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The solid electrolyte interphase (SEI) is regarded as the most important factor affecting the durability of

lithium-metal anode in all-solid-state batteries (ASSBs). Despite its significance, the nucleation and

growth mechanism of SEI is not yet well understood. Here, we elucidate the thermodynamics and

kinetics governing SEI formation at the Li|b-Li3PS4 interface at the atomic scale via thermodynamic

phase equilibrium analysis and machine-learning-potential-assisted molecular dynamics (MD)

simulations. An accurate moment tensor potential using the machine-learning method is developed for

a reactive model of Li|b-Li3PS4. This potential enabled us to perform large-scale MD simulations with the

model size expanded to the experimental dimensions (B40 nm) while maintaining the same level of

accuracy as density functional theory calculations. The results reveal a four-stage evolution process at

the Li|b-Li3PS4 interface, namely (i) fast ion diffusion, (ii) nucleation, (iii) Li2S growth, and (iv) stabilization.

Notably, we demonstrate that the SEI can be categorized into crystalline and amorphous regions. The

simulated SEI thickness, structure, and composition closely match experimental findings, validating the

accuracy of the MD simulations. We further disclose the significant impact of ion diffusion kinetic

limitations on the phase formation and crystallization of interfacial products. Furthermore, we shed light

on the detailed potential energy (PE) distribution of lithium along the direction perpendicular to the

interface. This information is crucial for better understanding interfacial ion mobility.

Broader context
All-solid-state batteries (ASSBs) with a Li-metal anode are promising next-generation energy-storage devices due to their high energy density and enhanced safety. The
anode performance and durability strongly depend on the formation of the solid electrolyte interphase (SEI). Despite its significance, the fundamental understanding
of SEI’s chemistry, thickness, and morphology evolutions at the atomic level remains missing. Our present work visualizes and quantifies the Li|b-Li3PS4 interphase
layer evolution process at the atomic scale for the first time by using thermodynamic phase equilibrium analysis and machine-learning-potential-assisted molecular
dynamics (MD) simulations. It is worth noting that the large-scale MD simulations expand a model size close to the experimental dimensions (B40 nm) while
maintaining a comparable precision with density functional theory (DFT) calculation. Additionally, the potential energy profile of lithium throughout the SEI layer is
disclosed, which is crucial to the electric double layer (EDL) and Li-ion diffusion at interface. Overall, the computational investigations offer advancements to the
fundamental understanding of SEI nucleation and growth processes as well as the evolution of PE profile on the atomic scale.

Introduction

All-solid-state batteries (ASSBs) incorporating non-flammable
solid-state electrolytes (SSEs) present a promising opportunity
to employ lithium metal as the anode having a theoretical
specific capacity of B3680 mA h g�1.1 This advancement
has the potential to improve the energy density and safety of
battery systems significantly. However, the inherent reactivity of
lithium (characterized by a low reduction potential of�3.04 V vs.
standard hydrogen electrode)2 gives rise to interfacial reactions
with the SSE, leading to the formation of a solid electrolyte
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total of 228 atoms. They observed the decomposition of PS4

tetrahedra near the interface, leading to the formation of Li–P
and Li–S bonds.37 Similar observations have been made for the
Li|b-Li3PS4 interface within a simulation timeframe of 20 ps.38

Despite these valuable insights, the limited model size and time-
scale of AIMD simulations remain inadequate in capturing critical
variations in properties of the SEI layer observed in experimental
settings. Further advancements in computational methodologies
are necessary to enable more comprehensive and realistic simula-
tions of the SEI, aligned with experimental observations.

The recently developed deep potential molecular dynamics
(DeePMD) simulation scheme presents a computationally effi-
cient and accurate solution that has gained widespread adoption
in the computational chemistry.39 41 DeePMD has demonstrated
its ability to substantially increase the scale of model size and
simulation time while maintaining a similar level of accuracy to
density functional theory (DFT) calculations. This has opened up
new possibilities for addressing the critical issues in battery
research. Through its application, researchers have successfully
tackled various challenges in the field of battery technology.
For instance, DeePMD has shed light on the switching of
the redox level of H2O in highly concentrated electrolytes,42 the
self-healing characteristics of Li-metal systems,43 and the lithium
diffusion mechanism in both amorphous LiF and Li2CO3.44 By
leveraging the computational efficiency and accuracy of DeePMD,
it is capable of tackling the remaining challenges in the battery
field with a larger scope and longer simulation times, thus
improving understanding of battery phenomena and guiding
the development of advanced energy-storage technologies.

In this work, we disclose the complex mechanisms governing
the formation and evolution of the SEI between lithium metal
and b-Li3PS4, encompassing both thermodynamic and kinetic
aspects. To achieve this, we exploit DeePMD simulations, allow-
ing to significantly expand the model size from the limited scale
of hundreds of atoms used in DFT to a more realistic scale
(412 000 atoms), corresponding to B40 nm. This major
increase in model size provides a sufficient thickness for the
simulated SEI, ensuring its representation on an experimental
scale. Through direct monitoring of SEI formation and growth,
our findings demonstrate a B12.4 nm layer between Li and b-
Li3PS4, characterized by two distinct regions, namely a crystalline
(Li2S of thickness B5.0 nm adjacent to Li) and an amorphous
one (near the b-Li3PS4). Moreover, the formation of Li3�xP (0 r x
r 3) phases has been identified as being thermodynamically
favorable; their crystallization is hindered by steric effects (diffu-
sion limitations). In addition, we reveal the potential energy (PE)
distribution of lithium, unveiling two distinct drops at the Li|SEI
interface (0.63 eV) and SEI|b-Li3PS4 interface (0.67 eV) within the
respective thicknesses of 1.8 and 2.4 nm.

Results and discussion
Training a deep potential model and accuracy test

A high-quality deep potential (DP) model is proposed for a
reactive solid–solid interface, encompassing descriptors for the

interphase (SEI) accompanied by an increase in cell resistance. 
The compatibility of the Li|SSE interface hinges on the nature of 
the formed phases, particularly the ionic and electronic partial 
conductivities. Three distinct types of interfaces between lithium 
and SSEs can be identified: (i) Lithium and SSE are thermo-
dynamically stable (occurring rarely). (ii) Lithium and SSE form a 
mixed ionically-electronically conductive layer, which is unable 
to effectively passivate the interface and gradually degrades the 
ASSB. Examples of such SSEs include LLTO, LATP, and LGPS.
(iii) Lithium and SSE form an interphase that is ionically 
conductive but electronically insulating, known as the Li|LiPON 
interface.3 The latter type is highly desirable, as it establishes a 
stable interphase, thereby enabling smooth lithium transfer and 
ultimately enhancing cell performance. Therefore, understand-
ing the interfacial reactions between lithium and SSEs is crucial 
for achieving stable and high-performance ASSBs.

The properties of the SEI, specifically its chemistry, thick-
ness, and morphology, play important roles in determining the 
rate capability and durability of rechargeable batteries.4 8 Two 
widely accepted models have emerged for understanding the 
distribution of organic and inorganic species in the SEI, namely 
the mosaic-type polyhetero microphase model proposed by 
Peled et al.9 and the multilayer model proposed by Aurbach 
et al.10 In recent years, significant efforts have been dedicated 
to unraveling the SEI formation mechanism using different 
electrolyte compositions and electrodes. These studies revealed 
the intricate relationship between chemistry and cell perfor-
mance. Various characterization techniques, such as X-ray 
photoelectron spectroscopy (XPS),11 17 nuclear magnetic reso-
nance (NMR) spectroscopy,18,19 time-of-flight secondary-ion 
mass spectrometry (ToF-SIMS),20 Raman spectroscopy,11,21,22 

and reflection interference microscopy (RIM),23 have been 
employed to thoroughly examine the physical and chemical 
aspects of SEI. For example, operando XPS studies provided 
insights into the uneven distribution of Li2S and Li3�xP (0 r 
x r 3) in the SEI formed at the Li|Li2S-P2S5 interface.24 Pasta 
et al. discovered that the current density strongly affects the 
amount of reduced decomposition products (Li3P and 
Li3�xP).25 While cryogenic electron microscopy (cryo-EM) and 
high-resolution transmission electron microscopy (HR-TEM) 
revealed the mosaic-type and multilayer structures of the SEI, 
crystalline Li3�xP (0 r x r 3) species have not been observed in
P-containing SSE systems.21,26 30 Despite the progress made, 
achieving a dynamic and comprehensive understanding of 
the chemistry, structure, and morphology evolution remains 
challenging, primarily due to the limitations of current char-
acterization techniques. Further advancements are necessary to 
gain more insights into the SEI evolution, ultimately contribut-
ing to the development of more efficient and longer-lasting 
battery technologies.

Understanding the kinetics underlying the SEI formation is 
paramount. Ab initio molecular dynamics (AIMD) simulations 
have proven effective in investigating solid–solid interfacial 
chemistry on the atomic scale.18,31 36 Recently, Cheng et al. 
explored the reactions at the Li|Li6PS5Cl interface using a 
model size of B11 Å (along the a and b axes), consisting of a



underscores the accuracy and robustness of the established
DP model.

Thermodynamic prediction of interphases formed through side
reactions

As shown in Fig. 2, the P5+ ions present in the tetrahedral
coordination (PS4) undergo reduction to lower oxidation states,
leading to the formation of an interphase containing LiP7, LiP,
Li3P, and other species at voltages o1.71 V. Simultaneously, the
S2� ions directly produce Li2S. The thermodynamic predictions
agree well with the reported XPS results, where the P2p3/2 signal at
125.8 eV and the broad peaks in the range of 129–131 eV
correspond to Li3P and partially reduced phosphorus compounds,
respectively. Additionally, the S2p3/2 signals at 161.5 eV suggest
the formation of Li2S at the Li|Li3PS4 interface.45 The XPS
characterizations of interphases formed at the Li|sulfide-based
(thiophosphate) SSE interface, such as Li6PS5Cl,15,25,46 Li2S–P2S5,24

Li10GeP2S12,17 and Li10SnP2S12,12 exhibit a high similarity in the
P2p3/2 and S2p3/2 signals. Thermodynamically, P5+ is expected to
be reduced to Li3�xP (0 r x r 3), which is supported by the XPS
data. However, crystalline phases have not been observed by HR-
TEM and/or cryo-TEM imaging.21,26 This discrepancy may derive
from the complex kinetics of interfacial reactions, which makes
any kind of experimental tracking challenging.

Kinetics of Li/b-Li3PS4 interfacial reactions

Fig. 3a–g shows the stepwise formation of SEI forming between
lithium metal and b-Li3PS4. The initial and final interface

Fig. 1 (a) Workflow for the generation of DP model for lithium metal, b-Li3PS4 and reactive interface of Li|b-Li3PS4. (b) Comparison of energies of
structures predicted by DP and DFT for Li, b-Li3PS4, and Li|b-Li3PS4.

bulk materials and the interphases formed by side reactions. 
The workflow for generating the reactive interface model of 
Li|b-Li3PS4 is illustrated in Fig. 1a. The DP generation process 
involves two key steps: bulk training for obtaining the descrip-
tors for lithium metal and b-Li3PS4 by employing a 15 ps AIMD 
simulation as initialization (step 1). Reactive interface model 
training acquires the descriptors for the interphases formed 
due to the side reactions between Li and b-Li3PS4 (step 2). The 
initial structures for Li|b-Li3PS4 are depicted in Fig. S1 (ESI†), 
comprising various surface combinations: Li(001)|b-Li3PS4(100/ 
010/001). Importantly, the datasets obtained from step 1 are 
integrated and added to the step 2 training, thereby enhancing 
the bulk description of Li and b-Li3PS4 in the final model of the 
reactive interface. The computational details can be found in 
the ESI.†

The performance of the obtained DP model was tested by 
comparing the energies and forces of structures predicted by 
DFT and DP, as shown in Fig. 1b and Fig. S2 (ESI†). It is worth 
noting that the DP model generated in the final training of the 
reactive interface model (step 2) was used to calculate the 
energy and force of the structures for Li and b-Li3PS4. The 
energies and forces predicted by DP model agree well with the 
DFT results; the root mean square errors (RMSEs) of energy for 
Li, b-Li3PS4, and Li|b-Li3PS4 are 2.14, 0.542, and 2.14 meV per 
atom and the RMSEs of force are 0.042, 0.029, and 0.101 eV Å�1, 
respectively. The good match between the radial distribution 
function (RDF) curves for lithium metal and b-Li3PS4 obtained 
from DeePMD and AIMD simulations (see Fig. S3, ESI†) further



structures of Li(001)|b-Li3PS4(010) are shown in Fig. 3a and g, 
respectively, with a simulation time up to 2000 ps. The for-
mation process can be divided into four distinct stages. During 
the first stage, sulfur and phosphorus ions near the interface 
diffuse into the bulk of Li, while the lithium ions diffuse in the 
opposite direction, as depicted in Fig. 3b and Fig. S4 (ESI†). 
This mutual diffusion extends up to a depth of 4.1 nm. In the 
second stage, nucleation occurs at t = 306 ps, with a crystalline 
structure of size 1 nm emerging at the interface. Subsequently,
(within 115 ps) the crystalline layer covers the Li-metal surface, 
reaching a thickness of 1.8 nm. The overall thickness of the 
crystalline region increases at a relatively slower rate, as can be 
seen from Fig. 3c and d. The third stage comprises the crystal 
growth. The lattice structure rapidly expands toward the SSE 
side, while the expansion toward the Li side is minimal (a visual 
representation is given in Movie S1, ESI†). Ultimately, the crystal-
line region stabilizes at a thickness of B5.0 nm (within 347 ps, 
see Fig. 3e). The fourth and final stage marks the stabilization. 
The symmetry of the crystalline structure increases significantly, 
as shown in Fig. 3f. This is in contrast to the earlier stages, where 
the SEI layer exhibits numerous point defects (vacancies etc.).

The trained reactive interface model successfully captures 
the description of the b-Li3PS4 (left), the SEI (middle), and the 
lithium metal (right), demonstrating the precision and robust-
ness of the DP model (see Fig. 3g). The SEI is characterized by 
two distinct regions, a crystalline and an amorphous one with 
respective thicknesses of B5.0 nm and B7.4 nm. Notably, the 
crystalline region is close to the Li. The thickness and distribution 
of the simulated SEI are in good agreement with reported 
experimental findings in High-resolution TEM (B12 nm),20,21 

providing new insight into the atomic-scale formation process 
in ASSBs. Moreover, the lithium atoms adjacent to the SEI become 
highly disordered, forming an amorphous region of thickness 
B1 nm. This disordered region arises from the lattice mismatch 
between the Li metal and the (crystalline) SEI. A detailed analysis 
reveals a highly symmetric distribution of sulfur and lithium sites 
in the lattice region, as shown in Fig. 3h. The site distribution is 
consistent with the surface structures of Li2S (Fm3%m space group, 
mp-1153) along 101/110/011 and 100/010/001. The formed

interphases and their distribution were further probed by ToF-
SIMS depth profiling (see Fig. S6, ESI†), with the results suggest-
ing that the Li2S is distributed close to the Li-metal side. This
observation corroborates the accuracy of DeePMD simulations in
capturing the structural characteristics of the SEI. In contrast, the
nucleation of Li3�xP (0 r x r 3) phases was not observed in the
simulations. This aspect will be discussed later.

The reactivity of different surface structures [Li(001)|
b-Li3PS4(100/010/001)] was also investigated, as shown in
Fig. S7 (ESI†). The thickness of the SEI layer is found not to
vary much, ranging from B12.4 nm to B13.6 nm. Moreover,
the sizes of the crystalline and amorphous regions in the SEI
remain close. Similar reaction features are observed along
different surfaces, as illustrated in Fig. 4. The interfacial reac-
tion between Li(001) and b-Li3PS4(100/001) also undergoes four
stages. The formation of Li2S follows a two-step process, as
mentioned above. Firstly, the crystalline phase rapidly extends
parallel to and covers the Li-metal surface with a slight increase
in thickness. Subsequently, it expands toward the SSE side (see
Fig. 4a and Movie S1, ESI†). The SEI on the different surfaces of
b-Li3PS4 exhibits a similar structure, comprising again an
amorphous and a crystalline region. The lithium atoms near
the Li|SEI interface become highly disordered due to lattice
mismatch (see Fig. 4b and Fig. S7, ESI†). The thickness of the
disordered region at the Li|Li2S interface (B1 nm) is compar-
able to that of the Li|Li2O interface (B0.92 nm).47 However, the
different surfaces of b-Li3PS4 lead to varying propagation orien-
tations of Li2S into the SEI. This difference leads to the
presence of numerous grain boundaries (major changes in
the Li2S appearance in HR-TEM images).21

Temperature and pressure are two critical factors that have a
profound effect on the performance of batteries, and extensive
investigations have been undertaken in this regard.4,48 52

Notably, the SEI increases in thickness with increasing tem-
perature. For instance, the thickness of the crystalline (Li2S)
and amorphous regions increases from B5 nm to B8.7 nm
and from B7.4 nm to B11.9 nm, respectively, as the tempera-
ture rises from 300 to 600 K (see Fig. S8, ESI†). This trend aligns
well with cryo-TEM results reported in the literature.21,53

An increase in SEI thickness leads to a corresponding increase
in impendence,21 which can affect the battery’s overall cyclabil-
ity. Regarding pressure, the investigations indicate that it exerts
a minimal effect on the formation process of the SEI. Compar-
ing the size of the crystalline and amorphous regions at 0 and
100 bar, no significant differences are observed (see Table S1,
ESI†). However, it should be noted that the applied pressure
improves the contact between the Li and the SSE/SEI, ensuring
robust ion conduction in the interphase during cycling.

The ion diffusivity during the SEI formation

The ion diffusion at the interface plays an important role in
describing the kinetics of interfacial reactions. The diffusion
coefficients of lithium, phosphorus, and sulfur ions were
monitored throughout the whole process (via the mean squared
displacement [MSD]), as shown in Fig. 5a. The ion diffusion
exhibits significant variations and can be divided into three

Fig. 2 Calculated thermodynamic equilibrium voltage profile and phase
equilibria of b-Li3PS4.



distinct regions. During the mutual ion-diffusion stage, ions 
close to the interface display high diffusivity, characterized by 
large diffusion coefficients. The phosphorus and sulfur ions 
rapidly diffuse into the bulk of Li with a diffusion depth of 
4.1 nm. In the Li2S formation stage, the latter ions exhibit 
limited diffusion, as they participate in the formation of the 
crystalline phase (see Fig. 5b). Throughout this stage, the 
lithium, phosphorus, and sulfur diffusion coefficients decrease 
exponentially (e.g., for Li: 0.240 - 0.084 - 0.040 Å2 ps�1, for P: 
0.095 - 0.029 - 0.003 Å2 ps�1, and for S: 0.099 - 0.029 -
0.003 Å2 ps�1). After the initial three stages of the interfacial 
reaction, the ion diffusivity tends to become constant. Different 
from 3D diffusion of Li ions, the P and S ions primarily diffuse 
along the z-direction, as is evident from Fig. S9 (see also Fig. S4, 
ESI†). Furthermore, the trajectories generated over the last 500

ps (1500–2000 ps, see Fig. S10, ESI†) reveal that the phosphorus
and sulfur ions in the crystalline region become localized in
(specific) small spaces, forming the lattice sites (note that the
phosphorus ions are randomly distributed). In contrast, ions in
the amorphous region exhibit some level of flowability, yet they
remain localized in relatively larger spaces.

Evolution of ion local coordination environment

The analysis of the interfacial reactions above does not reveal
the nucleation of Li3�xP (0 r x r 3) phases. However, signa-
tures of these species are detected by XPS12,15,17,24,25,45,46,54,55

and NMR spectroscopy,11,18 indicating their presence and
suggesting a correlation with the local coordination environ-
ments. To further examine this, the coordination environments
of sulfur and phosphorus were systematically analyzed during

Fig. 3 SEI layer formation process between Li(001) and b-Li3PS4(010) at 300 K and 100 bar. (a) Initial interface model, (b) ion diffusion, (c) and (d)
nucleation [the crystalline region indicated in (c) is the nucleation region], (d) and (e) crystal growth, (e) and (f) stabilization, and (g) final structure of the
reactive interface model. The interface structures (b)–(f) at different simulation times are presented in Fig. S5 (ESI†). (h) Structure of the crystalline SEI
region along different directions and surface structure of Li2S with space group Fm %3m along 101/110/011 and 100/010/001.



the progression of the reaction. The red lines in Fig. 6a and d 
depict their regular distribution along the z-direction in the 
bulk of b-Li3PS4 (along 010, see also Fig. 3a). It is evident that 
both sulfur and phosphorus no longer diffuse into the lithium 
metal once the crystalline structure is formed at t = 306 ps. The 
PS4 units of b-Li3PS4 near the SEI|b-Li3PS4 interface are well 
preserved, with phosphorus being coordinated by four sulfur 
anions and only one phosphorus atom existing around each 
sulfur, satisfying the local environment of PS4 (see Fig. 6g). 
However, when the ion diffusion occurs at the Li|b-Li3PS4 

interface, the coordination numbers of sulfur with phosphorus 
and phosphorus with sulfur become zero, indicating that there 
is no phosphorus in the local environment of sulfur and the PS4 

units in the SEI are completely decomposed (see Fig. 6b and

Fig. S11, ESI†). This structural degradation extends to the bulk
of b-Li3PS4, accompanied by the formation of P–P bonds, with
the coordination number of phosphorus with phosphorus
reaching two, resulting in triangular configurations (see
Fig. 6e). Some of these triangular configurations transform into
tetrahedral configurations, with the coordination number
increasing to three (see Fig. S12, ESI†). These configurations
are the basic units that constitute the reduced side products of
P5+, such as LiP, LiP3, LiP5 etc. (see Fig. S12, ESI†), where the
local environment of phosphorus corresponds to its coordina-
tion number with lithium and phosphorus ions. Notably, in the
amorphous region close to the b-Li3PS4, numerous S3P–PS3

structures exist, where the coordination number of phosphorus
with phosphorus and sulfur is one and three, respectively

Fig. 4 (a) Illustration of the two-step growth of Li2S at the interface. (b) Schematic diagram of the structure of the SEI formed between Li(001) and b-
Li3PS4(100/010/001).

Fig. 5 (a) MSD and dMSD/dDt of lithium (upper), phosphorus (middle), and sulfur (bottom) ions as a function of Dt in the interface model of Li(001)|b-
Li3PS4(010) over 2000 ps at 300 K and 100 bar. (b) Schematic of ion diffusion behavior during the SEI formation process. The dMSD/dDt profile in (a) can
be divided into three regions (labeled in bottom) corresponding to three different diffusion behaviors in (b).



(see Fig. 6e and Fig. S11, ESI†). Additionally, the P-containing 
species in the amorphous region correspond to that detected by 
XPS, exhibiting P2p3/2 signals in the binding energy range of 
129–131 eV.45

In the crystalline region, the average coordination number of 
sulfur with lithium is 7.7, which is slightly lower than that 
expected for Li2S (mp-1153), suggesting the presence of Li vacan-
cies (see Fig. 6c and h). Interestingly, the size of the crystalline 
region remains relatively constant after the growth stage of Li2S 
(see red region in Fig. 6c). As can be seen from  Fig. 6f, there is also  
a region, where the averaged coordination number of phosphorus 
with lithium is 10.8, which is close to that in Li3P (P63/mmc space 
group, mp-736) (see Fig. 6i). However, they tend to remain 
amorphous in the SEI (instead of crystallizing with further diffu-
sion and polymerization). This is because the triangular and  
tetrahedral configurations of phosphorus bonding with lithium 
and sulfur strongly increase the steric hindrance for diffusion.

The distribution of species in the formed interphases and 
their local environments were further corroborated by ToF-
SIMS and solid-state NMR spectroscopy (more details in the 
ESI†). The results from these measurements are presented in 
Fig. S6 and S13 (ESI†). From ToF-SIMS depth profiling, it is 
evident that the LiS� and Li� signals show the same tendency,

whereas S3�, LiS2
� and LiS3

� reveal the opposite trend from b-
Li3PS4 to Li, thus indicating that Li2S distributes close to the Li-
metal side. The intensity of the LiP� signal also shows the same
tendency as that for LiS� and Li�, while LiP4

� and Li2P2
�

display the opposite trend, suggesting that P close to the Li
metal has little coordination with itself, unlike at the b-Li3PS4

side, which agrees with the simulation results. Due to the
complex environment of the P-containing species in the SEI
layer, a broadened 31P NMR peak appears at �330 ppm,
suggesting the local environment of P being consistent with
that of amorphous Li3P (7Li peak at 6.5 ppm).

Additionally, the analysis of phosphorus and sulfur count-
ing in the final structure (along the z-axis, see Fig. S14, ESI†)
reveals a gradual decrease from b-Li3PS4 to Li. This observation
is in good agreement with results from XPS depth profiling.45

Overall, the simulation results help explain the observed dis-
crepancy between spectroscopy and electron microscopy
characterizations.18,21,26,45

Evolution of lithium potential energy distribution throughout
the SEI layer

The electrical double layer (EDL) is an important feature of all
electrochemical interfaces, controlling the kinetics and

Fig. 6 (a) Sulfur and (b) phosphorus distribution along the z-direction over 2000 ps. The coordination numbers of sulfur and phosphorus with (d) and (e)
phosphorus and with (c) and (f) lithium. (g)–(i) Crystal structure of b-Li3PS4 (g), Li2S (h), and Li3P (i) with the local coordination environments and numbers
indicated. The partially reduced phosphorus species are presented in Fig. S11 (ESI†). The initial interface between lithium metal and b-Li3PS4 is located at 20.2 nm.



thermodynamics of both electron and ion transfer at the inter-
face. It has been widely investigated by constructing and 
designing different models and experiments.56 63 The potential 
energy (PE) distribution is crucial for the EDL and affects the 
Li-ion conduction. Using the reactive interface structures devel-
oped in this work allowed directly studying the PE distribution 
of lithium throughout the SEI and visualizing the evolution of 
the PE profile during the whole process. Fig. 7 shows the PE 
distribution along the z-axis of the interfacial structure and its 
evolution. As can be seen, the PE of lithium in the bulk of Li 
and b-Li3PS4 is constant, while there exists two large drops at 
the Li|SEI and SEI|b-Li3PS4 interfaces (note that the PE slightly 
decreases from the crystalline region to the amorphous one). 
The small fluctuations in the SEI are due to the complex 
structure comprising various species, such as Li2S, Li3�xP 
(0 r x r 3), PxSy etc.

The PE of lithium in the initial and final interfacial struc-
tures is further elucidated (see Fig. S15, ESI†). In the initial 
structure, a significant PE drop occurs at the Li|b-Li3PS4 inter-
face (1.42 eV, 2.4 nm), which is a great driving force for 
inducing side reactions. Finally, this drop translates into two 
smaller PE drops at the SEI|b-Li3PS4 and Li|SEI interfaces, with 
values of 0.67 and 0.63 eV and thicknesses of 2.4 and 1.8 nm, 
respectively.

Conclusions

In conclusion, this study provides thorough insight into the 
thermodynamic and kinetic evolution of the SEI formed at the 
Li|b-Li3PS4 interface in ASSBs. By utilizing thermodynamic 
phase equilibrium analysis and DeePMD simulations with a 
large supercell containing 12 160 atoms at room temperature 
(300 K), we have uncovered several details about the SEI layer. 
The results demonstrate the formation of a B12.4 nm inter-
phase comprising an amorphous (B7.4 nm) and a crystalline 
region (B5.0 nm), after complete relaxation of the structure. 
The thickness of SEI increases with increasing temperature 
(to B20.6 nm at 600 K). The lithium atoms next to the interface 
at the Li side become highly disordered, due to strong

interactions between the lithium and the SEI. Based on the
analysis of site distribution of lithium and sulfur ions and the
local coordination environment of sulfur, the crystalline phase
in the SEI is identified as being Li2S. The local coordination
environment of phosphorus in the SEI is found to be similar to
that of typical Li3�xP (0 r x r 3) phases. However, the latter
species tend to remain amorphous due to steric hindrance
for ion diffusion. Furthermore, a large PE drop of lithium is
observed at the pristine Li|b-Li3PS4 interface (1.42 eV, 2.4 nm),
which subsequently translates into two smaller drops at the
Li|SEI (0.63 eV, 1.8 nm) and SEI|b-Li3PS4 (0.67 eV, 2.4 nm)
interfaces. The dynamic evolution of the SEI layer on the atomic
scale is visualized and quantified, and the chemistry, thickness,
and morphology are systematically tracked too. Notably, as a
computationally efficient and accurate solution, DeePMD
enabled us to extend the scale of the model size and simulation
time, thereby providing new insight into variations of impor-
tant properties in batteries. These findings help better under-
stand the interfacial dynamics and structure of SEI layers
formed in ASSBs, shedding light on critical factors that affect
the cycling performance.
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