to form
a membrane with a loading of approximately 7.1mg cm−2. Subse-
quently, the film was cut into discs with a diameter of 10mm. To
prepared LCO electrodes for pouch cells, a mixture consisting of
73wt% LCO, 15 wt% nm-LiPSCl, 10wt% μm-LiPSCl, 2 wt% VGCF, and
0.8wt% PTFE was initially blended to create a single flake. This flake
was then subjected to repeated hot rolling to achieve the desired
thickness before being punched into discs with dimensions of
35 × 50mm for pouch cell assembly.

Cell and pouch cell fabrication
All the preparation processes were performed in an argon-filled glo-
vebox (O2 < 0.1 ppm, H2O < 0.1 ppm). The fabrication of Li-InSnBi|
LiPSCl|Li-InSnBi symmetric cell symmetric cells can be found in Sup-
plementary Note 1. All-solid-state batteries employing InSnBi as nega-
tive electrodes were assembled as follows: Firstly, composite positive
electrode powder (for rate performance) was prepared by mixing
positive electrode materials (including LCO, NCM83 and LTO), LiPSCl
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electrolyte, and VGCF with a weight ratio of 60:40:2 (LCO positive
electrode), 55:45:5 (NCM83 positive electrode), and 30:60:10 (LTO
positive electrode). Then, LiPSCl electrolyte (80mg, Φ10mm) was
pressed at 250MPa for 3min. After that, the composite positive elec-
trode material was spread on one side of the LiPSCl electrolyte and
pressed at 400MPa for 3min. InSnBi film (Φ 10mm) was put on the
other side of the LiPSCl, and in situ prelithiation was conducted by
connecting InSnBi films and Li foils at 20MPa for 120min (Supple-
mentary Note 3). After complete prelithiation, the full cell was pressed
under a pressure of 100MPa for 5min. Unless otherwise specified, all
cells were cycled under a pressure of 80MPa. The pouch cell is
assembled by stacking the composite positive electrode LCO, LiPSCl
film, and InSnBi successively and is sealed in an aluminum-plastic bag.
Then the pouch cell is clamped between two iron plates and tightened
with screws with a pressure of 30MPa during cycling.

Electrochemical measurements
Electrochemical impedance spectroscopy (EIS) measurements were
performed on Li–InSnBi symmetric cells using an electrochemical
workstation (VSP-300, Bio-Logic) over a frequency range from
7MHz to 100mHz, with six data points recorded per decade of
frequency and an applied amplitude of 10mV. The measurements
were conducted at quasi-stationary potential by applying open-
circuit voltage time longer than 30min. EIS results were fitted using
ZView software. Galvanostatic cycling tests were carried out under a
stack pressure of 80MPa using a Neware battery test system (CT-
4008Q, China) at various current densities (LCO based on
1 C = 145mAh g−1, NCM83 based on 1 C = 180mAh g−1 and LTO based
on 1 C = 150mAh g−1). The liquid electrolyte used in Fig. 2f was a
commercial electrolyte (1.0M LiPF6/EC-EMC (3:7, v/v)) purchased
from Dodo Chemical Reagent Co., Ltd. All electrochemical tests
were performed in a temperature-controlled chamber maintained
at a constant temperature. A pulse current of 6mA g−1 was applied
for 20min, with rest intervals of 1 h between each pulse. The dif-
fusion coefficient (DLi

+) can be estimated using the following gen-
eralized formula derived from Fick’s second law.

D=
4
πτ

mBVm

MBS

� �2 ΔES

ΔEτ

� �2

Where τ is the current pulse duration in seconds,mBdenotes the active
mass present in the sample, measured in grams, VM andMB refer to the
molar volume and molar mass respectively, with units of cubic cen-
timeters per mole and grams per mole, and S represents the active
surface area of the electrodes, measured in square centimeters. Lastly,
ΔES is the difference between the stable potentials, and ΔEτ represents
the instantaneous total voltage variation of the constant current bat-
tery at time τ. The values of ΔES and ΔEτ can be derived from the
Galvanostatic Intermittent Titration Technique (GITT) curves.

Materials characterization
Lab XRD measurements were carried out using a Rigaku SmartLab
X-ray diffractometer with Cu Kα radiation, with each XRD pattern
recorded from 10° to 90° (step size of 0.01° and speed of 2.5°min−1).
In situ XRD was conducted on the liquid InSnBi/Li battery using an
electrolyte of 1M LiFSI + hexyl methyl ether. The morphology,
microstructure and elemental component of samples were carried
out by a scanning electron microscopy (Hitachi S-4800, operated at
10 kV) and transmission electron microscopy (JEM 2100Plus, JEOL
Limited Corporation, Japan). Cryo-SEM experiments were performed
on a Thermofisher Aquilos 2 Cryo-FIB system. SEM-EDS analysis was
conducted with an energy cut-off of 15 kV at an ambient temperature
of 24 ± 1 °C. During transfer into the sample chamber, the specimen
was briefly exposed to ambient air. Following sample preparation,
the specimen was transferred via a vacuum transfer vessel to a

Thermo Fisher ESCALAB 250Xi photoelectron spectrometer. All XPS
spectra were acquired using a monochromatic Al Kα X-ray source
(1486.6 eV). The binding energy scale was calibrated by setting the
adventitious carbon (C 1 s) peak to 284.8 eV. Data analysis was sub-
sequently performed using the XPSPEAK software. The DSC tests
were performed on a differential scanning calorimeter (Q2000,
TAinstrument) in Ar atmosphere at a scanning rate of 5 °Cmin–1 from
20 to 250 °C. Ramanmeasurements were performed using a HORIBA
XploRA PLUS Raman spectrometer with a laser wavelength of 532 nm
and a laser power of 3mW. Hardness of different alloy negative
electrodes were performed at the Nano Indenter G200 XP (Keysight)
with a diamond Berkovich indenter. Young’s modulus was investi-
gated by atomic force microscopy (AFM, Bruker Multimode 8 with a
Nanoscope V controller). The 7Li pulsed-field gradient (PFG) NMR
experiments were performed on a Bruker AVANCE NEO 500WB
spectrometer equipped with a Bruker Diff50 gradient probe, pro-
viding a maximum gradient strength of 1689 G/cm at 25 °C. Each
sample was enclosed in a 5mm quartz ampule under an inert atmo-
sphere to prevent contamination. A pulse-gradient stimulated echo
(PGSTE) sequence was employed for the 7Li nuclei. In this sequence,
two identical magnetic field gradient pulses with amplitude G, a
duration δ of 1.0ms, and a diffusion delay Δ of 20ms were applied
following the first and third π/2 pulses. The In K-edge XAFS mea-
surements were conducted at the BL14W beam line of the Shanghai
Synchrotron Radiation Facility (SSRF, Shanghai, China), employing a
Si (111) crystal monochromator. Prior to data collection, each sample
was loaded into an aluminum holder and sealed with Kapton film to
prevent contamination. The spectra were acquired at room tem-
perature using a Bruker 5040 four-channel silicon drift detector
(SDD). The In K-edge extended X-ray absorption fine structure
(EXAFS) data were obtained in transmission mode. For each sample,
two consecutive scans displayed consistent line shapes and edge
positions in the XANES region, indicating reliable data quality. The
standard reference samples were also measured in transmission
mode. Data reduction and fitting were carried out with the Athena
software package.

Computation
For the interface stability calculations, we treated the interface as a
pseudobinary system composed of the two materials in contact, fol-
lowing the methodology outlined in previous work24. This approach
allows us to determine the set of phases with the lowest energy at any
mixing ratio between the twophases. By representing thismixing ratio
as a linear combination of the two parent phases normalized to one
atom per formula unit, we can identify the phases that minimize the
overall energy. The mutual reaction energy was determined by com-
paring the energy of the phase equilibria with the energy of the
pseudobinary system at a specific mixing ratio, employing the same
methodology as described in previous work24.

First-principles calculations were performed within the plane-
wave projector augmented wave (PAW) framework using the Vienna
Ab initio Simulation Package (VASP)50,51 operated on the MedeA plat-
form. The exchange–correlation effects were treated using the gen-
eralized gradient approximation in the Perdew–Burke–Ernzerh form52.
During the structural relaxations, a plane-wave cutoff energy of 520 eV
was applied. Geometry optimization was carried out using the
conjugate-gradient algorithm until the total energy and forces were
converged to within 10⁻5 eV and 0.01 eVÅ⁻1, respectively.

For the adhesion energy calculations, the corresponding calcula-
tion model and details are as follows:

In order to study the interfacial affinity of Li3Bi, Li13In3 and Li7Sn2,
the Li3Bi(100)/Li13In3(001) and Li3Bi(110)/Li7Sn2(010) interfacial
supercell models were constructed. The interface properties such as
interface formation energy Ef, interfacial energyσ and adhesion energy
Wad were calculated according to references53,54.
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The interfacial formation energy can be obtained by subtracting
the energy of two stress-free pure phases with the same atomic num-
ber or minimum number of elements from the energy of the structu-
rally relaxed interfacial phase. If the interfacial phase is composited
with A (Li3Bi) and B (Li13In3 or Li7Sn2), the interfacial formation energy
Ef can be obtained by the following formula (1):

Ef = EA=B � EbulkA � EbulkB ð1Þ

where EA=B is the energy after the interfacial supercell model is fully
relaxed, EbulkA and EbulkB are the energies of the A part and B part
under the state of no stress, respectively.

The interfacial energy σ can be calculated by the following for-
mula (2):

σ = EA=B � Ebulk cð Þ
A � Ebulk cð Þ

B

� �
=2A ð2Þ

where EbulkðcÞ
A and EbulkðcÞ

B are the energies of the constrained bulks of A
and B, that is, only axis C is relaxedwhile axis A and B are not relaxed. A
is the area of the interface.

The work of adhesion Wad can be calculated according to the
following formula (3):

Wad = γA + γA � σA=B ð3Þ

Where γA and γB are the surface energies of A and B in the interface
model, respectively. The surface energy can be calculated by the fol-
lowing formula (4):

γ = ðEsurf � nEbulkÞ=2S ð4Þ

where Esurf is the energy of the slab, Ebulk is the energy of the bulk
structure, n is the number of unit in the slab, and S is the surface area of
the slab.

The diffusion of Li+ in the bulks of Li3Bi, Li13In3 and Li7Sn2 was
calculated by the climbing-image nudged elastic band (CI-NEB)
method. In our AIMD simulations of Li3Bi, Li7Sn2 and Li13In3, we
employed defect-free crystalmodels rather than explicitly introducing
vacancy defects, because the vacancy concentration in the actual
crystal cannot be accurately determined by calculation or experiment.
These coefficients should be understood as reflecting relativemobility
trends rather than absolute values that would be observed in real
materials with equilibrium defect concentrations.

COMSOL Multiphysics 5.4 is used to perform the modeling of
lithiation uniformity of two negative electrode materials. In the mod-
eling, the current distribution, mass transport, and electrochemical
reactions coupled together.

Data availability
The authors declare that all the relevant data are available within the
paper and its Supplementary Information file or from the corre-
sponding author upon request. Source data are provided with
this paper.
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