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E L E C T R O C H E M I S T R Y

Time-evolved hetero-alkali interphases enable long-life 
sulfide-based anode-free solid-state batteries
Jiwei Wang1, Man Chen2, Mengting Ye1, Xiaolin Guo2, Dehang Li1, Hui Wang2, Hongli Zhu1*

Sulfide-based anode-free solid-state batteries (AFSSBs) offer high energy density and improved safety, but their 
practical implementation is hindered by parasitic reactions between freshly plated lithium (Li) and sulfide solid 
electrolytes. These reactions continuously consume the limited cathode-derived Li inventory, increase interfacial 
impedance, and promote nonuniform Li plating and stripping. Here, sodium bis(fluorosulfonyl)imide (NaFSI) is 
incorporated into Li5.4PS4.4Cl1.6 (LPSC) to kinetically program interphase evolution. Heat treatment initially gener-
ates a NaF/LiF-rich interphase on the LPSC surface. This fluoride-rich region chemically stabilizes the interface and 
suppresses direct LPSC reduction. During the early cycles, the outermost region progressively evolves into a LiF/
Li3N-rich layer, while the NaF-containing phase becomes buried beneath the Li-rich surface region, producing a 
time-evolved compositional gradient. Although NaF provides effective chemical passivation, its poor Li+ conduc-
tivity can impede interfacial ion transport. The subsequent formation of Li3N-rich domains, which exhibit substan-
tially higher Li+ conductivity than NaF, provides more favorable transport pathways, homogenizes interfacial Li+ 
flux, and promotes uniform Li plating and stripping. This time-evolved gradient interphase therefore combines 
early-stage chemical stabilization and Li conservation with improved long-term ion transport kinetics, suppress-
ing impedance growth, localized inactive Li accumulation, and filamentary shorting. Consequently, the AFSSB 
using the NaFSI-modified LPSC interlayer retains 77.6% of its capacity after 500 cycles at 0.2 C, whereas the cell 
with bare LPSC retains only 32.1% after 100 cycles. These findings establish temporally programmed gradient in-
terphases as a general strategy for conserving active Li and stabilizing sulfide-based AFSSBs.

INTRODUCTION
Sulfide-based anode-free solid-state batteries (AFSSBs) are emerg-
ing as a highly promising technology for achieving high energy den-
sity storage, as they eliminate the excess lithium (Li) metal anode 
and rely entirely on cathode-derived Li to form the anode during 
initial charging (1, 2). This architectural simplification maximizes 
both gravimetric and volumetric energy density while offering in-
herent safety compared with liquid-based Li-metal batteries (3). 
However, despite their promise, sulfide-based AFSSBs remain far 
from practical implementation, largely because of persistent insta-
bility at the anode–solid electrolyte (SE) interface.

Unlike conventional Li metal batteries, anode-free batteries rely 
on in situ Li plating during initial charging, exposing freshly depos-
ited Li directly to sulfide SEs. From a thermodynamic perspective, 
this direct contact drives continuous reductive decomposition of 
sulfide SEs to form a solid-electrolyte interphase (SEI) composed of 
resistive lithium sulfide (Li2S), lithium chloride (LiCl), and lithium 
phosphide (Li3P) phases, accelerates interfacial impedance growth, 
and ultimately causes severe capacity degradation (4–6). Simultane-
ously, the absence of a preloaded Li anode exacerbates Li nucleation 
heterogeneity, resulting in uneven Li plating and stripping and ac-
celerated interfacial degradation (7). The uncontrolled Li deposi-
tion during cycling inevitably leads to the continuous accumulation 
of the resistive SEI, which accelerates the consumption of active Li 
inventory. These coupled chemo-electrochemical and morpholog-
ical instabilities severely limit the long-term cycling of sulfide-
based AFSSBs.

Considerable efforts have been devoted to mitigating interfacial 
degradation through carbon interlayers (8, 9) and alloy engineering 
(10, 11). While these approaches can improve interfacial stability, 
they often require complex processing steps and may compromise 
interfacial ion transport. In particular, carbon-based interlayers, 
while chemically stable against Li, typically suffer from intrinsically 
low Li+ conductivity and dense microstructures, leading to sluggish 
Li+ transport and unsatisfactory electrochemical performance at 
room temperature (12, 13). These limitations underscore the inher-
ent trade-off between chemical stability and ion transport efficiency 
in interlayer-based designs.

An alternative and potentially more scalable strategy is electrolyte 
chemistry regulation via additive engineering, which enables the 
in situ formation of a stable and ionically conductive SEI layer during 
cycling. In liquid electrolyte batteries, functional additives are widely 
used to form robust SEI layers in situ that effectively stabilize Li met-
al interfaces (14, 15). Inspired by these advances, recent studies have 
shown that incorporating functional additives into sulfide SEs can 
induce the formation of robust protective SEI layers to stabilize Li 
metal anodes, without substantially compromising the intrinsic ionic 
conductivity of sulfide electrolytes (16–18). Moreover, compared 
with liquid systems, additive design principles for sulfide SEs remain 
largely unexplored, particularly in an anode-free configuration 
where freshly plated Li imposes more stringent interfacial stability 
requirements. Despite recent advances in interlayer designs (e.g., 
LiF-rich coatings, alloy interlayers, and metallic seeds), a key unre-
solved challenge in AFSSBs is the lack of interphases that can repro-
ducibly reform during repeated exposure of freshly plated Li. Existing 
strategies largely assume a static passivation model, which is funda-
mentally incompatible with the anode-free architectures.

Here, we propose that interphases for anode-free batteries must 
be kinetically programmed, forming sequentially as cycling proceeds, 
to decouple early chemical passivation from efficient long-term Li+ 
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transport. Specifically, a simple yet effective interfacial regulation 
strategy by incorporating sodium bis(fluorosulfonyl)imide (NaFSI) 
molecular additives into Li5.4PS4.4Cl1.6 (LPSC) SE for AFSSBs is inves-
tigated. NaFSI decomposes more readily than LiFSI because Na+ pro-
vides weaker anion stabilization but a stronger thermodynamic pull 
toward NaF formation, lowering both kinetic and thermodynamic 
barriers for FSI− decomposition. During cycling, Na-containing spe-
cies are displaced, leading to the emergence of a LiF/Li3N-dominated 
interphase. An early layer enriched with NaF/LiF forms initially at the 
electrolyte surface, while electrochemical cycling promotes the devel-
opment of a LiF/Li3N-rich layer. This sequential interphase formation 
decouples chemical stability and ionic transport, two competing re-
quirements that cannot be simultaneously optimized in a single static 
interlayer. This dynamic interphase effectively suppresses LPSC re-
duction and resistive SEI formation, thereby stabilizing the anode/SE 
interphase during cycling. This work demonstrates a simple yet effec-
tive interface engineering strategy to stabilize the anode interface, 
providing valuable insights for developing long cycling high energy 
density sulfide-based AFSSBs.

RESULTS
Mechanistic principles of time-evolved interphase 
engineering for hetero-alkali SEI construction
The interfacial instability between LPSC and Li remains a central 
challenge for AFSSBs. As shown in Fig. 1A, LPSC readily reacts with 
initially plated Li, leading to the formation of a resistive SEI layer, 
containing Li2S, LiCl, and Li3P. This interphase hinders uniform Li+ 
flux and progressively deteriorates during repeated plating/stripping 
processes, ultimately promoting localized Li accumulation and 
dendrite growth. To this end, a more robust and ionically conduc-
tive SEI is a key factor in stabilizing the AFSSBs. LiFSI-coated LPS 
has been demonstrated to induce LiF-rich interphase formation, 
thereby effectively stabilizing the Li metal anode (19). In liquid-
based Li metal batteries, the introduction of Na-containing addi-
tives promotes the formation of hybrid SEI layers with enhanced 
mechanical robustness (20, 21). In our design, we propose kineti-
cally programmed SEI formation by introducing NaFSI as an inter-
facial additive to deliberately regulate chemical evolution in the 
interphase. As shown in Fig. 1B, the interfacial regulation enabled 

Fig. 1. Schematic illustration of anode interfacial evolution of AFSSBs. (A) Without and (B) with NaFSI@LPSC interlayer. Enlarged view of the anode interface in 
(A), showing the formation of a high-resistance interphase that hinders the Li+ transport. Enlarged view of the anode interface in (B), illustrating a robust interphase with 
uniform Li+ flux and fast and stable ion transport, enabling homogeneous Li deposition.
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by NaFSI follows a stepwise evolution process. During the synthesis 
process, NaFSI is likely to chemically interact with nucleophilic sul-
fide species on the LPSC surface, facilitating the cleavage of S-F 
bonds in the FSI− anion and the release of F−. The released F− can be 
readily captured by Li+ and Na+ to form thermodynamically stable 
LiF/NaF (fig. S1A). Upon subsequent Li plating during the early 
cycles, further decomposition of FSI− leads to the formation of a 
LiF/Li3N-dominant SEI layer (fig. S1B) (22). Such a time-sequenced 
interphase evolution structure is expected to synergistically com-
bine mechanical robustness with favorable Li+ transport, thereby 
effectively homogenizing interfacial ion flux and enhancing resis-
tance against interfacial degradation during repeated cycling.

The preparation procedures of the x wt% NaFSI@LPSC (denoted 
as xNF@LPSC) samples are schematically illustrated in Fig. 2A. Spe-
cifically, NaFSI and LPSC powders were thoroughly mixed in differ-
ent weight ratios and subsequently pressed into a pellet. The pellet 
was then vacuum sealed and subjected to low-temperature thermal 
treatment (details are provided in the Materials and Methods). X-
ray diffraction (XRD) patterns (Fig. 2B) reveal that all xNF@LPSC 
samples maintain the characteristic LPSC phase (space group F43m ) 
without a secondary phase, indicating that the incorporation of 
NaFSI does not alter the bulk crystal structure of LPSC, although sur-
face reaction may take place. Electrochemical impedance spectros-
copy (EIS) measurements were conducted to evaluate the effect of 
NaFSI incorporation on the ionic conductivity of the xNF@LPSC 
composites (Fig. 2C). The pristine ball-milled LPSC exhibited a high 
ionic conductivity of 2.54 mS cm−1, whereas the conductivity of the 

3NF@LPSC decreased to 1.27 mS cm−1. Further increasing the 
NaFSI content to 7NF@LPSC resulted in a pronounced reduction in 
conductivity to 0.52 mS cm−1, suggesting that an excessive amount 
of NaFSI forms a thick coating layer on LPSC that impedes the Li-
ion transport within SE (Fig. 2D). The conductivity reduction is at-
tributed to the formation of a surface-confined fluoride-rich phase 
rather than bulk lattice disruption, as evidenced by unchanged 
XRD patterns.

Scanning electron microscopy (SEM) and corresponding energy-
dispersive x-ray spectroscopy (EDS) element mapping images were 
used to investigate the morphology of the bare LPSC and xNF@
LPSC, as well as the distribution of NaFSI on the LPSC particles. As 
shown in fig. S2, the introduction of NaFSI does not alter the mor-
phology and particle size of the LPSC electrolyte. The EDS mapping 
results of 3NF@LPSC, with the S signals representative of the LPSC 
matrix, reveal a uniform distribution of F and Na signals on the sur-
face of LPSC particles, indicating uniform distribution of NaFSI on 
the LPSC surface (Fig. 2, E to H). Similarly, the EDS mapping results 
of 5NF@LPSC and 7NF@LPSC also demonstrate the uniform dis-
tribution of NaFSI on the surface of LPSC particles (figs. S3 and S4).

Interfacial stability improvement with NF@LPSC interlayer
To evaluate the influence of the NaFSI additive on the interfacial 
stability, we measured the cell-level critical current density (cell-
level CCD) of anode-free full cells with and without xNF@LPSC as 
the interlayer. The cell-level CCD test was conducted by cycling the 
AFSSBs at stepwise increased current densities starting from 0.1 mA 

Fig. 2. Preparation and characterization of NaFSI@LPSC. (A) Schematic of the preparation procedures of the NaFSI@LPSC samples. (B) XRD patterns of the bare LPSC, 
3NF@LPSC, 5NF@LPSC, and 7NF@LPSC. (C) Nyquist plots and (D) room temperature ionic conductivity of the bare LPSC, 3NF@LPSC, 5NF@LPSC, and 7NF@LPSC. (E) SEM 
image and (F to H) the corresponding EDS mapping of 3NF@LPSC.
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cm−2 with an increasing step of 0.1 mA cm−2. Here, the cell-level 
CCD is defined as the highest current density at which the full cell 
can operate without a short circuit or abnormal voltage behavior. 
Ag-coated stainless steel (Ag@SS) was used as the current collector 
to enhance lithiophilicity during cycling. When using bare LPSC as 
the SE and cycling with an 8.92 mg cm−2 active material mass load-
ing, the cell-level CCD was found to be 0.9 mA cm−2 (Fig. 3A). The 
cell exhibits abnormal charging behavior during the Li plating pro-
cess when the current density increased to 1.0 mA cm−2 (Fig. 3B and 
fig. S5), including a markedly increased charge capacity, distorted 
voltage profile, and a low Coulombic efficiency (CE). The abnormal 
increase in apparent charge capacity, together with voltage stagna-
tion during charging and continued cell operation, is consistent 
with the electrochemical signatures of soft shorting reported in pre-
vious work (23, 24), where internal current redistribution causes the 
measured capacity to deviate from the actual Faradaic Li-plating 
capacity. This behavior was even more severe in the following cycles. 
However, when using 3NF@LPSC as the interlayer, the cell-level 

CCD was increased to 1.5 mA cm−2 (Fig. 3C). The cell undergoes a 
soft short during the charge process as the current density increased 
to 1.6 mA cm−2, in which overcharge took place and resulted in a low 
CE (Fig. 3D and fig. S6). The increased CCD value indicates that the 
introduction of 3NF@LPSC interlayer could improve the interfacial 
stability compared to that without the interlayer. Further increasing 
the NaFSI content in the interlayer results in a reduced cell-level 
CCD value (Fig. 3, E and F), which is because higher NaFSI content 
compromises the ionic conductivity and slows Li+ transport within 
the interlayer, which will induce inhomogeneous Li deposition at in-
creased current densities. Considering the ionic conductivity and 
interface stability improvement, 3NF@LPSC was chosen for subse-
quent electrochemical performance and mechanism studies.

Mechanism of 3NF@LPSC interlayer for stabilizing 
the interface
To unravel the interface stabilization mechanism of NaFSI-modified 
LPSC as the interlayer, surface-sensitive x-ray photoelectron spectroscopy 

Fig. 3. Stepwise current tolerance tests of AFSSBs cycled using stepwise increased current densities starting from 0.1 mA cm−2 with an increasing step of 0.1 mA 
cm−2. (A) Voltage profiles during the stepwise current tolerance test of the AFSSB with bare LPSC SE. (B) Specific charge/discharge capacities of the AFSSB with bare LPSC 
SE at different current densities. (C) Voltage profiles during the stepwise current tolerance test of the AFSSB with 3NF@LPSC interlayer. (D) Specific charge/discharge ca-
pacities of the AFSSB with 3NF@LPSC interlayer at different current densities. (E) Voltage profiles during the stepwise current tolerance test of the AFSSB with 7NF@LPSC 
interlayer. (F) Specific charge/discharge capacities of the AFSSB with 7NF@LPSC interlayer at different current densities.
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(XPS) measurements were conducted for the pristine and cycled SE 
pellets facing the anode side to investigate the interface composi-
tion. Bare LPSC and NF@LPSC pellets before cycling were first ex-
amined. A survey scan of the 3NF@LPSC pellet shows obvious F 
and Na signals indicating the existence of NaFSI in the 3NF@LPSC, 
whereas neither F nor Na signals were observed in the survey scan 
of the bare LPSC (fig. S7). Figure 4A compares the S 2p spectra of 
different samples. For pure NaFSI, the S 2p spectrum is dominated 
by a characteristic doublet at 170 to 171 eV, which can be assigned to 
S (VI) species of -SO2 moieties of the FSI− anion (25). In contrast, 
bare LPSC exhibits a main S 2p doublet at 161.3 to 162.6 eV, corre-
sponding to PS4

3− tetrahedra of LPSC (26). Notably, the S 2p spec-
trum of 3NF@LPSC does not show obvious S (VI) species associated 
with intact FSI− anions, in which the main peak is characterized by 
the PS4

3− tetrahedra of LPSC, and a shoulder peak emerges at 163 to 
165 eV, which is commonly attributed to S-S bonding or polysulfide-
like species, suggesting interfacial reactions between LPSC and NaFSI 

(27). The interfacial decomposition of NaFSI is further supported by 
the F 1s spectra (Fig. 4B). The F 1s spectrum of NaFSI exhibits a 
main peak at 688.3 eV which can be assigned to -SO2F species of 
NaFSI (28). In contrast, the F 1s spectrum of 3NF@LPSC exhibits a 
main peak centered at 685 eV, characteristic of inorganic fluoride 
species. A weak shoulder peak at 688 to 689 eV is also observed, 
which may originate from residual fluorinated fragments or unre-
acted NaFSI. The pronounced chemical shift directly confirms the 
transformation of fluorine from an anionic FSI− environment to in-
organic fluoride species. In addition, the Na 1s peak of 3NF@LPSC 
shifts toward lower binding energy compared with pristine NaFSI 
(Fig. 4C), indicating a more ionic chemical environment for Na and 
the formation of NaF (29). Furthermore, the presence of a strong 
inorganic fluorine signal together with surface-enriched Li suggests 
that Li participates in the formation of LiF at the interface (Fig. 4D). 
Thus, the XPS results demonstrate that the thermal treatment in-
duces interfacial decomposition of FSI− upon contact with LPSC, 

Fig. 4. Interphase chemistry of NaFSI-modified LPSC revealed by XPS. (A) S 2p, (B) F 1s, (C) Na 1s, and (D) Li 1s XPS spectra of pure NaFSI, bare LPSC, and 3NF@LPSC. 
(E) S 2p XPS spectra of cycled LPSC and 3NF@LPSC. (F) F 1s XPS spectrum of cycled 3NF@LPSC. (G) Li 1s spectrum of cycled 3NF@LPSC. (H) N 1s spectrum of cycled 
3NF@LPSC.
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leading to the formation of an inorganic alkali-fluoride (LiF/NaF) 
interphase.

To elucidate the interfacial evolution during electrochemical 
cycling, XPS measurements were conducted on cycled LPSC and 
3NF@LPSC. As shown in Fig. 4E, cycled LPSC exhibits a substantial 
weakening of the shoulder peak associated with the PS4

3− at 162.7 eV. 
In addition, a distinct peak emerges at 160 eV, which can be as-
signed to Li2S. These results indicate severe reductive decomposi-
tion at the interface. In contrast, the S 2p spectrum of cycled 3NF@
LPSC remains dominated by a doublet peak associated with PS4

3−, 
while Li2S formation is reduced compared to cycled LPSC. More-
over, the cycled 3NF@LPSC shows an intensified inorganic F 1s sig-
nal at 684.9 eV, indicating further enrichment of the fluoride-rich 
interphase during cycling (Fig. 4F). Meanwhile, the Li 1s spectrum 
of cycled 3NF@LPSC reveals the emergence of an additional peak 
at a low binding energy (∼54.5 to 55 eV) (Fig. 4G), suggesting 
nitrogen-containing inorganic products formed during cycling (30). 
This observation is consistent with the evolution of the N 1s spectra. 
Pure NaFSI displays a single N 1s peak centered at around 400.0 eV, 
characteristic of the SO2N− in the FSI− anion (fig. S8). The N 1s 
spectrum of 3NF@LPSC before cycling is dominated by a broad-
ened and slightly shifted peak at around 399.6 eV (fig. S9), indicat-
ing initial chemical interactions between NaFSI and the LPSC 
surface while the SO2N− in the FSI− anion remains dominant. After 
cycling, the N 1s spectrum is dominated by a peak at 397 to 398 eV, 
accompanied by a diminished SO2N− contribution (Fig. 4H), sug-
gesting the formation of Li3N species during cycling (17, 30). The 
Na 1s signal becomes very weak after cycling (fig. S10), implying 
that NaF species are no longer present within the surface-sensitive 
XPS probing depth. This attenuation is attributed to the growth of a 
Li-rich interphase, which dominates the surface region and masks 
Na species.

To investigate the dynamic evolution of the interphase formation 
during cycling, in-depth XPS measurements were performed after 
1 cycle and 3 cycles. For both samples, the Na-F contribution in the 
F 1s spectra increases with sputtering depth, accompanied by a cor-
responding increase in the NaF signal in the Na 1s spectra (Fig. 5, A 
to D), indicating that NaF is retained within the interphase after cy-
cling and is relatively enriched in the inner region of the interphase. 
Compared with the sample after 1 cycle, the residual -SO2F signal is 
further reduced after 3 cycles, whereas the relative fraction of Na-F 
bonding in the F 1s spectra becomes higher. In contrast, the surface 
Na 1s intensity decreases slightly after 3 cycles. These observations 
suggest that NaFSI continues to decompose during the early cycles, 
while the newly formed NaF is gradually buried beneath the grow-
ing Li-rich surface layer rather than remaining at the outer surface. 
The surface N 1s, Li 1s, and S 2p spectra collected after the first cycle 
further identify the composition of the newly formed interphase 
(fig. S11). The appearance of a Li3N-related N 1s component con-
firms that NaFSI decomposition produces nitrogen-containing in-
organic species during the initial cycle, while the Li 1s spectrum 
indicates the concurrent formation of LiF. Moreover, no Li2S-related 
peak is observed in the S 2p spectra, suggesting that the reduc-
tive decomposition of LPSC is effectively suppressed by the NaFSI-
derived interphase.

The surface XPS spectra collected after different numbers of cy-
cles provide further evidence for the temporal evolution of the inter-
phase (Fig. 5, E to G). The surface Na signal gradually decreases with 
cycling and becomes nearly undetectable after 5 cycles, indicating 

that Na-containing species are progressively buried beneath the 
outer interphase. In contrast, the Li3N-related N 1s component ap-
pears after the first cycle, remains detectable during subsequent cy-
cling, and becomes more pronounced after 5 cycles. Although only 
limited changes are observed in the Li 1s spectra during the first few 
cycles, the emergence of the low binding energy peak after 5 cycles 
is consistent with the N 1s evolution, indicating the gradual devel-
opment of Li3N-related species within the outer interphase.

In summary, heat treatment initially generates a NaF/LiF-rich 
interphase on the LPSC surface. During the early cycles, the outer-
most region of this interphase progressively evolves into a LiF/Li3N-
rich layer, while the NaF-containing phase becomes buried beneath 
the Li-rich surface layer. The initial NaF/LiF-rich interphase sup-
presses early-stage LPSC reduction and provides chemical stabiliza-
tion; however, NaF is a poor Li+ conductor and limits interfacial ion 
transport. The subsequent formation of Li3N, which exhibits sub-
stantially higher Li+ conductivity than NaF, facilitates faster and 
more homogeneous Li+ transport across the interface. This time-
evolved gradient interphase therefore combines early-stage chemi-
cal passivation with improved long-term ion transport kinetics, 
ultimately promoting more uniform Li plating and stripping.

Electrochemical performance of AFSSBs with 
3NF@LPSC interlayer
To validate the practical viability of the 3NF@LPSC interlayer, 
anode-free full cells were tested with LiNbO3-coated LiNi0.82 
Mn0.07Co0.11O2 (NMC) as the cathode. A 10-mg 3NF@LPSC inter-
layer was introduced between the current collector and 70- to 75-mg 
LPSC SE. Figure 6A shows the cycling performance of the Ag@
SS||LPSC||NMC and Ag@SS||3NF@LPSC||LPSC||NMC AFSSBs at 
0.1 C with an active material mass loading of 8.92 mg cm−2. The 
two cells exhibit comparable initial charge/discharge capacities 
(fig. S12A), with initial Coulombic efficiencies of 80.6 and 80.1%, 
respectively. However, the incorporation of the 3NF@LPSC inter-
layer leads to markedly enhanced cycling stability. The cell with 
3NF@LPSC retains a discharge capacity of 153.4 mAh g−1 after 100 
cycles (fig. S12B), exhibiting a superior capacity retention of 89%. In 
contrast, the cell without the interlayer exhibits accelerated capacity 
decay, only delivering a discharge capacity of 108.2 mAh g−1 after 
100 cycles (fig. S12B), corresponding to a capacity retention of 
62.3%. The cycling performance of the SS||LPSC||NMC cell was also 
evaluated under the same conditions (fig. S13) to elucidate the role 
of Ag in promoting the uniform plating/stripping. Without Ag, the 
SS||LPSC||NMC cell displays rapid capacity decay, with a discharge 
capacity of 76.8 mAh g−1 after 100 cycles (fig. S14), which is much 
lower than that of the cell with Ag. These results suggest the effec-
tiveness of Ag and 3NF@LPSC in promoting stable Li plating/
stripping and suppressing interfacial reactions in AFSSBs.

Rate capability comparison was further carried out to unveil the 
interface stability of 3NF@LPSC. Figure S15 presents the rate per-
formance of AFSSBs with/without 3NF@LPSC at an active material 
mass loading of 8.92 mg cm−2. The cells underwent 5 cycles at each 
rate from 0.1 C to 1 C, followed by a recovery to 0.1 C. Figure S16 
shows the galvanostatic charge/discharge voltage profiles at each 
rate. Although both cells show similar charge/discharge capacities at 
low rates of 0.1 C and 0.2 C, the cell without 3NF@LPSC exhibits a 
sharp voltage drop near the end of the discharge at 0.3 C, indicating 
interface contact failure at the end of Li stripping. This interface 
contact failure is further accelerated at 0.5 C as indicated by the light 
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green arrow in fig. S16A. The cell short circuits at 1 C. By contrast, 
the cell with 3NF@LPSC displays stable cycling from 0.1 C to 0.5 C, 
suggesting robust interface contact (fig. S16B). However, the cell still 
undergoes a soft short when the C rate is increased to 1 C because 
the current density at 1 C is 1.78 mA cm−2 and exceeds its cell-level 
CCD value. Rate capability was further compared with a lower 

active material mass loading of 6.24 mg cm−2 using the identical 
cycling protocol.  Figure  6 (B and C) displays the galvanostatic 
charge/discharge profiles of the two cells at each rate. The cell with 
3NF@LPSC demonstrates superior rate capability up to 1 C without 
short-circuiting, delivering discharge capacities of 176.2, 152.6, 
137.5, 118.6, and 89 mAh g−1 at 0.1 C, 0.2 C, 0.3 C, 0.5 C, and 1 C, 

Fig. 5. Depth-dependent and cycling-dependent evolution of the hetero-alkali interphase. XPS depth spectra of cycled 3NF@LPSC at different sputtering times. (A) Na 
1s and (B) F 1s after 1 cycle. (C) Na 1s and (D) F 1s after 3 cycles. (E to G) The surface XPS spectra of Na 1s, N 1s, and Li 1s before cycling (0 cycles) and after 1, 3, and 5 cycles.
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respectively (Fig. 6B). In particular, the discharge capacity recovers 
to the original level when the current rate returns to 0.1 C, implying 
great interfacial stability (fig. S17). In contrast, the cell without 
3NF@LPSC short-circuits at 1 C even with the cathode mass load-
ing reduced, leading to overcharging and lower CE in subsequent 
cycles (Fig. 6C).

Long-term cycling performance was further evaluated at 0.2 C to 
validate the interface stability enhancement due to the existence of 
3NF@LPSC interlayer. Figure 6D compares cycling performance of 
the two anode-free cells with/without 3NF@LPSC. Both cells un-
derwent an activation cycling process at 0.1 C for 4 cycles and then 
switched to 0.2 C (equivalent to 0.356 mA cm−2) for long-term cy-
cling. The two cells show similar trends of capacity decrease during 
the four activation cycles. Upon switching to 0.2 C, the two cells 
deliver initial discharge capacities of 164.3 and 161.6 mAh g−1. 
However, the cell without 3NF@LPSC shows an interfacial contact 
issue at the end of the stripping process at the 20th cycle and exhibits 
accelerated capacity decay in the subsequent cycles. As a result, it 
only retains a discharge capacity of 52.7 mAh g−1 after 100 cycles 
(fig. S18), yielding a capacity retention of 32.1%. In contrast, the cell 
with 3NF@LPSC presents exceptional cycling stability over 500 cycles, 

maintaining a discharge capacity of 125.4 mAh g−1 (Fig. 6E), corre-
sponding to a retention rate of 77.6%, with a decay rate of 0.045% 
per cycle. Moreover, the cell with 3NF@LPSC shows an average CE 
of ∼99.64% throughout 500 cycles, indicating highly reversible Li 
plating/stripping during repeated cycling, whereas the cell without 
3NF@LPSC only achieves an average CE of 98.30% over 100 cycles, 
further demonstrating the effectiveness of the dynamic hetero-alkali 
interphase in stabilizing the anode-free battery during prolonged 
cycling. Furthermore, the electrochemical performance using 3LiFSI@
LPSC (3LF@LPSC) interlayer was evaluated in an AFSSB using the 
same Ag@SS current collector and NMC mass loading. As shown in 
figs. S19 and S20, although the 3LF@LPSC slightly improves cy-
cling stability compared with the cell without an interlayer, the cell 
still experiences interfacial contact loss after the 27th cycle, followed 
by a fast capacity decay. These results highlight the superior inter-
facial stabilization capability of the 3NF@LPSC-derived dynamic 
hetero-alkali interphase. As summarized in Fig. 6F, the electro-
chemical performance with the 3NF@LPSC interlayer shows promise 
under practical cycling conditions compared to previous sulfide-
based AFSSB studies with state-of-the-art performance (24, 31–
39). To evaluate the effectiveness of the 3NF@LPSC interlayer under 

Fig. 6. Electrochemical performance of AFSSBs with the 3NF@LPSC interlayer. (A) Long-term cycling performance of AFSSBs with and without the 3NF@LPSC inter-
layer at 0.1 C. (B and C) Rate capability of AFSSBs with and without the 3NF@LPSC interlayer. (D) Long-term cycling performance of AFSSBs at 0.2 C. (E) Representative 
charge-discharge voltage profiles of AFSSBs with the 3NF@LPSC interlayer from the 5th to the 500th cycle. (F) Comparison of the full cell performance of reported AFSSBs 
with LPSC SEs.
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reduced stack pressure, the electrochemical performance of AFSSBs 
was further investigated at 5 MPa. As shown in fig. S21, both cells 
exhibit inferior cycling stability compared with those cycled at 15 MPa. 
The cell without the 3NF@LPSC interlayer exhibits interfacial con-
tact loss as early as the 8th cycle, whereas the onset of interfacial 
contact loss is delayed to the 20th cycle in the cell with the 3NF@
LPSC interlayer. These results indicate that the NaFSI-derived inter-
phase effectively delays interfacial degradation and prolongs the 
cycling stability of anode-free solid-state batteries under reduced 
stack pressure. However, achieving long-term cycling stability at 
low stack pressure remains challenging and requires further opti-
mization of both interphase and cell engineering strategies.

Cross-sectional SEM was used to investigate the postcycling de-
posited Li morphology in AFSSBs with and without 3NF@LPSC 
interlayer. Both cells were cycled five times to 100% state of charge 
at 0.1 C. As shown in fig. S22, the deposited Li is located between the 
LPSC SE and the Ag@SS current collector, as indicated by the pink 
dashed lines. The corresponding EDS further confirms the location 
of each component. The Fe signal originates from the SS current col-
lector, while the O signal is associated with the deposited Li. Weak P, 
S, and Cl signals indicate that a small amount of LPSC particles re-
mains attached to the Li layer. In the cell without 3NF@LPSC 
interlayer (fig. S22A), the deposited Li exhibits a relatively loose 
morphology. The enlarged SEM image (fig. S23) reveals that the de-
posited Li is composed of loosely packed flake-like features with 
microscale voids distributed throughout the deposited Li layer, sug-
gesting poor compactness of the deposited Li layer. Moreover, the 
deposited Li at another location exhibits a similar morphology but a 
substantially smaller thickness (fig. S24), indicating nonuniform Li 
deposition in the cell without 3NF@LPSC interlayer. This nonuni-
form deposition is likely associated with the continuous formation 
of high-resistance Li2S interphase species during cycling, which leads 
to nonuniform Li+ flux across the interface and consequently uneven 
Li deposition. In contrast, the deposited Li in the cell with 3NF@
LPSC forms a much denser and more continuous Li layer without 
obvious flake-like features (fig. S22B), and a low-magnification SEM 
image (fig. S25) further confirms the uniformity of the deposited Li 
over a wide area, suggesting that the NaFSI-derived interphase ef-
fectively promotes compact and homogeneous Li deposition.

In situ EIS and distribution of relaxation times (DRT) analysis 
were further performed to investigate the interfacial resistance evo-
lution of AFSSBs with and without the 3NF@LPSC interlayer at dif-
ferent cycles. In situ EIS spectra and DRT contour maps show that 
both cells exhibit similar interfacial resistance in the initial cycle at 
0.1 C (Fig. 7, A to F), suggesting similar initial interfacial contact 
and reaction kinetics. However, at the 10th cycle at 0.2 C, the cell 
without the 3NF@LPSC interlayer shows a pronounced increase in 
interfacial impedance as evidenced by the enlarged semicircle in the 
EIS spectra, particularly near the end of the stripping (Fig. 7, G and 
H). The corresponding DRT results provide further insights into the 
origin of the impedance growth. In the DRT contour maps, R1 
shows an obvious intensity increase near the end of stripping, indi-
cating poor interfacial contact. Meanwhile, the enhanced R2 signal 
suggests an increased resistance of the SEI layer, resulting from the 
undesirable side reactions between Li and LPSC. In addition, the 
increased charge transfer resistance (R4) reflects sluggish interfacial 
kinetics associated with progressive interfacial degradation. In con-
trast, the cell with 3NF@LPSC exhibits markedly weaker DRT peak 
intensities in the R1, R2, and R4 regions at the 10th cycle at 0.2 C 

(Fig. 7, J to L), indicating stabilized interfacial contact and suppressed 
interfacial side reactions. Furthermore, at the 20th cycle, the cell with-
out the interlayer shows a further intensified R1 signal near the end of 
stripping in the DRT contour map, implying continued interfacial de-
terioration, whereas the cell with the 3NF@LPSC interlayer maintains 
stable interface contact and SEI resistance (fig. S26). These results 
demonstrate that the 3NF@LPSC interlayer effectively suppresses in-
terfacial side reactions, stabilizes the anode/electrolyte interface, and 
reduces SEI-related resistance, which provide complementary elec-
trochemical evidence, consistent with the XPS results, explaining the 
enhanced cycling stability of the anode-free cells enabled by the 
3NF@LPSC interlayer. The suppressed growth of R1, R2, and R4 com-
ponents indicates that the dynamic interphase stabilizes both physical 
contact and interfacial chemistry during repeated Li stripping, a fail-
ure mode unique to anode-free architectures.

DISCUSSION
In summary, incorporating NaFSI into LPSC creates a time-evolved 
gradient interphase that simultaneously limits irreversible Li loss and 
improves interfacial Li+ transport in sulfide-based AFSSBs. Heat 
treatment initially generates a NaF/LiF-rich interphase on the LPSC 
surface. This chemically stable fluoride-rich region suppresses direct 
reduction of LPSC and inhibits the continued formation and accu-
mulation of resistive decomposition-derived SEI products, thereby 
limiting the ongoing consumption of the finite cathode-derived Li 
inventory. During the early cycles, the outermost region of the inter-
phase progressively evolves into a LiF/Li3N-rich layer, while the NaF-
containing phase becomes buried beneath the Li-rich surface region. 
This spatial and temporal differentiation enables the interphase to 
perform complementary functions. The NaF/LiF-containing region 
provides chemical passivation and suppresses parasitic Li consump-
tion, whereas the emergence of Li3N-rich domains in the outer layer 
alleviates the ion transport limitation associated with poorly Li+-
conductive NaF. Because Li3N exhibits substantially higher Li+ 
conductivity than NaF, its formation facilitates faster and more ho-
mogeneous Li+ transport across the interface, homogenizes inter-
facial Li+ flux, and promotes dense and uniform Li plating and 
stripping. This mechanism is supported by the complementary char-
acterization results. XPS reveals the progressive evolution from an 
initial NaF/LiF-rich interphase to a gradient structure containing a 
LiF/Li3N-rich outer region and a buried NaF-containing region, to-
gether with suppressed LPSC decomposition. EIS and DRT analyses 
demonstrate reduced growth of SEI-related, interfacial contact, and 
charge transfer resistances, while cross-sectional SEM confirms denser 
and more homogeneous Li deposition. Consequently, the AFSSB us-
ing the 3NF@LPSC interlayer maintains a discharge capacity of 
125.4 mAh g−1 after 500 cycles at 0.2 C, corresponding to 77.6% ca-
pacity retention. In contrast, the cell using bare LPSC retains only 
52.7 mAh g−1 after 100 cycles, corresponding to 32.1% capacity re-
tention. This temporal separation of chemical stabilization and ion 
transport provides a dynamic design principle for conserving ac-
tive Li and extending the lifetime of anode-free solid-state batteries.

MATERIALS AND METHODS
Synthesis of fine Li5.4PS4.4Cl1.6 (LPSC)
Li5.4PS4.4Cl1.6 (LPSC) was synthesized via a mechanical ball-milling 
process followed by annealing (40). Specifically, lithium sulfide 
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(Li2S, 99.98%, Sigma-Aldrich), phosphorus pentasulfide (P2S5, 99%, 
Sigma-Aldrich), and LiCl (>99.98%, Sigma-Aldrich) were stoichio-
metrically mixed manually in an agate mortar, and the mixed pow-
ders were then transferred into a stainless steel (SS) jar in an Ar glove 
box and ball-milled at 500 rpm for 40 cycles, with each cycle consist-
ing of 15-min milling followed by a 15-min rest. After ball milling, the 
mixture was sealed in a glass tube under vacuum and annealed at 
510°C for 2 hours with a heating rate of 5°C/min. To obtain fine LPSC, 

the as-prepared LPSC SE was subjected to a secondary ball-milling 
step. Specifically, 2 g of LPSC was placed into a zirconia jar and sealed 
inside the glove box. Ball milling was then conducted at a speed of 
300 rpm for 13 hours, using a cycle of 20-min milling and 5-min rest.

Preparation of xNaFSI-LPSC (x = 3, 5, and 7)
For the preparation of xNaFSI-LPSC (denoted as xNF@LPSC), the 
fine LPSC and NaFSI powders were first mechanically mixed in an 

Fig. 7. Interfacial resistance evolution of AFSSBs revealed by in situ EIS and DRT. Charge-discharge profiles of cells (A and G) without and (D and J) with 
3NF@LPSC interlayer at the 1st and 10th cycles in the EIS measurements. The 1st cycle was tested at 0.1 C, and the 10th cycle was tested at 0.2 C. In situ EIS plots of cells 
(B and H) without and (E and K) with 3NF@LPSC interlayer at the 1st and 10th cycles. DRT contour plots of cells (C and I) without and (F and L) with 3NF@LPSC interlayer 
at the 1st and 10th cycles.
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agate mortar for 20 min with different mass ratios of 3:100, 5:100, 
and 7:100, which were denoted as 3NF@LPSC, 5NF@LPSC, and 
7NF@LPSC. Afterward, the mixture was compressed into a pellet 
with a pressure of 200 MPa. The pellet was vacuum sealed into a 
glass tube and annealed at 130°C for 1 hour with a heating rate of 
1°C/min, followed by cooling down to room temperature with a 
cooling rate of 1°C/min. After cooling down, the xNF@LPSC pow-
ders were obtained by hand-grinding the pellets in a mortar. For 
comparison, 3LiFSI-LPSC (noted as 3LF@LPSC) was prepared us-
ing the same procedure as 3NF@LPSC, except that the pellet was 
annealed at 260°C for 1 hour.

Conductivity measurements
The ionic conductivity of the xNF@LPSC samples was measured by 
EIS. Samples (90 to 100 mg) were cold pressed into pellets in poly-
ether ether ketone (PEEK) cells with a diameter of 10 mm under a 
pressure of 350 MPa, and two SS plungers served as ionic blocking 
electrodes. EIS was performed using a Biologic SP 150 potentiostat 
in the frequency range between 1000 mHz and 1 MHz with an am-
plitude of 20 mV.

Anode-free cell fabrication
The composite cathode was prepared by hand mixing LiNbO3-
coated LiNi0.82Mn0.07Co0.11O2 cathode (MSE Supplies), fine LPSC, 
and vapor-grown carbon fibers in a weight ratio of 70:28.5:1.5. For 
anode-free full cells with an interlayer, 70 to 75 mg of fine LPSC 
powders was first poured into a PEEK cell with a diameter of 10 mm 
and compressed into a pellet at a low pressure of 40 MPa, and then 
10 mg of xNF@LPSC (x = 3, 5, and 7) or 3LF@LPSC powders was 
loaded on one side of the SE pellet, followed by compressing under 
a low pressure. Then, 10 mg of cathode composites was evenly 
spread on the other side of the SE pellet and compressed with a 
10-mm-diameter steel pillar by hand. For the anode-free full cells 
without an interlayer, a total of 80 to 85 mg of fine LPSC powders 
was used as the SE pellet. The other procedures were the same as 
those for the cells with an interlayer. The cell stack was then pressed 
at a high pressure of 375 MPa for 1 min to densify all the layers. 
Afterward, a 10-mm-diameter disc metal foil (100-nm Ag-coated 
SS) was placed on the anode side of the SE pellet. The cell was then 
positioned in an SS frame, and an external pressure of 5 or 15 MPa 
was applied by using a torque wrench during the cell testing.

Electrochemical characterization
Electrochemical cycling measurements were conducted inside the 
Ar-filled glove box to avoid air exposure. The electrochemical per-
formance of the anode-free full cells was tested within the voltage 
range of 2.8 to 4.3 V versus Li+/Li. Operando EIS measurement was 
carried out over a frequency range from 1 MHz to 10 mHz with an 
ac amplitude of 20 mV using a Biologic SP 150 potentiostat. Cells 
were galvanostatically cycled at 0.1 C for the 1st cycle and at 0.2 C 
for the 10th and 20th cycles. EIS spectra were collected every 1-hour 
charge or discharge followed by 30-min rest and at the end of charge 
or discharge for the first cycle. For 10th and 20th cycles, EIS spectra 
were collected every 30 min charge or discharge followed by 15-min 
rest and at the end of charge or discharge. All the electrochemical 
measurements were performed on a Landt battery cycler or a Bio-
Logic cycler. All electrochemical measurements were conducted at 
room temperature (25°C).

Material characterizations
The SEM images and EDS spectra were acquired with a Hitachi 
S4800 scanning electron microscope set at 10 kV. XRD measure-
ments were conducted with a Bruker D8 Discover diffractometer 
(nickel-filtered Cu Kα radiation, λ = 1.5418 Å) to verify the phase 
purity of the as-prepared xNF@LPSC (x = 0, 3, 5, and 7) powders. 
XPS with Al Kα x-ray radiation was used to reveal the surface chem-
ical compositions of the SE pellets before and after cycling.

Supplementary Materials
This PDF file includes:
Figs. S1 to S26
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