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Adaptive interphase enabled pressure-free 
all-solid-state lithium metal batteries
 

Guanjun Cen1,6, Hailong Yu1,6, Ruijuan Xiao1,2, Liubin Ben    3, Ronghan Qiao4, 
Jing Zhu1, Xinxin Zhang1,2, Gaozhan Liu4, Kemin Jiang4, Xiayin Yao    2,4  , 
Heng Zhang    5   & Xuejie Huang    1,2,3 

All-solid-state lithium metal (Li°) batteries (ASSLMBs) are a promising 
next-generation energy storage technology due to their use of 
non-flammable solid electrolytes for enhanced safety and the potential 
for higher energy density. However, void formation and evolution at the 
interface between anode and solid electrolyte remains a major challenge, 
leading to accelerated performance degradation. Departing from traditional 
interfacial design strategies, here we introduce dynamically adaptive 
interphases, formed by controllable migration of pre-installed anions in 
solid electrolytes, to operate ASSLMBs stably under low external pressure. 
The interphases adapt to the Li° anode volume changes, maintaining close 
physical contact between the Li° anode and ‘rigid’ solid electrolyte under 
low or zero external pressure. The dynamically adaptive interphase enables 
Li° full cells to deliver excellent rate performance and 90.7% of capacity 
retention after 2,400 cycles at a current density of 1.25 mA cm−2. Notably, 
pouch cells with zero external pressure are assembled with 74.4% of capacity 
retention after 300 cycles. The present work resolves the critical issue of the 
continuous solid–solid contact loss between Li° anodes and high-modulus 
solid electrolytes, advancing the practical deployment of ASSLMBs as 
high-energy, sustainable electrochemical storage systems.

The integration of renewable energy resources into today’s energy 
supply chains has become essential to reduce the rapid consumption 
of fossil fuels and build sustainable, environmentally friendly energy 
networks1. High-performance rechargeable batteries, capable of revers-
ibly storing and releasing electric energy, are key to bridging gaps 
in the efficient utilization of renewable energy resources2. Among 
these, all-solid-state lithium metal (Li°) batteries (ASSLMBs) employ-
ing solid-state ionic conductors have emerged as strong sustainable 
contenders due to their higher energy density and intrinsic safety com-
pared to other existing rechargeable battery technologies3–6. Most 
importantly, ASSLMBs offer enhanced technological and economical 

sustainability by eliminating flammable organic solvents and employ-
ing industrially accessible materials4,7,8.

However, the generation of voids at the interphase between 
the anode and solid electrolyte leads to interfacial contact losses, 
resulting in the inferior electrochemical performance of practical 
ASSLMBs (<1,000 cycles) compared to prevalent lithium-ion batteries 
(LIBs)9–13. These voids arise from unavoidable initial defects inherited 
from the lamination and film processing of electrode and solid elec-
trolyte materials11,14–17. Pristine voids may further evolve due to para-
sitic interfacial reactions and inhomogeneous Li+ stripping flux at the 
anode–electrolyte interphase12,18. The detrimental impact of voids is 
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at 600 K (ref. 46). Figure 1c shows the MSD diagram for Li, P, S and I ions 
in Li3.2PS4I0.2 at 600 K. The MSD values of Li+ ions are nearly one order 
of magnitude higher than those of the other species, indicating their 
superior mobility in Li3.2PS4I0.2 (DLi+ = 1.4 × 10−5 cm2 s−1 at 600 K). How-
ever, the MSD values of S2− and I− ions increase markedly with the simu-
lation time, reaching values of 4.7 Å2 and 8.5 Å2 at 92 ps, respectively. 
The respective diffusion coefficients of S2− and I− ions are estimated 
to be as high as 8.5 × 10−7 cm2 s−1 and 1.5 × 10−6 cm2 s−1, suggesting that 
both S2− and I− species are mobile under the simulation conditions. The 
radial distribution functions and coordination numbers of the I–Li 
and P–S pairs remain almost unchanged, especially in the first peak 
region, indicating that the structural framework remains stable during 
simultaneous movement of the Li+ ions and anions (Fig. 1d). Figure 1e,f 
further compares the possible diffusion pathways of the S2− and I− ions 
in Li3.2PS4I0.2. The S2− ions are distributed around the P5+ ions and are 
coupled to the Li+ migration in rotation mode42,47, with no broken P‒S 
bonds or migration of S2− ions from one [PS4]3− group. However, the 
I− ions readily migrate from one interstitial site to the adjacent gap 
sites, suggesting that long-range I− migration through this interstitial 
mechanism is probably in LiI-doped Li3PS4.

Based on the computational results, we synthesized a LiI-doped 
solid electrolyte (that is, Li3.2PS4I0.2) via simple ball-milling processes. 
The chemical structures of the as-obtained Li3.2PS4I0.2 were confirmed 
by X-ray powder diffraction (Supplementary Fig. 2). The total ionic 
conductivity of Li3.2PS4I0.2 is substantially higher than that of pris-
tine Li3PS4 (that is, 2.3 mS cm−1 for Li3.2PS4I0.2 versus 0.4 mS cm−1 for 
Li3PS4 at room temperature; Supplementary Fig. 3) owing to the 
presence of a highly conductive phase (that is, thio-LISICON II ana-
logue) in the LiI-doped electrolyte48,49. Notably, the Li-ion transfer-
ence number (TLi+) of Li3.2PS4I0.2 is slightly lower than that of bare 
Li3PS4 (that is, 0.84 for Li3.2PS4I0.2 versus 0.94 for Li3PS4; Fig. 1g; see 
also Supplementary Fig. 3 and Supplementary Table 2), due to the 
increased mobility of the anionic species in the presence of I− anion. 
This corroborates the MD simulations, in which I− ions migrate along-
side Li+ cations. The addition of LiI to Li3PS4 endows the corresponding 
solid electrolyte with controllable anionic conductivity, fulfilling the 
requirements for DAI formation.

Interestingly, an extremely low fraction (that is, Li3+xPS4Ix, x < 0.05) 
of LiI may result in insufficient iodide anion transport to match interfa-
cial processes (Supplementary Fig. 4), impeding DAI formation kinet-
ics at the anode surface. Conversely, an excessive amount of iodide 
(that is, Li3+xPS4Ix, x > 0.5) causes a marked drop in ionic conductivity, 
introducing additional factors that may mask the unique impact of the 
DAI. Hence, an optimal LiI stoichiometric fraction of 0.2 was selected 
to validate the DAI concept in the following sections.

Building up DAIs
To verify the possibility of building DAIs by introducing selected anions 
into solid electrolytes, prototype symmetric cells comprising either 
Li3.2PS4I0.2 or Li3PS4 as the solid electrolyte and a lithium–boron (Li–B) 
alloy as the electrode were assembled and characterized (Fig. 2). The 
Li–B alloy, composed of a mixture of free metallic lithium and alloy 
phase50,51 (that is, mainly Li5B4), is utilized as the electrode owing to its 
similar electrochemical behaviour but higher modulus compared to 
Li° electrodes, enabling clear observation of the anode–electrolyte 
interphases at the microscopic level (Supplementary Discussion 1). 
After storage at 80 °C for 200 h, the Li3.2PS4I0.2 electrolyte still exhibits a 
relatively uniform distribution of S, P and I elements without discernible 
iodide accumulation (Supplementary Fig. 5), implying that Li3.2PS4I0.2 
is chemically stable and that thermal diffusion is unlikely during the 
storage period. With continuous Li stripping (100 h), micron-sized 
voids form at the interphases, accompanied by a detrimental loss of 
physical contact between the Li–B alloy and Li3PS4 electrolyte (Fig. 2b). 
For the LiI-doped electrolyte, a thin (~5 μm) LiI layer forms at the inter-
phases under the same test conditions (Fig. 2c). Notably, sulfur- and 

exacerbated by uneven Li° plating and its large volume changes16,19,20, 
further worsened by pronounced void evolution under low external 
stack pressure21–24.

Extensive work has been performed to address contact losses and 
alleviate interfacial reactions between the Li° anode and solid electro-
lytes. Using a lithium alloy with slightly high lithiation potentials (versus 
Li/Li+: for example, LiIn (refs. 25,26), LiAl (ref. 27), LiSi (refs. 28,29), 
LiSn (ref. 29)) or inserting interlayers with high lithium diffusion rates 
(for example, Si (ref. 30), Sn (ref. 31), Sb (ref. 32), Al (refs. 19,33), Au  
(ref. 34)) can homogenize lithium deposition/dissolution. Introducing 
an artificial solid electrolyte interphase layer with electronic insulation 
(for example, Li3N (ref. 35), LiF (refs. 36,37)) can prevent direct contact 
and undesirable side reactions between the active Li° anode and solid 
electrolytes. Yet these methods cannot fundamentally resolve the 
repeated degradation of the interphase during prolonged cycling and 
mechanical failure readily occurs due to the large volume expansion 
and contraction of the Li° anode19,38. Therefore, it is urgent to develop an 
effective strategy to dynamically fill voids and sustain intimate physical 
contact between the Li° anode and solid electrolyte, enabling long-term 
cycling of ASSLMBs without requiring high external pressures.

Here we introduce dynamically adaptive interphases (DAIs) utiliz-
ing migratable anions pre-installed in solid electrolytes to circumvent 
anode–electrolyte interfacial issues in ASSLMBs. The DAI is imple-
mented in a LiI-doped sulfide electrolyte (that is, Li3.2PS4I0.2) featur-
ing controlled migration of I− ions and sufficient Li-ion conductivity. 
The DAI formed at the interface between anode and solid electrolyte 
ensures close solid–solid contact during continuous Li stripping and 
plating, permitting stable ASSLMBs operation under external pressures 
comparable to LIBs (<1 MPa). Our work opens an avenue to address 
the well-known dependence of solid-state batteries on high external 
stack pressure.

Results
Migration of selected negative charges in solid electrolytes
For typical lithium-ion conductive solid electrolytes, the transference 
number of lithium ions is close to unity, and anionic species are gen-
erally considered immobilized at lattice sites39,40. In contrast to this 
conventional wisdom, controllable migration of anionic species in 
solid electrolytes is a prerequisite for achieving a DAI. We employed 
bond-valence (BV) simulations to evaluate the energy barriers for the 
diffusion processes (Fig. 1a) for a vast variety of lithium-containing 
inorganic materials to identify compounds capable of simultaneously 
transporting lithium ions and anions41.

Figure 1b shows the migration energy barriers for both Li+ and 
anions in Li-containing structures from the inorganic crystal structure 
database. The calculation details are available in Supplementary Table 1 
and Supplementary Fig. 1. Within the same structure, anions with energy 
barriers comparable to those of Li+ ions are considered a second type 
of mobile ion. The screening of such dual-ion conductors is based on 
two criteria: (1) the energy barrier for lithium cations, estimated by the 
BV method, is lower than 1 eV, ensuring fast Li-ion transport41, and (2) 
the ratio of the energy barriers for anions to Li+ cations falls within the 
range of 0.5 to 1.5. These relative values indicate the coupling mode 
and the interaction strength between the ions42. An energy barrier 
ratio of 0.5‒1.5 indicates that the migration ability of the anions is 
similar to that of the Li+ ions (that is, DAI region; Fig. 1b). Employing 
this approach, we can preliminarily locate potential solid electrolytes 
capable of anion transport.

Considering the stability of the Li3PS4–LiI system43,44 and the reduc-
ibility resistance and low electronic–high ionic conductivity of LiI44, 
we focus on a LiI-doped sulfide electrolyte (that is, Li3.2PS4I0.2). The 
diffusion coefficient is estimated from the slope of the mean square 
displacement (MSD) plots, with a high diffusion coefficient indicat-
ing a high diffusion rate of ions: for example, 10−6 cm2 s−1 for Li+ ions in 
Li2Zr2Si2PO12 at 600 K (ref. 45) and 10−5 cm2 s−1 for Li+ ions in Li10GeP2S12 
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phosphorus-containing species are absent in the LiI layer, indicating 
that the layer is generated via electrochemical processes instead of 
chemical reactions at the interface.

To verify the chemical composition of the as-formed layer, in situ 
X-ray photoelectron spectroscopy (XPS) experiments were performed 
(Fig. 2d,e and Supplementary Fig. 6). The cell, comprising metallic 
lithium as the counter and reference electrodes and Li3.2PS4I0.2 as the 
electrolyte, was placed in the XPS chamber52. The working electrode 
was generated via electron beam treatment of the surface of Li3.2PS4I0.2. 
As shown in Fig. 2e, the characteristic signal of metallic lithium (that is, 
52 eV) appears alongside a decrease in the phosphorus signal (that is, 
132 eV) assigned to the Li3.2PS4I0.2 electrolyte after electron beam treat-
ment, confirming the successful formation of metallic lithium as the 
working electrode. During Li stripping processes (driven by low-energy 
ions; see experimental details52), signals of lithium cations (that is, 
53 eV) and iodide anions (that is, 631 eV and 619 eV) are observed, 
whereas phosphorus signals related to the Li3.2PS4I0.2 electrolyte are 
absent (Fig. 2e). This clearly indicates that LiI is the major species in the 
interphase layer between Li° anode and solid electrolyte, as observed 
in the scanning electron microscopy (SEM) experiments. Thus, an 
effective DAI layer can be built at the Li/Li3.2PS4I0.2 interface through 
iodide anion migration, ensuring close solid–solid contact between 
the Li° electrode and solid electrolyte.

DAIs for ASSLMBs
To evaluate the practical suitability of DAIs for improving the electro-
chemical performance of ASSLMBs, the electrochemical performance of 
lithium anodes in symmetric (that is, Li°||Li°) and Li4Ti5O12 (LTO) cells was 
carefully examined. The protocols for cell assembly are provided in Sup-
plementary Discussion 2. The ‘zero strain’ electrode material LTO (that 
is, <1% volume change during charge and discharge cycles53) was used 
as the cathode to minimize issues caused by the cathode–electrolyte 
interface, such as solid electrolyte losing contact with cathode particles 
due to volume effect or oxidation decomposition at high potentials10,54,55. 
The DAI approach allows the lithium symmetric cells to work under 
stringent conditions: for example, a high areal capacity of 5 mAh cm−2 
and a low external pressure of 0.6 MPa (Supplementary Fig. 7). The 
electrochemical performance achieved with DAI outperforms those 
reported in previous works, as compared in Fig. 3a (see detailed data in 
Supplementary Table 3). Under higher current densities (for example, 
2.0 mA cm−2), the DAI-containing cells display improved cycling stabil-
ity and cycle life compared to reference cells (Supplementary Fig. 8), 
attributed to the formation of DAIs that dynamically link the solid elec-
trolyte to the electrode surface, eliminating intrinsic or adventitious 
voids during cycling (Supplementary Fig. 9).

Furthermore, the electrochemical performance of Li–B||LTO 
cells is provided in Supplementary Fig. 10. In the reference cell, 

S

I Li

a

f

Li

P

S

d

ec g

b

I

P

S

I

EmLi+

X– X–

Li+

Em

0

2

4

6

8

10

M
SD

 (Å
2 )

Time (ps)

Li
I
S
P

0

10

20

30
I–Li (initial)
I–Li (60 ps)
P–S (initial)
P–S (60 ps)

RD
F

C
N

0

20

40

60

r (Å)

b

c a

Cation dominated Anion dominatedDAI

0 20 40 60 80

2 3 4 5 7 8

0.5 1.0 1.5 2.0

0.5

1.0

1.5

2.0
F–

Cl–

Br–

I–

Se2–

Te2–

S2–

E m
(L

i+ ) (
eV

) LiNaTe

LiNaSe

LiS

LiTiNCl LiInGeSe
LiReS

LiPSI
LiPSCl

LiInI

LiSbSI

LiYS

LiErSe

LiCl

LiSnS
LiGeS

LiAlCl

LiNBr

LiF

LiPS

LiCsF
LiCoCl

LiMnBr
LiCrCl

LiZrF

LiI LiMgBr

LiBaGaNF

LiRhF

LiAlTe

10–2

10–3

10–4

10–5

10–5 10–4 10–3 10–2 10–1
lo

g[
σ A

ni
on

 (S
 c

m
−1

)]

log[σLi+ (S cm−1)]

Li3PS4

Li3.2PS4I0.2

20 °C

100 °C

20 °C

100 °C

TLi+ > 0.8

TLi+ > 0.9

Em(Li+)/Em(X–)

LiBOF

6

Fig. 1 | First-principles calculations and experimental verification of anion 
migration in solid electrolytes. a, Schematic illustration of the migration energy 
barriers (Em) for cations and anions in solid electrolytes. b, Migration energy 
barriers of some selected anions computed by BV simulations for building DAIs. 
Detailed information on each anion family is provided in Supplementary Table 1  
and Supplementary Fig. 1, in which the exact values for each data point of 

Em(Li+)/Em(X−) (abscissa axis) and Em(Li+) (ordinate axis) are provided. c, MSD plots 
of Li, I, S and P ions in Li3.2PS4I0.2 obtained by AIMD at 600 K. d, Radial distribution 
functions (RDF) and integrated and coordination numbers (CN) of I–Li and 
P–S pairs in Li3.2PS4I0.2. e,f, Trajectories of S (e) and I (f) ions obtained by AIMD 
simulations at 600 K. g, Ionic conductivities of Li+ cations and anions in Li3PS4 
and Li3.2PS4I0.2 electrolytes obtained via electrochemical methods.
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the discharge capacity drops rapidly after only ten cycles, accom-
panied by pronounced cell polarization (Supplementary Fig. 10). 
This is mainly attributed to the loss of physical contact between 
the electrolyte and Li° anode, as evidenced by the increased 
bulk resistance (Rb = 3,536 Ω cm2 (tenth) versus 138 Ω cm2 (first); 
Supplementary Fig. 11). In contrast, introducing lithium iodide to 
Li3PS4 substantially improves cycling stability, owing to markedly 
suppressed cell polarization (Supplementary Discussion 3). The 
Li–B|Li3.2PS4I0.2|LTO cell shows an excellent discharge capacity of 
75 mAh g−1 (Fig. 3b) at a high C-rate of 5 C (1 C = 0.55 mA cm−2), sug-
gesting that the as-formed LiI-based DAI allows rapid Li+ ion transport 
across the interphase between the Li–B anode and solid electro-
lyte. During long-term cycling, the Li–B|Li3.2PS4I0.2|LTO cell shows an 
extremely high discharge capacity of 113.8 mAh g−1 at the 2,400th 

cycle, corresponding to a superior capacity retention of 90.7% 
(Fig. 3d). Notably, the charge and discharge curves show only a slightly 
increase in internal polarization after more than 2,400 cycles (Fig. 3c). 
Furthermore, increasing the areal loading of the LTO electrode to 
2.1 mAh cm−2 further improves the cyclic performance of Li–B||LTO 
cells through the DAI concept, as shown in Supplementary Fig. 12. 
Benefiting from the universality of DAI, ASSLMBs assembled with 
high-energy-density positive electrodes such as LiCoO2 and FeS2 
demonstrate promising cycling stability (Supplementary Fig. 13).

To further validate the effectiveness of DAIs under mainstream 
manufacturing processes in the contemporary battery industry, pouch 
cells were adopted to replace the above mould cells. Minimal volume 
expansion at extremely low stack pressure (<5 MPa) could enable pouch 
cells with higher energy efficiency and reliability at the pack level56. 
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under different electrochemical conditions.
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Figure 3e illustrates the configuration and digital photos of the pouch 
cells (30 mm × 30 mm) assembled in this work, and Fig. 3f displays 
their capacity retention after various cycles. Initially, the cells were 
subjected to a stacking pressure of 20 MPa to ensure good physical 
contact between battery components and uniformly build DAI (Sup-
plementary Discussion 4). As shown in Fig. 3f, nearly 95% of the initial 
discharge capacity (that is, 96 mAh g−1) is obtained upon the removal of 
external pressure, possibly due to a lower utilization degree of cathode 
materials. However, the pouch cell exhibits superior cycling stability 
(that is, 74.4% capacity retention after 300 cycles) without external 
pressure. Even at a high areal capacity loading of 2.1 mAh cm−2, the 

pouch cell demonstrates stable cyclic performance for over 25 cycles 
(Supplementary Fig. 14).

Mechanistic understanding
To understand the working mechanism of DAIs in ASSLMB cells, further 
characterizations were performed on the interphases between the Li° 
anode and solid electrolyte. Figure 4 shows SEM images combined with 
Auger electron spectroscopy (AES) element mapping of the cycled cells 
in Supplementary Fig. 10. After cycling, large voids and Li dendrites 
are observed in the bulk electrolyte of the reference system (that is, 
Li3PS4; Fig. 4b). An enlarged region in Fig. 4c further reveals the presence 
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of numerous voids at the anode–electrolyte interphases, leading to 
substantial spatial disconnection between the Li–B anode and Li3PS4 
electrolyte. These disconnected regions dramatically increase cell 
resistance, thereby causing deteriorated cyclic performance. Void 
formation can be attributed to (1) the accumulation of lithium vacan-
cies between the anode and electrolyte during Li stripping and (2) the 
lower internal creep diffusion rate of the Li° phase compared to the 
electrochemical stripping rate of Li+ at the interfaces15. In contrast,  
the Li3.2PS4I0.2-based system shows close physical contact at the anode–
electrolyte interfaces, with no voids or Li dendrites observed after cycling 
(Fig. 4d,e). A LiI-based interphase forms between the Li–B alloy anode 
and Li3.2PS4I0.2 electrolyte. Enlarged SEM images of the dashed frames 
(II, III, V and VI) in Fig. 4b,d are provided in Supplementary Figs. 15–17.

To further demonstrate the dynamic evolution of the as-formed 
DAI, SEM measurements were performed on both electrodes. As seen 
in Supplementary Fig. 18, LiI-rich DAI form between the electrode 

(Li–B_1#) and the solid electrolyte under stripping conditions. Simul-
taneously, iodide signals at the counter electrode (Li–B_2#) show a 
homogenous distribution without a clear concentration gradient, indi-
cating that LiI-rich DAIs form only at the ‘stripping’ electrode (Li–B_1#). 
By reversing the current direction, iodide accumulation is observed 
at the Li–B_2# electrode (that is, under stripping conditions), indicat-
ing the formation of LiI-rich DAIs. Meanwhile, the previously formed 
LiI-rich DAIs at the Li–B_1# electrode remain nearly unchanged. This 
clearly suggests that the as-formed LiI-rich DAIs are localized between 
the electrode and solid electrolyte, as verified by experiments with 
an iodide-free solid electrolyte (Li3PS4) and a LiI-protected lithium 
electrode (Supplementary Figs. 19–21).

Because the iodide content in the Li3.2PS4I0.2 electrolyte remains 
mostly unchanged after forming the relatively thin LiI-rich DAIs (that 
is, shifting from Li3.2PS4I0.2 to Li3.187PS4I0.187; Supplementary Discussion 
5), the stabilization of electrode–electrolyte interfaces via the DAI 
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Fig. 4 | Mechanistic understanding on DAI-stabilized ASSLMBs. a, Schematic 
illustration of symmetric cells with Li3PS4 and Li3.2PS4I0.2 electrolytes for  
studying the interfacial morphology between electrode and electrolyte after 
cycling. b–c, Low-magnification cross-sectional SEM image (b), and magnified 
view and AES map (c) of the Li-B|Li3PS4 interphase in the stripping state.  
d–e, Low-magnification cross-sectional SEM image (d), and magnified view  
and AES map (e) of the Li-B|Li3.2PS4I0.2 interphase in the stripping state.  
Scale bars, 50 μm (b,d) and 10 μm (c,e). Both cells were subjected to continuous 

discharge/charge processes for 20 cycles. For the same sample, several regions 
are randomly selected for zoomed-in views at higher magnifications, and regions 
I and IV are given in c and e, respectively. The other regions are presented in 
Supplementary Fig. 16. f,g, Working principles of DAI in improving the cyclic 
performance of ASSLMBs in the stripping state: conventional cells without DAIs 
(f) and cells with DAIs (g). More details related to the plating state and subsequent 
cycles are presented in Supplementary Fig. 30. ROI, region of interest.
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concept primarily stems from the unique features of DAIs. Notably, 
the average thickness of the as-formed DAIs is related to the initial 
interface roughness and the volumetric effects of lithium deposition 
and stripping during electrochemical cycling (Supplementary Dis-
cussion 6) but remains nearly unchanged in sulfide electrolytes with 
increasing LiI content (Supplementary Fig. 22), applied current density 
(Supplementary Fig. 9) or cycling time (Supplementary Fig. 23). This 
suggests that the growth of the as-formed DAIs tends to be self-limited, 
independent of extrinsic physical and electrochemical parameters.

To better visualize the morphological evolution of DAIs, we 
employed a surface-textured electrolyte pellet to artificially create 
repeated voids at the microscale level (Supplementary Discussion 7). 
Under stripping conditions, LiI-rich DAIs incubate at the junction of 
the electrode and solid electrolyte, where lithium cations generated 
by the electrochemical oxidation of the electrode come into contact 
with iodide anions migrated from the solid electrolyte. With extended 
stripping time, the three-dimensional percolation of the DAI gradu-
ally occupies the artificial voids and rebuilds close physical contact 
between solid electrolyte and electrode (Supplementary Figs. 24 and 
25). Instead of a simple LiI interlayer, the DAIs are probably composed 
of multiple phases, including a LiI-rich phase (mostly amorphous 
state; Supplementary Figs. 26 and 27) and two transition phases 
with either Li3.2PS4I0.2 or the lithium electrode. Within the transition 
phase between Li3.2PS4I0.2 and the LiI-rich phase, the presence of an 
iodide gradient brings robust chemical linkages between the DAI and 
the parent Li3.2PS4I0.2 layer. Similarly, the transition phase between 
the lithium electrode and the LiI-rich phase reduces the nucleation 
overpotential for lithium plating (Supplementary Fig. 28) and allows 
dynamic anchoring of the DAI to the lithium electrode, promoting 
uniform lithium plating (Supplementary Discussion 8). Consequently, 
the DAIs tightly link the solid electrolyte to the lithium electrode 
even under low external pressure (that is, ‘octopus-like’ behaviour; 
Supplementary Fig. 29).

Based on the above experimental observations, the working 
mechanism of DAI in ASSLMBs is illustrated in Fig. 4f,g. Before elec-
trochemical tests, innate voids form at the interface between the Li 
anode and electrolyte during cell assembly (stage I in Fig. 4f,g) due to 
unavoidable surface defects in the pristine electrolyte and Li° anode. 
In conventional cells, these innate voids, combined with new voids 
formed during stripping (stages II–IV in Fig. 4f), result from the quick 
depletion of lithium ions at the outer surface of the Li° anode at low 
external stack pressure. These intrinsic and newly formed voids lead 
to dendritic lithium deposition and crack formation within the bulk 
electrolyte during the plating and stripping processes (stages V and VI 
of Supplementary Fig. 30a), markedly increasing interfacial resistance 
and internal polarization and ultimately causing cyclic performance 
to deteriorate21,22,57. In contrast, the detrimental impact of voids is 
eliminated with the presence of DAIs, as sketched in Fig. 4g. During 
Li stripping, the controlled migration of iodide anions enables the 
formation of a dynamic and self-adaptable interphases between the Li° 
anode and electrolyte (stage II in Fig. 4g). The as-formed DAIs regulate 
local strain and stress and homogenize internal pressure distribu-
tion (that is, ‘octopus-like’ behaviour), promoting close solid–solid 
contact between the Li° anode and electrolyte during continuous 
stripping (stages III and IV in Fig. 4g). Under low external pressure 
(<1 MPa), the DAIs enable rapid Li+ transport across the interphases 
while blocking electron injection from the Li° anode, effectively pre-
venting parasitic reactions and Li° dendrite formation (stages V and VI 
in Supplementary Fig. 30b). Therefore, robust DAIs circumvent voids 
caused by Li° anode volume contraction during stripping, ensuring 
close solid–solid contact, homogenizing the electric field and inter-
nal pressure distribution, preventing lithium dendrite growth and 
enabling long-term cycling. The impact of solid electrolyte interphase 
components on the working principles has also been evaluated, and 
the results are presented in Supplementary Discussion 9.

Discussion
Overall, the DAI strategy represents a paradigm shift in solid-state bat-
tery design, accelerating the practical implementation of high-energy 
and sustainable electrochemical storage systems in current energy 
networks. From the inherent working principle, the establishment 
of DAIs via controllable anion migration offers both technological 
sustainability and broad versatility. Specifically, anions with control-
lable mobility are chosen from readily available and environmentally 
benign elements (for example, I⁻), and their preinstallation in solid 
electrolytes is carried out via cost-effective and scalable approaches 
that align well with eco-friendly, low-carbon-footprint manufactur-
ing protocols. Moreover, beyond the iodide anions explored herein, 
the approach can be extended to other earth-abundant elements (for 
example, Br⁻, Cl⁻) to tailor electrolyte properties, potentially unlocking 
superior ionic conductivity and interfacial stability. Most importantly, 
the fundamental principle of DAIs is universally applicable to alkali 
metal anodes (Na, K), enabling the development of pressure-tolerant 
all-solid-state sodium/potassium batteries.

From a wider perspective, the DAI approach fundamentally 
resolves the critical hurdle faced by the battery industry while practi-
calizing ASSLMBs technology: the high stack pressure (>5 MPa) typi-
cally required to maintain solid–solid contact with prevailing ASSLMBs 
configurations. By reducing operational pressure to the level of current 
LIB technology (<1 MPa), the DAI approach eliminates the need for 
complex manufacturing and mechanical controlling systems while 
also extending the service life of ASSLMBs. This effectively mitigates 
battery degradation, which reduces cell maintenance and recycling 
burdens, thus laying a cornerstone for practical deployment of ASS-
LMBs in greener and more sustainable energy storage systems in the 
near future.

In summary, we screened potential chemical structures for ani-
onic migration via computer simulations and experimentally verified 
the concept using a LiI-doped solid electrolyte. Results show that in 
Li3.2PS4I0.2, long-range I− ion migration occurs through an interstitial 
mechanism. Ex situ AES and in situ XPS demonstrate that the I− ions 
migrate to the interface between the Li° anode and electrolyte during 
electrochemical cycling, achieving a DAI to maintain mechanical integ-
rity of the interface between the Li° anode and solid electrolyte. The DAI 
enables stable solid–solid contact during continuous cycling, allowing 
Li° anode operation at 5 mAh cm−2 under low pressures (<1 MPa). The 
exemplar Li–B|Li3.2PS4I0.2|Li4Ti5O12 cell achieves 2,400 cycles, and a Li–
B|Li3.2PS4I0.2|LiCoO2 pouch cell shows stable cyclability without external 
pressure. These intriguing findings may inspire disruptive designs 
for solid electrolytes with robust anode–electrolyte interphases and 
accelerate the development of high-energy, sustainable battery tech-
nologies employing lithium-based anodes for emerging applications.

Methods
Computational approaches
The migration ability of lithium ions and anions is evaluated by 
high-throughput bond-valence calculations. In this method, both 
the ion migration paths and energy barriers can be extracted from 
the energy landscape simulated by the semiempirical potentials. The 
crystal structures represented in crystallographic information file (cif) 
format are used as the input files for BV simulations.

The kinetic properties of Li3.2PS4I0.2 are simulated by density func-
tional theory calculations with the Vienna ab initio simulation pack-
age58. The exchange-correlation function of Perdew–Burke–Ernzerhof59 
is adopted. According to the experimentally determined crystal struc-
ture, the model with 0.2 LiI inserted into the crystal lattice of Li3PS4 to 
form Li3.2PS4I0.2(Li3PS4·0.2LiI) is considered in the simulations. Because 
of the various crystal sites occupied by inserted Li+ and I−, 16 different 
configurations are relaxed via density functional theory calculations, 
after which the configuration with the lowest total energy is adopted 
to perform ab initio molecular dynamics (AIMD) to investigate the 
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kinetic properties of Li3.2PS4I0.2. The structural optimizations are con-
verged with the criteria of 10−5 eV and 0.01 eV Å−1 for energy and force, 
respectively. Both the atom sites and the cell shape are relaxed. The 
cutoff energy is 520 eV, and a 2 × 2 × 3 k-mesh is used to sample the 
Brillouin zone. For the AIMD calculations, a Nose thermostat is adopted 
for the simulations with several temperatures, including 400 K, 600 K, 
650 K, 700 K, 750 K, 800 K and 1,000 K. The simulations are carried 
out with a timestep of 1 fs and last for 110 ps. Only the gamma point is 
adopted for Brillouin zone sampling. The first 10 ps of the calculation 
is used to equilibrate the system at each temperature, and the migra-
tion pathways and transport properties of Li ions are extracted from 
the last 100 ps.

Electrolyte synthesis
The iodide-free (that is, Li3PS4) and iodide-containing (that is, Li3.2PS4I0.2) 
inorganic solid electrolytes were obtained following typical solid-phase 
reactions. All preparation processes were carried out in an argon-filled 
glove box with H2O < 0.1 ppm and O2 < 0.1 ppm (Lab Star). To synthesize 
the Li3PS4 electrolyte, lithium sulfide (Li2S, 99.9%, Sigma‒Aldrich) and 
phosphorous sulfide (P2S5, 99%, Aladdin Chemistry Co., Ltd) were used 
as starting materials without pretreatment before ball milling. The 
starting materials for Li3.2PS4I0.2 were Li2S, P2S5 and lithium iodide (LiI, 
99.9%, Aladdin Chemistry Co., Ltd). Stoichiometric starting materi-
als were ball milled by 90-g zirconia balls (diameter of 5 mm) with a 
planetary ball mill apparatus (Retsch, PM400). The rotating speed 
and ball-milling time were 500 rpm and 15 h, respectively. For the 
Li3PS4 glass-ceramic electrolyte, the resulting mixture was annealed in 
alumina crucibles at 260 °C for 2 h with a heating rate of 2 °C min−1. For 
the Li3.2PS4I0.2 electrolyte, the resulting mixture was annealed at 220 °C 
for 2 h with a heating rate of 2 °C min−1. After being ground with an agate 
mortar and pestle, homogeneous fine Li3PS4 and Li3.2PS4I0.2 electrolyte 
powders were obtained.

Preparation of the LiCoO2 cathode
The poly(methyl methacrylate-co-butyl acrylate) copolymer was 
used as a binder, and its synthesis process was reported in previous 
work60. LiCoO2, Li6PS5Cl, vapour-grown carbon fibres and poly(methyl 
methacrylate-co-butyl acrylate) (70:30:1:3 by weight ratio) were mixed 
in toluene for 30 min in a dissolver (THINKY MIXER, ARE-310) to prepare 
a cathode slurry. Subsequently, the slurry with a solid content of 63.0 wt% 
was coated onto an aluminium foil substrate using an adjustable-thickness 
blade. After removing the toluene under 80 °C for 12 h, a cathode sheet 
was obtained. All preparation processes were performed in an argon-filled 
glove box with H2O < 0.1 ppm and O2 < 0.1 ppm (Lab Star).

Preparation of solid electrolyte sheets
The preparation process of sulfide electrolyte sheets involved dispersing 
a specific amount of solid electrolyte powder (97 wt%) and poly(methyl 
methacrylate-co-butyl acrylate) (3 wt%) in toluene with stirring to ensure 
the homogeneity of the resulting slurry. The obtained Li3.2PS4I0.2 slurry 
with a solids content of 66.1 wt% was coated onto a polyester film fol-
lowed by drying at 80 °C for 12 h. After that, a uniformly mixed Li6PS5Cl 
solid electrolyte slurry was coated onto the surface of the dried Li3.2PS4I0.2 
membrane, and a double-layer solid electrolyte sheet was prepared after 
removing the toluene under 80 °C for 12 h. The electrolyte sheet did 
not receive further treatment. The double-layer solid electrolyte sheet 
was employed to avoid the possible oxidation of the electrolyte at the 
high-voltage cathodes (Supplementary Discussion 10).

Fabrication of pouch-type full cells
Pouch-type full cells with a size of 3 cm × 3 cm were assembled to evalu-
ate electrochemical performance. All the assembling processes were 
conducted in a dry argon-filled glove box (Lab Star). First, the LiCoO2 
cathode sheet was affixed onto the surface of the Li6PS5Cl solid elec-
trolyte and subjected to isostatic pressing under 500 MPa. Then, the 

lithium foil was attached to the Li3.2PS4I0.2 solid electrolyte side. The 
electrodes were elicited by lugs, and the whole prototype cell was 
encapsulated in an aluminium–plastic film. The pouch cells were evalu-
ated with galvanostatic charge-discharge tests at 60 °C by a standard 
battery testing instrument (LAND CT-2001A, Wuhan Rambo Testing 
Equipment Co., Ltd). All the tests were cycled between 3.0 V and 4.2 V.

Preparation of the LiI-layer protected Li° anode
Li foil (99.9%, 50 μm thickness, Alfa Aesar) was polished and punched 
into 10-mm-diameter discs. Iodine particles (99.99%, Aladdin) were 
ground into powder by hand milling. The free-treated Li pieces and 
2 g of iodine powder were sealed in a bottle in an argon-filled glove box 
with H2O < 0.1 ppm and O2 < 0.1 ppm. Then, the bottle was heated to 
120 °C for 12 h before cooling to room temperature to obtain the final 
LiI layer on the Li° anode.

Characterizations
XRD tests were performed on a Bruker X-ray diffractometer (Bruker 
AXS D8 Advance) using Cu Kα radiation (λ = 1.5406 Å). The diffraction 
data were collected with a scanning step of 0.02°, a scanning speed of 
12° min−1 and the diffractometer operating at 40 kV and 40 mA. XRD 
samples were measured in Ar-protected quartz cells sealed with Kapton 
tape (polyimide film).

Cross-section specimens were prepared using an IB-19530CP 
cross-section polisher (Supplementary Fig. 31), which was operated at 
accelerating voltages of 3–6 kV for all samples. The symmetric Li°||Li° or 
Li–B||Li–B cells and Li–B||Li4Ti5O12 cells were disassembled in an argon 
atmosphere glove box (<0.1 ppm O2 and H2O), and then the as-formed 
samples were transferred to the cross polisher using an air-free holder. 
The samples were polished by an argon ion source under vacuum (that 
is, 1 × 10−4 Pa) and a low temperature (that is, −80 °C).

Field-emission SEM on a Hitachi 8100 with implemented 
energy-dispersive X-ray spectroscopy was used to provide informa-
tion on the surface and cross section of all samples, which was operated 
at 5–15 kV for all samples. All samples were loaded into an air-free SEM 
holder within an Ar atmosphere glove box (<0.1 ppm O2 and H2O) and 
directly transported to the scanning electron microscope, where they 
were analysed under vacuum.

AES ( JEOL JAMP-9510F) was used to examine the elements on 
the cross section of the interphases. An Ar ion beam from a tungsten 
field-emission gun with an etching rate of 0.1 nm s−1 was used to sput-
ter the sample with an incidence angle of 30 ± 1° to perform AES, and 
the pressure during the measuring time was retained below 1 × 10−7 Pa.

In situ XPS measurements were performed in a Kratos UltraDLD 
photoelectron spectrometer under ultrahigh vacuum conditions, with 
typical base pressures below 5 × 10−10 Torr. The Al Kα X-ray monochro-
mator was operated with an anode power of 120 W. The sample surface 
normal was oriented at 90° to the photoelectron spectrometer. The 
spectrometer pass energy was set to 20 eV. Binding energy calibrations 
of sputter-cleaned metal foils followed values reported by Seah for Au 
4f7/2, Ag 3d5/2 and Cu 2p3/2 core levels.

In the lithium plating process of the in situ XPS experiment, an 
electron flood gun was used to supply electrons to the surface, and the 
net negative charge accumulated on the surface induced the opposite 
Li+ ion migration flux. This provided a driving force for the migration 
of Li+ through the Li3.2PS4I0.2 electrolyte.

During the lithium stripping process of the in situ XPS experiment, 
low-energy ions were used to excite free electrons on the surface of 
metal lithium, that is,

Li0 → Li+ + e−. (1)

Electrochemical measurements
The ionic conductivities of the electrolyte samples were character-
ized by the alternating current impedance method. Powder samples 
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(150 mg) were placed in a mould cell (10 mm in diameter) and cold 
pressed to pellets 10 mm in diameter at 360 MPa, and carbon plates 
were selected as blocking electrodes on both sides of the pellets. Elec-
trochemical impedance spectroscopy was performed on an impedance 
analyser (Solartron, 1470E) at frequencies from 1 MHz to 10 Hz in an 
argon atmosphere.

The symmetric (that is, Li°||Li° or Li–B||Li–B) and full (that is, Li–
B||Li4Ti5O12) cells were assembled in an argon-filled glove box, and 
their cell configurations are provided in Supplementary Fig. 32. The 
selection of lithium and lithium–boron alloy electrodes is discussed in 
Supplementary Discussion 11. For symmetric cells, 150 mg of electro-
lyte powder (Li3PS4 or Li3.2PS4I0.2) was placed in a mould cell (10 mm in 
diameter) and pressed under 360 MPa for 5 min. Then, Li film (50 μm, 
China Energy Lithium Co., Ltd) or Li–B film (60 wt% Li°, 50 μm, China 
Energy Lithium Co., Ltd) was placed on both sides of the electrolyte, 
and stainless-steel discs were introduced as current collectors by press-
ing under 20 MPa. For full cells, first, the electrolyte pellet (10 mm in 
diameter, 1,000 μm in thickness) was obtained by pressing electrolyte 
powder under 240 MPa (about 5 min). Second, the composite cathode 
powder (containing Li4Ti5O12, the electrolyte and Super P, (5:4:1 by 
wt%); LiCoO2 and the electrolyte, 7:3 by wt%; or FeS2, the electrolyte 
and Super P, 4:3:1.5 by wt%) was uniformly spread on the electrolyte 
pellet and pressed under 240 MPa (about 5 min). Finally, the Li–B alloy 
foil was attached, and stainless-steel discs were introduced as current 
collectors by pressing under 180 MPa.

The symmetric and full cells were tested in a customized 
mould secured with screws. The entire process was performed in an 
argon-filled glove box. The tests were carried out with a standard bat-
tery test instrument (LAND CT-2001A, Wuhan Rambo Electronics Co., 
Ltd) at 80 °C. Alternating current impedance tests were performed on 
an impedance analyser (Solartron, 1470E) at frequencies from 1 MHz 
to 0.01 Hz in an argon atmosphere.

Control of the stack pressure applied to the solid-state 
cells during cycling was conducted with a special cell holder 
(Supplementary Fig. 20). A 200-kg load cell was mounted at the bottom 
of the holder along the axis of the battery, which allowed measurement 
of pressures between 0 MPa and 25 MPa. The bottom of the solid-state 
cells was in direct contact with the load cell. The stack pressure could 
be accurately tuned by tightening the nuts accordingly.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within 
the article and its Supplementary Information. The relevant raw 
data are listed in Excel documents and provided as source or 
Supplementary Tables 1–3. Source data are provided with this paper.
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