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A prelithiated Sn (LiSn) anode was developed for sulfide-based all-
solid-state Li batteries (ASSLBs), demonstrating high compatibility
with LigPSsCl sulfide electrolyte. The LiSn[NCM811 cell achieved
163 mA h g~ capacity (0.1C) and 91% retention after 650 cycles
(1C). Prelithiation compensated Li loss and mitigated volume
expansion, enabling high-performance ASSLBs.

Compared to current commercial Li-ion batteries (LIBs), next-
generation all-solid-state Li batteries (ASSLBs) offer higher
energy density and enhanced safety due to the use of high-
capacity Li metal anodes (LMAs) and the elimination of hazar-
dous liquid electrolytes." As a crucial component of ASSLBs,
solid electrolytes (SEs) can be classified into polymers, sulfides,
oxides, and halides.> Among these, sulfide SEs have garnered
the most attention due to their exceptionally high room-
temperature ionic conductivity and mechanical deformability.”
However, sulfide-based ASSLBs suffer from severe interfacial
challenges, particularly the incompatibility between LMAs and
sulfide SEs."® To address these interfacial issues, alloy anodes
have been explored as potential replacements for LMAs, draw-
ing inspiration from similar strategies used to mitigate inter-
facial problems in LIBs.®
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In particular, Si-based anodes have attracted significant
interest for sulfide-based ASSLBs due to their high specific
capacity, low voltage plateau, and good compatibility with sul-
fide SEs.”® However, intrinsic challenges such as low electronic
conductivity and large volume expansion (>300%) remain sig-
nificant obstacles, leading to poor rate capability and cycling
stability.” As an alternative, Sn-based anodes offer promising
advantages. As a main-group element similar to Si, Sn exhibits
significantly higher electrical conductivity (9.2 x 10° vs. 4.3 x
107" S m™') and can accommodate a large amount of Li
(forming Li, 4Sn), making it an attractive candidate for sulfide-
based ASSLBs.? However, to achieve high-performance Sn-based
sulfide ASSLBs, the associated volume expansion issue must be
addressed, and the compatibility between Sn and sulfide SEs
requires further investigation.

Prelithiation is a well-established strategy to enhance the electro-
chemical performance of alloy anodes. It not only compensates for
Li loss during cycling but also mitigates volume expansion, thereby
improving Coulombic efficiency (CE) and cycling stability.'>"" Based
on this approach, we synthesized a prelithiated Sn alloy (LiSn)
anode by mixing and pressing Li and Sn powders. As expected,
the full cell comprising a LiSn anode, LisPSsCl (LPSC) SE (Fig. S1,
ESIt), and a LiNbOj-coated single-crystal LiNiygC0p;Mng10;
(NCM811) cathode demonstrated superior electrochemical perfor-
mance. It exhibited a higher specific capacity (163 vs. 106 vs.
119 mA h g~ " at 0.1C) and prolonged cycling stability (91%
capacity retention after 650 cycles vs. 81% after 540 cycles vs.
57% after 70 cycles) compared to full cells with pure Sn anode
and LMA. Further characterizations and theoretical calculations
revealed that the outstanding electrochemical performance of
the LiSn anode stems from its high compatibility with LPSC,
along with prelithiation, which effectively compensate Li loss
and alleviate volume expansion during cycling. This study
introduces a highly stable Li-Sn alloy anode, expanding the
range of viable anode materials for sulfide-based ASSLBs.

First, the compatibility between Li/Li alloys (i.e., Li;;Sns,
Li;,Sis) and LPSC was evaluated using ab initio molecular
dynamics (AIMD) simulations. Fig. 1a presents the net charges
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(a) Net charges of Li/Li alloys and LPSC SE obtained from AIMD simulations. (b) Nyquist plots of LiSn|LiSn cells, demonstrating the evolution of cell

impedance over varying rest times. (c) Changes in R; for LiSn|LiSn and Li|Li cells as a function of rest time.

of the Li/Li alloys and LPSC SE after AIMD simulations of the
anode-SE interface (Fig. S2, ESIt). A higher net charge indicates
greater charge transfer, which corresponds to higher reactivity
between the two components.'” Notably, the Li,,Sns-SE system
exhibits the lowest net charge compared to the Li-SE and
Li;,Sis-SE systems, suggesting that the Li-Sn alloy has the
highest stability with LPSC SE. To further verify this stability,
symmetric LiSn|LiSn and control Li|Li cells were assembled,
followed by electrochemical impedance spectroscopy (EIS) mea-
surements after various resting times. The Nyquist plots (Fig. 1b
and Fig. S3a, ESIf) and fitted resistance values (Fig. S3b and
Table S1, ESIt) show that the LiSn|LiSn cell initially exhibits a
total resistance (Ry) of 24.3 Q. This resistance gradually decreases
as the resting time extends to 10 h, indicating the formation of a
favorable electrode-electrolyte interface. With further resting, R,
slightly increases and then stabilizes, suggesting that side reac-
tions are effectively suppressed and an ultra-stable LiSn-LPSC
interface is established. In contrast, the Li|Li cell exhibits a
significantly higher initial R, of 46.5 Q. Although this resistance
decreases slightly after 5 h of resting, it then continuously
increases with extended resting time (Fig. 1c and Fig. S3c, d
and Table S1, ESIt), indicating poor interfacial stability and
ongoing side reactions at the Li-LPSC interface. These findings
are consistent with the AIMD results, further confirming the
superior compatibility of the Li-Sn alloy with LPSC.

The stability of the LiSn-LPSC interface was further validated
through galvanostatic Li plating/stripping tests on a LiSn|LiSn
symmetric cell. As shown in Fig. 2a and Fig. S4 (ESIt), when the
current density increases from 0.1 (10 h) to 0.5 (10 h) to 1 mA em >
(subsequent cycling), the corresponding overpotential rises from 72
to 334 to 470 mV. Notably, the cell remains stable for over 1100 h at
1 mA em 2 and 1 mA h em™? without a significant increase in
overpotential. In contrast, the Li|Li symmetric cell can only operate
at 0.1 mA cm~?and 0.1 mA h cm ™2, showing a continuous increase
in overpotential and ultimately failing after 130 h of cycling (Fig.
S5a, ESIT), further indicating the poor stability of the Li-LPSC
interface.

EIS measurements were conducted at different cycling
stages to assess interfacial stability (Fig. 2b and Fig. S5b, Table
S2, ESIT). The R, of the LiSn|LiSn cell initially decreases during
the first 20 h of cycling, followed by a slight increase as cycling
extends to 200 h. This trend mirrors the behavior observed
during resting, further confirming the formation of a stable
LiSn-LPSC interface in the cycled LiSn|LiSn cell.
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Fig. 2 Voltage profiles (a), EIS spectra after cycling (b), and CCD testing (c)
of LiSn|LiSn cell.

The critical current density (CCD), which represents the
maximum current density a cell can withstand before short-
circuiting due to Li dendrite penetration,'?® was also evaluated.
As shown in Fig. 2¢, the CCD of the LiSn|LiSn cell was
determined by gradually increasing the current density with a
fixed Li plating/stripping time of 1 h. The overpotential pro-
gressively increases with rising current density, and the cell
short-circuits at 2.0 mA cm ™2, indicating its CCD. This value is
not only significantly higher than that of the Li|Li cell
(0.7 mA cm™?, Fig. S5c, ESIt) but also exceeds those of symmetric
cells with modified Li metal electrodes (Table S3, ESIT)."* These
results demonstrate that the LiSn electrode exhibits excellent high-
rate capability and strong dendrite suppression ability.

To evaluate the practical application of Sn- and Li-based anodes,
full cells with LPSC SE were assembled, including LiSn|NCMS811,
Sn|NCMS811, and Li|[NCM811 configurations. Fig. 3a presents the
initial galvanostatic charge-discharge profiles at a rate of 0.1C (1C =
200 mA g ') with a cathode active material (CAM) loading of
12.74 mg cm 2. As expected, the LiSn|NCMS811 cell exhibits the
highest specific capacity (163 mA h ¢~ ') and initial CE of 75%,
outperforming the Sn-based (106 mA h g, 52%) and Li-based
(119 mA h g7, 73%) cells. The inferior performance of Sn|NCM811
and Li|NCMS811 cells is attributed to Li loss—caused by solid
electrolyte interphase formation and irreversible Li trapping in the
Sn anode—and the poor stability of the Li-LPSC interface,
respectively.® Additionally, the optimal prelithiation content of
the Sn anode was investigated (Fig. S6, ESIf). As the Li content
decreases from LiSn to Liy7sSn to LipsSn, the corresponding full
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Fig. 3 Electrochemical performance of NCM811-based full cells with Li,
LiSn, and Sn anodes. (a) Voltage profiles, (b) rate capability, and (c) cycling
stability.

cells exhibit progressively lower specific capacities and initial CE
values, indicating that sufficient prelithiation is essential to com-
pensate for Li loss during cycling.

The rate performance of LiSn|[NCM811 and Sn|NCM811 full
cells was evaluated. As shown in Fig. 3b and Fig. S7 (ESIf), the
LiSn|NCM811 cell delivers specific capacities of 165, 157, 137, 111,
74, and 163 mA h g’1 at rates of 0.1C, 0.2C, 0.5C, 1C, 2C, and back
to 0.1C, respectively—significantly outperforming the Sn|NCM811
cell. Furthermore, the long-term cycling stability of the full cells
was assessed (Fig. 3c and Fig. S8, S9, ESIt). The Sn-based cells were
cycled at 0.1C for 5 cycles, followed by 0.5C for 5 cycles, and then
1C for the remaining cycles, while the Li|NCM811 cell was cycled
at 0.1C throughout. The LiSn|NCM811 cell demonstrates remark-
able cycling stability, retaining 91% of its capacity after 650 cycles
(Table S4, ESIt). In comparison, the Sn|NCMS811 cell exhibits
moderate stability, with 81% capacity retention after 540 cycles,
whereas the Li|NCM811 cell suffers from continuous capacity
decay, retaining only 57% of its capacity after 70 cycles. These
results further confirm the excellent compatibility between the Li-
Sn alloy and LPSC and highlight the poor stability of the Li-LPSC
interface.

To investigate the performance differences between LiSn|
NCMS811 and Sn|NCM811 cells, EIS measurements and real-time
uniaxial pressure change (Ap) monitoring were conducted.'® The
Nyquist plots (Fig. S10, ESIt) and fitted resistances (Table S5,
ESIT) reveal that both cells exhibit similar initial interfacial
resistance (Rin, 17.2 vs. 15.9 Q). However, after 50 cycles, the
LiSn-based cell maintains a lower R, (37.7 vs. 56.6 Q), indicating
the formation of a more stable anode-SE interface. Real-time Ap
monitoring was used to assess the volume changes of the anodes,
considering that NCM811 and LPSC SE exhibit negligible volume
fluctuations during cycling. The voltage profiles and corres-
ponding Ap curves of the LiSn|NCM811 and Sn|NCMS811 cells
(Fig. S11, ESIY) show that both experience an increase in Ap
during charging—corresponding to anode expansion—followed
by a decrease during discharging due to contraction. The
LiSn|NCMS811 cell exhibits an average maximum Ap of 0.17 MPa
over the first three cycles, which is lower than that of the

This journal is © The Royal Society of Chemistry 2025
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Sn|NCMS811 cell (0.23 MPa) and reported Si-based full cells. These
results indicate that prelithiation effectively mitigates the volume
change of the Sn anode, leading to a more stable anode-SE interface
and improved electrochemical performance.

CAM mass loading is a critical parameter for determining
the energy density of full cells."” The electrochemical performance
of Sn-based full cells with a high CAM loading of 38.22 mg cm™>
was evaluated (Fig. S12, ESIf). At 0.1C, the LiSn|NCMS811 cell
delivers a higher areal capacity (5.3 mA h cm™?) compared to the
Sn|NCM811 cell (3.5 mA h cm™ ). Furthermore, the LiSn-based cell
maintains an areal capacity of 4.2 and 3.8 mA h cm ™~ at 0.5C and
1C, respectively, and retains 100% of its capacity after 100 cycles at
1C. In contrast, the Sn|[NCM811 cell delivers significantly lower
areal capacities of 1.6 and 0.7 mA h em 2 at 0.5C and 1C,
respectively. These results suggest that the detrimental effect of
anode volume expansion is exacerbated in high-CAM-loading
full cells.

To gain deeper insight into the evolution of the LiSn-LPSC
interface during cycling, in situ Raman spectroscopy was per-
formed on a customized LiSn|NCMS811 cell. The laser beam was
focused on the LiSn-LPSC interface (Fig. S13, ESIT). In the initial
Raman spectrum collected before charging, characteristic peaks
corresponding to PS;*~ (415 cm™ ") and Li,S (375 cm™ ') were
observed, indicating that interface evolution occurs upon contact
between LiSn and LPSC (Fig. S14, ESIf)."® Throughout subse-
quent charging and discharging cycles, the Raman spectra
remained consistent with the initial spectrum, with no new peaks
appearing or significant intensity reductions observed. This
suggests that a stable and favorable interface forms rapidly.

The composition of the anode interface was further analyzed
via X-ray photoelectron spectroscopy (XPS) on pristine and cycled
LiSn anodes (after 50 cycles). In the Sn 3d XPS spectrum of pristine
LiSn (Fig. S15a, ESIt), two fitted 3ds/, peaks at 483.3 eV and 485.1 eV
were assigned to the Li,,Sn; alloy and metallic Sn°, respectively."
After cycling, the LiSn anode exhibited a single 3ds, peak at
484.5 eV (Fig. S15b, ESIt), corresponding to the Li,Sn (0 < x <
4.4) alloy, indicating complete alloying of Sn and strong interfacial
stability between the Sn/LiSn anode and LPSC SE. Additionally, the S
2p XPS spectra of the anodes (Fig. S15c and d, ESI}) revealed that
the cycled LiSn anode exhibited an additional 2p;/, peak at 160.3 €V,
attributed to Li,S, alongside the original PS,*>~ peak at 161.6 eV.?
These results confirm the formation of a stable, Li,S-enriched LiSn—
LPSC interphase during cycling.

The volumetric changes of Sn-based anodes during cycling
were investigated using ex situ cross-sectional scanning electron
microscopy (SEM). As shown in Fig. 4, the pristine LiSn anode had
an initial thickness of ~25 um, which increased to ~57 pm after
the first charging, corresponding to a 128% volume expansion.
During subsequent discharging, the anode thickness slightly
decreased, and a porous structure was observed, indicating uni-
form delithiation and high mechanical stability of the dealloyed
anode. After 50 cycles, the cycled LiSn anode retained a thickness
of ~64 um, demonstrating excellent structural stability. In con-
trast, the pristine Sn anode expanded significantly from ~25 pm
to ~76 um after charging (Fig. S16, ESIt), corresponding to a large
volume expansion of 204%. After 50 cycles, the Sn anode exhibited
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Fig. 4 Thickness of LiSn anodes under different states. (a) Initial, (b) charging, (c) discharging, and (d) after 50 cycles.

a thickness of ~95 pm, highlighting its poor structural stability
compared to LiSn. It is worth noting that the unique non-compact
structure also helps to alleviate volume expansion of the as-
prepared anodes during lithiation (Fig. S17, ESIT).

In conclusion, a prelithiated Sn anode was successfully prepared
and employed in LPSC-based ASSLBs, following AIMD simulations
that confirmed its high stability with LPSC. As expected, the
LiSn|NCMS811 cell exhibited superior specific capacity and extended
cycling lifespan compared to Sn- and LMA-based full cells. In situ
Raman spectroscopy and ex situ XPS analyses revealed the for-
mation of an ultra-stable, Li,S-enriched interphase at the LiSn-LPSC
interface. Additionally, in situ Ap monitoring and ex situ cross-
sectional SEM imaging confirmed that the LiSn anode undergoes
significantly less volume change during cycling than the Sn anode.
The combination of a stable interfacial structure and reduced
volume fluctuation accounts for the outstanding stability of the
as-prepared LiSn anode.
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