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What drives the heterogeneous
interdiffusion in theLi-Si interfacial region
of Si anodes: the Li flux or the Si flux?

Check for updates

Fangjia Fu 1,2, Xiaoxu Wang3, Taiping Hu2,4, Guobing Zhou4,5, Fu-Zhi Dai 2 & Shenzhen Xu 2,4

The electrochemical reaction in silicon (Si) electrode, accompanying with tremendous volume
expansion, causes rapid capacity fade of Li-ion batteries. The Li-ion concentration gradient and
structural distribution uniformity influence the inhomogeneous expansion, and the kineticmechanism
of lithiationand interfacialmorphology evolvement remainsdebated. Thepresent study focuseson the
dynamics of Li-Si interdiffusion at Si/Li interfaceswith variousSi-facet orientations andphases using a
machine-learning potential. We find that the Si flux from bulk Si to Li-Si interface regions controls the
length of Li-Si interdiffusion region. The lithiation length in different Si/Li interface systems exhibits the
order of amorphous-Si > crystalline-Si(110) > crystalline-Si(100) > crystalline-Si(111), which agrees
with the experimental trend. Our atomic simulations further reveal that the key factor determining the
Li-Si interdiffusion is the difference of on-site Si atomic energies between the bulk Si and the Li-Si
interface regions. We propose that the large interdiffusion extent is due to a low thermodynamics
barrier. Our findings provide insights for the development of high-performance Si anode materials.

Achieving the next generation lithium-ion (Li-ion) batteries with high
energy and power densities is a critical scientific and technological
challenge in the field of electrochemical energy storage1,2. Especially the
silicon (Si) anode, which possesses a high capacity (3579 mAh g−1), is
regarded as one of themost promising anodematerials for enhancing the
specific energy density of batteries3–6. However, the continuous phase
transformations and volume expansion/contraction (up to ~300%)
during the Si (de)lithiation process can significantly generate morpho-
logical defects, local Li distribution inhomogeneity and low diffusivity,
which limit the improvement of rate performance and cyclic stability in
Li-ion batteries3,7,8. Experimental work pointed out that both crystalline
and amorphous Si (c/aSi) phases undergo a two-phase process with a
phase boundary between Si and a-LixSi phases at the initial stage of
lithiation9–13. The volume expansion of cSi phase exhibits high aniso-
tropy, with the fastest elongation occurring along the [110] direction and
the lowest along the [111] direction10,14–16. The kinetic mechanism during
lithiation can be attributed to the orientation-dependent mobility of the
interface through layer-by-layer peeling of the (111) Si facets generating
a-LixSi phase, as reported by Liu et al. using in situ transmission electron
microscopy (TEM)10. By contrast, the volume expansion of aSi phase
exhibits isotropy. A more homogeneous structural change during aSi
lithiation thus could occur with lower stress than the cSi case.

The study on the kinetic mechanism during lithiation process could
help elucidate the relationship between electrode structures and the mate-
rials’ performance, which can be applied to design electrode materials. By
adjusting structural characteristics, it is possible to improve Li diffusion and
electronic conductivity. Reducing structural distribution inhomogeneity
can restrain internal stress. A typical application of this knowledge is the
design of micro-nano structures of Si electrodes4,5,14–19, including nano-
spheres, nanowires, nanoribbons and so on. For example, Cui et al. designed
a small-sized nanostructured Si with rapid Li ion and electron transfer,
shortening lithiation time and improving cycling performance14,15,17.
According to the rapid expansion of Li ions along the [110] direction, Chen
et al. designed and synthesized a new-type Si nanoribbonswith {110} facets,
exhibiting high ionic conductivity, high stability of solid electrolyte inter-
phase and long cyclic stability19. Those studies indicate that Si structures
have an impact on various performance aspects of Si anodes, such as volume
expansion, stresses, and fracture4,14–16,19. Furthermore, we consider that the
Li-Si interdiffusion and the anisotropic volume expansion of cSi during the
first cycle may significantly influence the subsequent cyclic stability and
performance, particularly in nanosized Si anodes5,14–16. This implies that
understanding the characteristics and dynamic diffusion of Li in aSi and cSi
structures can in turn be used to design Si anode structures with improved
energy density and cyclic stability. Despite various reports, the kinetic
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mechanismof lithiation is extremely complicated, inwhichLi concentration
gradient, interfacial reaction rates, and structural uniformity may combine
together to play important roles. It is crucial to investigate the dynamic
mechanisms and microstructural evolution at Li-Si interfaces during
lithiation process at an atomic level to understand their performance.

Theoretically, reactive force field molecular dynamics (ReaxFF MD),
ab initioMD (AIMD) or the climbing image-nudged elastic band (CI-NEB)
transition-state (TS)-search calculations are usually performed to char-
acterize diffusion kinetics and provide structural evolution insights into the
dynamics process19–25. For instance, earlier theoretical work19 reported that
Li-atommigration barriers along the (100), (110), and (111) planes of bulk
Si are 1.50, 1.16, and 1.88 eV, respectively, matching with the anisotropy
observed in experimental measurements14,15. However, this simulation
study did not capture the real-time dynamic migration of Li/Si atoms and
interfacial morphology evolution due to the limitation of TS-search calcu-
lations. Jin et al. reported that using the ReaxFF MD method, lithiation
dynamics can be categorized into two stages: an initial mixing stage
accompanied by a transition from a crystalline to an amorphous phase, and
subsequently, a random walk diffusion stage25. However, the accuracy of
classical force field simulations is less reliable due to lack of accurate
interatomic interaction descriptions in ReaxFF classicalMD. Therefore, it is
still a challenge to have a comprehensive andprofoundunderstanding of Li-
Si interdiffusion and its dynamic mechanism, including the mobilities of Li
and Si atoms and morphological changes of Li-Si interfaces in various Si
phases at an atomic-scale level.

Machine learningmethods have been widely applied to investigate the
thermodynamic and kinetic processes of battery materials26–34, including
kinetic migrations, diffusion coefficients, and stabilities of crystalline and
amorphous structures. Here, we employ deep potential molecular dynamic
(DeePMD) simulations35,36 to observe dynamics of Li-Si interdiffusion in
different Li/Si interface models with aSi and cSi phases, and for the cSi case,
we study (100), (110) and (111) facets exposed to the Li side. The trend of
lithiation length variation of the four interface models investigated in this
work is consistent with the experimental observations, exhibiting the order
of lithiation lengths as: aSi/Li > cSi(110)/Li > cSi(100)/Li > cSi(111)/Li. Our
results reveal that the Si flux, rather than the Li flux, makes a major con-
tribution to the evolvement of the Li-Si interdiffusion extent, and the
thermodynamic barrier of the on-site Si atomic energy difference between
the bulk Si and the boundary of Si/Li-Si interface determines themagnitude
of Si flux from bulk Si to the a-LixSi region, thus resulting in different
lithiation extents in the four Si/Li interface models with different Si phases
and surface orientations.

Results
Model construction and validation
We construct four interface models as shown in Fig. 1a–d, namely aSi/Li,
cSi(100)/Li, cSi(110)/Li, and cSi(111)/Li, to reveal the kinetic mechanism of
Li-Si interdiffusion and interfacial morphology evolvement. The DeePMD
method is employed to simulate each 5 ns trajectory starting from the initial
structures of the four models. The final structure snapshots of the four

Fig. 1 | Schematic diagrams of Si/Li interface
models. a–d The aSi/Li, cSi(100)/Li, cSi(110)/Li,
and cSi(111)/Li interface models at the initial state
(t = 0 ns) and the finial state (t = 5 ns). The four
snapshots on the left represent the top view (vertical
to the interface) of the Si-Li interface models. The
upper and bottom snapshots on the right in (a–d)
represent the initial and the interdiffusion structures
of ourMD trajectories. The interdiffusion structures
are obtained by DeePMD simulations at 500 K. The
yellow and blue balls represent Si and Li atoms,
respectively. e A schematic diagram illustrating the
definitions of different regions in the Si/Li interface
model after interdiffusion.
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models after 5 ns simulations are also displayed in Fig. 1a–d. The supercell
parameters of the four Si/Limodels are listed in SupplementaryTable 1. The
high-accuracy DPmodel, which experienced a long training setup based on
a specific dataset of Li-Si systems covering the entire compositional space in
earlier work29, is performed to simulate the Li-Si interdiffusion processes.
The detailed setups of DP training and validation, DFT calculations and
DeePMD simulation information are presented in the methods sec-
tion below.

We validate the accuracy of the Si/Li model using an independent test,
which consists of a bulk aLi phase, bulk cSi and aSi phases, cSi/Li and aSi/Li
interface systems with 500 configurations. It can be observed from Sup-
plementary Fig. 1 in the Supplementary Information (SI) that the rootmean
square errors (RMSEs) of energy and force are 1.71meV/atom and
0.016 eV/Å, 5.75meV/atomand0.128 eV/Å, 7.38meV/atomand0.155 eV/
Å for the bulk aLi phase, bulk cSi and aSi phases, cSi/Li and aSi/Li interface
systems, respectively. The RMSEs of our results are smaller than or com-
parable to those of previous works employing machine learning potentials
for Si/Li systems28,37–39. Thus, these test results indicate that our DP model
exhibits a satisfactory performance for modeling the Si/Li system. As illu-
strated in Supplementary Fig. 2, the maximum force deviations36 of cSi/Li
and aSi/Limodels are lower than 0.40 and 0.54 eV/Å respectively, which are
similar to the test results of earlierwork for batterymaterials40. Compared to
the crystalline models, the amorphous model shows a slightly higher
deviation due to the larger configurational space. It should be noted that the
tail distribution at a value of 0.54 eV/Å represents the largest deviation at a
specific dimension (i.e., the force of an atom along a certain direction)
among the distribution of maximum force deviations. This value is only
related to one degree of freedom for a single atom in a specific structure and
cannot be directly used to infer the quality of ourDPmodel. The simulation
temperature is set to 500 K to accelerate the Li-Si interdiffusion. Since the
melting point of the crystalline Si phase is much higher than 500K, this
temperature setup would not significantly affect the Si crystal structures.

Furthermore, we employed the amorphous Li phase to create the Li-Si
interface systembasedon the following reasons: (1)The solvatedLi atoms in
electrolytes exhibit a disordered distribution, qualitatively similar to that of

the amorphous Li phase. (2) Although we realize that the amorphous Li
concentration is higher than that of the solvated Li in electrolytes in
experiments, our following results in this work suggest that when Li atoms
contact with the Si surface layer, the Li atoms would accumulate at the
interface forming ananoscale high-Li-concentration layer. This result is also
consistent with earlier experimental observations16,17,41–43, which reported
that the Li migration rate along the surface of Si nanowires is significantly
higher than that in the bulk, resulting in a preferential Li diffusion along the
surface at first and thus leading to a high Li concentration accumulated at
the surface layer. An amorphous Li slab thus could be used in the Li-Si
interface model to study the dynamic lithiation process between Li atoms
and Si anodes.

Lithiation length determined by Si flux
As displayed in Fig. 1e, the lithiated configuration of each Si/Li system
can be defined by four different regions: the bulk Si, Si/Li-Si interface,
a-LixSi and bulk Li regions. There are two heterogeneous interfaces in
the model: one is the Si/Li-Si interface (red dashed line) on the left side,
and the other is the Li-Si/Li interface (black line) on the right side. The
Si/Li-Si interface region consists of a single Si layer nearest to the left of
the Si/Li-Si interface and a thin layer (~3 Å) of a-LixSi phase nearest to
the right of Si/Li-Si interface. The width of the Si/Li-Si interface region
in each interface model is listed in Supplementary Table 2.We note that
a single Si layer in the Si/Li-Si interface region may exhibit different
widths (~2 Å–3 Å) and z-positions in the four model systems due to
different layer distances between two Si layers along different facet
directions.

To investigate lithiation dynamics at the Li-Si interface, time evolution
of average Li concentration (Li/Li+Si) profile along the z axis are displayed
in Fig. 2. We can see that the four regions exhibit different Li concentration
distributions (nLi): the bulk Si region has nLi = 0, the Si/Li-Si interface and
the a-LixSi regions correspond to 0 < nLi < 1, and the bulk Li region shows
nLi = 1. The lithiation length of the Li-Si interdiffusion region can be defined
as the range from the left Si/Li-Si interface to the right Li-Si/Li interface,
which covers both the Si/Li-Si interface region and the a-LixSi region.

Fig. 2 | Time evolution of average Li concentration
profiles. a–d The average Li concentration profiles
along the z axis for the aSi/Li, cSi(100)/Li, cSi(110)/
Li, and cSi(111)/Li interface models. Each line pre-
sents the average concentration results calculated
from 50 configurations, which are sampled at equal
time intervals within a period of 50 ps. 100 lines in
total are included for the cSi(110)/Li model during
the 5 ns DeePMD trajectories. Fractional con-
centration (Li/Li+Si) means the ratio of the number
of Li atoms to the total number of Li and Si atoms in
each Li-Si interface model. The color representa-
tions for the time evolutions of Li fractional con-
centrations from 0 to 5 ns is illustrated in the inset
figure of panel (a), and this pattern applies to (b–d)
as well. The light blue regions and the corresponding
distance values on the top in (a–d) show the lengths
of Li-Si interdiffusion regions after 5 ns simulations.
Note: the spatial position of simulation cells along
the z axis is represented by bin numbers.
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As shown in Fig. 2, lithiation lengths of the Li-Si interdiffusion regions
in the four interface models are 55.6 Å, 43.2 Å, 48.5 Å and 42.0 Å, the
corresponding trend of the Li-Si interdiffusion extent is aSi > cSi(110) >
cSi(100) > cSi(111), which agrees well with the experimental results5,10,11.
According to the initial Li-Si boundary positions (corresponding to the
dotted line at t = 0 ns) in Fig. 2, we find that the moving distances of the Si/
Li-Si interfaces toward the left side are 19.6 Å, 13.3 Å, 18.2 Åand12.9 Å, and
the moving distances of the Li-Si/Li interface toward the right side are
36.0 Å, 29.9 Å, 30.3 Å and 29.1 Å for the aSi/Li, cSi(100)/Li, cSi(110)/Li and
cSi(111)/Limodels respectively.Themoving speedsof the Si/Li-Si andLi/Li-
Si interfaces aremeaningful quantities that reflect the dynamic nature of Li-
Si interdiffusion.We thencalculate the averagemoving speeds of the Si/Li-Si
and Li/Li-Si interfaces during 5 ns trajectories for the four interface models.
The speeds of the left-side Si/Li-Si interfaces are 39.2 cm * s−1, 26.6 cm * s−1,
36.4 cm * s−1, and 25.8 cm * s−1, and the right-side Li/Li-Si interfaces are
72.0 cm * s−1, 59.8 cm * s−1, 60.6 cm * s−1, and 58.2 cm * s−1, respectively.
This trend also exhibits the order of aSi > cSi(110) > cSi(100) > cSi(111),
which is consistent to the variation of lithiation length among four models.
We can see that the movement and average moving speed of the Si/Li-Si
interface (the frontier of the Li diffusion) are significantly smaller than that
of theLi-Si/Li interface (the frontier of the Si diffusion), indicating that the Si
diffusion probably makes a more important contribution to the Li-Si
interdiffusion (discussed in details with more evidence in the following
sections).

Moreover, our simulation results reveal that all of the four Li-Si
interface models have abrupt Li concentration (nLi) gradient transition
points near the boundary of the Si/Li-Si interface in the Li-Si interdiffusion
regions (Fig. 2). This nLi gradient transition point corresponds to the
a-Li1.3Si phase in the aSi/Limodel and to the a-Li2.8Si phase in the three cSi/
Li models, respectively, which is consistent with experimental and com-
putational results9,12,29, indicating a two-phase coexistence. Our simulation
results therefore are in good agreement with the trend of lithiation lengths
and the phase coexistence in experimental observations10,13, justifying the
validity of our theoretical models.

Then,weanalyze the local numberdensity andaveragenumberdensity
trends of Li and Si atoms in the four interfacemodels along the z axis for the
finial 200 configurations in Fig. 3. As shown in Figs. 2 and 3, there are

significant differences of Li-Si interdiffusion lengths between the aSi case
and the cSi cases. Moreover, among the three cSi models, the interface with
the Si (110) facet exposed to Li exhibits a much longer Li-Si interdiffusion
length. What are the fundamental reasons for the above phenomena? We
are trying to resolve this question in the following paragraphs.

We list possible reasons whichmay explain the differences of lithiation
lengths among the fourmodels: (1) Since the lithiation lengths are different,
one natural thought is that the structures and properties of the Li-Si inter-
diffusion regions may be different between the four cases, resulting in dif-
ferent diffusion rates of Li or Si atoms. (2)Another possibility is that, the Li-
Si interdiffusion regions share similar structures and properties among the
four cases, however, different magnitudes of Li flux or Si flux toward the
counter side could lead to different growth speeds of the lithiation regions. If
the Li flux dominates the Li-Si interdiffusion, then the distinct lithiation
extents may originate from the different Li diffusion properties along dif-
ferent directions of Si exposed facets. (3)Analogous to the above point (2), if
the Sifluxdominates the Li-Si interdiffusion, thendifferentmagnitudes of Si
flux toward the Li side in the four models could cause the distinct lithiation
extents observed in our simulations. The definition of Li or Si flux is
introduced in themethods section below. For example, the Siflux represents
the average number of Si atomsmoving from the bulk Si phase toward theLi
phase through the Si/Li-Si interface.

We will check the validity of the above three possible explanations and
exclude the unlikely ones based on data analysis of our MD simulations:
(1) For point 1, we can observe in Supplementary Fig. 3 that the trends of

Li-Si coordination numbers (CNLi-Si) in the a-LixSi regions (corre-
sponding to the range from #18 bin to #32 bin along the x-axis) are
consistent among the four models, descending from 3.75 to 0.
Supplementary Fig. 4 suggests that theDP-partitioned atomic energies
of Li and Si atomswithin the a-LixSi region are almost identical among
the four models. It should be noted that the DP-partitioned atomic
energies of Li and Si atoms are obtained directly from the DP model,
which partitions the total energy to each atom for a specific
configuration (refer to SI for details). Furthermore, Fig. 3 shows that
the values and trendsof the averagenumberdensities of Li andSi atoms
are almost identical in the a-LixSi regions among the four models.
These observations suggest that the structures and properties within

Fig. 3 | Number density distributions of Si and
Li atoms. a–d The number density (yellow and
purple lines) and average number density (orange
and dark-blue dotted lines) distributions along the z
axis for the aSi/Li, cSi(100)/Li, cSi(110)/Li, and
cSi(111)/Li interface models. Each line analyzes the
finial 200 configurations of the 5 ns DeePMD
simulations. Li-Si interfacemorphologies of the four
models are also shown in the inset figures. The light
blue/orange shaded areas (whose ranges are indi-
cated by the black arrows at top of each figure panel)
show regions where the average number density of
Li/Si atoms changes from 10 to 90%. Note: the
spatial position of simulation cells along the z axis is
represented by the bin number, and we only show
part of the atomic structures of Li/Si and Li-Si
interdiffusion regions in this figure for simplicity.

https://doi.org/10.1038/s41524-024-01327-1 Article

npj Computational Materials |          (2024) 10:131 4



the a-LixSi regions are similar among the fourmodels. Thus, this point
can be excluded as an explanation of different Li-Si interdiffusion
lengths.

(2) Whether the Li flux dominates the Li-Si interdiffusion in the four
interfacemodels canbe analyzedby comparing the three cSi/Limodels,
and comparing cSi/Li and aSi/Li models. On the one hand, the Li
number density distributions exhibit a sharp transition at the left-side
Si/Li-Si interface position as displayed in Fig. 3b–d, suggesting the Li
diffusion toward the Si region is stuck in the three cSi/Limodels. The Li
atoms distributions along x-axis and z-axis directions in Supplemen-
tary Fig. 4 clearly show the Li atoms’ accumulation at the left Si/Li-Si
interface with high concentration. This Li aggregation at the cSi(111)
interface emerged in our simulations is similar to the experimental
characterization10, which reported the Li/Si interface shifting through
layer-by-layer peeling of the (111) Si facet. On the other hand, the
qualitative behavior of a relatively abrupt Li concentration transition at
the left Si/Li-Si boundary still exists in the results of Fig. 3a (comparing
lengths of the light-blue and theorange regions), butwe can see that the
Li atoms can penetrate into the aSi region to some extent in contrast to
the cSi cases where the Li atoms are stuck right at the Si/Li-Si interface.
All fourmodels exhibit a similar qualitative behavior— Li flux is stuck
at the Si/Li-Si boundary, however, the extents of Li diffusion into the Si
side are different between the aSi vs. cSi models.

(3) Excluding the above (1) and (2) points, the Si flux could be the key
factor driving the Li-Si interdiffusion (the last option). This also can be
indicated from two observations in our simulations: The moving
length of the right Li-Si/Li interface (the frontier of the Si diffusion) is
notable larger than that of the left Si/Li-Si interface (the frontier of the
Li diffusion), as illustrated in Fig. 2. The average number density of Si
atoms changesmore gradually (orange shaded areas) compared to that
of Li atoms in Fig. 3, particularly for the aSi/Li and cSi(110)/Li models,
indicating that the characteristic of Si diffusion ismore obvious thanLi.
The above evidences reveal that the Siflux is likely todominate theLi-Si
interdiffusion, while the Li diffusion toward the Si region is hindered at
the Si/Li-Si interface.

Then we need to provide quantitative results to differentiate the Si flux
in the four models and check if the Si-flux magnitudes match with the
lithiation extents in the different cases. Accordingly, our calculations show
that the Si fluxes from the bulk Si phase toward the Li phase through the Si/
Li-Si interface are 18.1 nm−2 * ns−1, 12.0 nm−2 * ns−1, 14.0 nm−2 * ns−1, and
10.9 nm−2 * ns−1 for the four models respectively, which are obtained from
the statistical average of the complete 5 ns trajectories. This trend matches
the order of the Li-Si interdiffusion lengths variation, aSi > cSi(110) >
cSi(100) > cSi(111). Furthermore, the Si diffusion toward the Li side would
decrease the number of Si atoms in the Si bulk region, thus causing the Si/Li-
Si interface’s position shifting to the left as a whole. It should be noted that
the Siflux isnot exactly constant throughout thewholeDeePMDsimulation
as the quantitative flux magnitude may depend on the evolving state of the
interdiffusion process and an exact steady state may not be achieved in our
MD simulations considering the size limitation of our interface supercell.
We thus think it is more statistically meaningful to use the time average
value of Si flux rather than its specific time evolution. In addition, we find in
Fig. 3 that the Li number density at the Si/Li-Si boundary exhibits an abrupt
decrease to zero, the Li movement thus can be considered as a collective
“shift” toward the Si phase. Due to the absence of Li concentrations on the
left side of the Si/Li-Si interface, it is difficult to define a quantitative esti-
mation of a Liflux from the bulk Li phase to the Si phase through the Si/Li-Si
interface.We therefore think it is not straightforward to give an accurate and
meaningful definition of the Li flux.

Mechanistic understanding on Li-Si interdiffusion
Themechanism causing the different Si fluxmagnitudes in the fourmodels
may be analyzed and explained from the perspective of thermodynamics.
We think that the on-site Si atomic energy differences (thermodynamic

barrier) between the bulk Si (aSi and cSi) and the Li-Si interface region could
lead to different Si flux. In particular, the Si flux originates from the bulk Si
side in the four models, and the structure and properties of a-LixSi regions
are proved to be almost identical among the four models in Fig. 3. The only
difference is the structuralmorphologies of Li and Si atomsnear the left-side
Si/Li-Si interface layers. The corresponding CNLi-Si values at the left-side Si/
Li-Si interface position are also different in the four cases in Supplementary
Fig. 3. A higher CNLi-Si means more Si atoms around Li atoms in the first
coordination shell.We thus speculate that the different atomic structures of
the Si/Li-Si interface region, due to the contact of the a-LixSi region to the Si
materials exposed with different facets, could result in distinct on-site Si
atomic energies at the interface. In other words, the Si/Li-Si interface
morphology determines the thermodynamic barrier of the Si atoms from
the bulk region toward the a-LixSi region. We then need to compute the
thermodynamic barrier derived from on-site Si atomic energies in the bulk
region vs. in the interface region. In addition, the definitions of on-site Si
atomic energy and the on-site Si atomic energy difference are introduced in
the methods section below.

The on-site Si atomic energy can be defined as the energy change upon
removingone Si atom froma specificposition in each Si/Li interfacemodels.
As displayed in Fig. 4a, we select four distinct regions to obtain various on-
site Si atomic energies. The bulk Si atoms are selected from two different Si
regions to obtain the4ESi1;b and4ESi2;b.We randomly select Si atoms from
the Si/Li-Si interface region and a-LixSi region to obtain the 4ESi=Li�Si;i
and 4Ea�LixSi

. The average on-site Si atomic energies 4ESi1;b, 4ESi2;b,
4ESi=Li�Si;i and 4Ea�LixSi

are calculated based on 2000 on-site Si atomic
energy data points. The atom-selection ranges for removing Si atoms in
those specific regions are listed in Supplementary Table 2.

In Fig. 4b, we show the average on-site Si atomic energies of 4ESi1;b,
4ESi2;b, 4ESi=Li�Si;i and 4Ea�LixSi

for the four Si/Li interface models. We
can see that the average on-site Si atomic energies 4Ea�LixSi

in the a-LixSi
region are similar (~−7.10 eV) among the fourmodels due to the similarity
of structures as discussed above. The �4ESi1;b values for the three cSi/Li
models (~−8.91 eV) are similar to each other but lower than that of the aSi/
Li model (−7.78 eV). This trend is also observed for the 4ESi2;b values
among the four models. The 4ESi=Li�Si;i values for the Si/Li-Si interface
layers with different microstructure morphologies are−6.98 eV,−6.64 eV,
−6.80 eV, and−6.51 eV for aSi/Li, cSi(100)/Li, cSi(110)/Li and cSi(111)/Li
systems, respectively, indicating that different microscopic structures of the
left-side Si/Li-Si interface could lead to distinct on-site Si atomic energies at
interfaces.

Then, we calculate the on-site Si atomic energy difference between the
Si/Li-Si interface region and the left bulk Si region, denoted as 44E
¼ 4ESi=Li�Si;i �4ESi1;b, which represents the thermodynamic barrier
derived from on-site Si atomic energies in the interface region vs. in the bulk
region. We compare the 44E of the four interface models to check if the
trend of 44E matches with the order of Si-flux magnitudes in different
interface cases. The 44E values are 0.80 eV, 2.28 eV, 2.11 eV and 2.39 eV
for the aSi/Li, cSi(100)/Li, cSi(110)/Li and cSi(111)/Limodels, respectively. It
can be clearly seen from Fig. 4b that the trend of on-site Si atomic energy
differences exhibits the order of aSi < cSi(110) < cSi(100) < cSi(111). This
means that a lower on-site Si atomic energy difference indicates a lower
thermodynamic barrier, which could qualitatively lead to a larger Si-flux
magnitude. Thus, this qualitative trendof thermodynamic barriers is in good
agreement with the trend of Si-fluxmagnitudes in the four interfacemodels.

In addition, we provide the distribution histograms for 4ESi1;b,
4ESi=Li�Si;i,44E and their corresponding average values in Supplementary
Fig. 5 for the four interface models. We can see that the shapes of 4ESi1;b
distributions are similar among the four Si/Li models. The distribution
behavior of44E simply depends on the4ESi=Li�Si;i in eachmodel.Wenote
that the 4ESi=Li�Si;i and 44E distribution histograms of the cSi(110)/Li
model exhibit two peaks, which is different to other models that display a
single peak. Employing the bootstrapping method, we demonstrate in
Supplementary Fig. 6 that the two distinct peaks appear and the overall
distribution profiles are similar among the sub-datasets of 10004ESi=Li�Si;i
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points and the complete dataset of 2000 4ESi=Li�Si;i points. Moreover, the
atom-selection ranges for removingSi atoms in the four interfacemodels are
based on a consistent standard, as shown in Supplementary Table 2. We
thus believe that our statistical sampling is sufficient and valid. The above
test results also demonstrate the statistical significance of our results
regarding the distribution of4ESi=Li�Si;i for the cSi(110)/Li interface case.

Discussion
Therefore,we claim fromthose results that the Siflux, rather than theLiflux,
determines the Li-Si interdiffusion length. We suggest a descriptor that
determines the lithiation lengths in the four interface models, which is the
on-site Si atomic energy difference between the Si bulk region and the Si/Li-
Si interface layers. This enthalpic difference represents a thermodynamic
barrier for the Siflux toward the a-LixSi region through the Si/Li-Si interface.
Since the Si diffusion flux dominates the Li-Si interdiffusion in the interface
system as revealed by ourMD simulations, a lower on-site Si atomic energy
difference between the Si source and the Si/Li-Si interface region could
induce ahigher Siflux toward theLi side and thereby resulting in a longerLi-
Si diffusion extent. In addition, our work suggests that the exposure of Si
{110} facets is more favorable in terms of the anode structure design, while
the {100}and {111} facetsmayneed tobe suppressed inorder topromote the
Si transforming into the a-LixSi phase. This could help reduce inhomoge-
neous Li/Si distribution and minimize internal stress. Earlier experimental
studies19 also showed that nano-Si grow along [111] direction with the
primary {110} planes could enhance the energy density and cycling stability
of the Li-Si battery.

In summary, we have revealed kinetic mechanism of Li-Si interdiffu-
sion andmicrostructural evolution in Li/Si interfacemodels with various Si-
facet orientations and phases by using machine learning potential. Our

results are in good agreementwith experimental observations, including the
Li-Si interdiffusion lengths variation with the order of aSi > cSi(110) >
cSi(100) > cSi(111) in our four Li/Si interface models, the evidence of two-
phase co-existence during lithiation process, and the high Li concentration
accumulated at the Si/Li-Si boundary. More importantly, we demonstrate
that the Si flux dominates the heterogeneous Li-Si interdiffusion process,
andwe furtherpropose a thermodynamic descriptor of the on-site Si atomic
energy difference between the Si bulk region and the Si/Li-Si interface layers
which directly correlates to the Si fluxmagnitude.Our results indicate that a
larger lithiation length results from a low thermodynamic barrier accom-
panied by a higher Si flux. Overall, the dynamics of Li-Si interdiffusion and
interface morphology evolutions provide important insights into the
lithiationmechanism for Si anodes at an atomic-scale level and could guide
the optimization design of Si anode materials to enhance homogeneous Li-
Si distribution and suppress internal stress.

Methods
Deep potential training and validation
Training. The high-accuracyDPmodel, which underwent a long training
setup using a specific density functional theory (DFT) dataset, was
employed to simulate the Li-Si interdiffusion processes. This specific
DFT dataset covers the whole compositional space of a/cLi, a/cSi, a/c-
LixSi (0 < x < 4.5) systems, as labeled in earlier work29. The sizes of
embedding and fitting nets were set to three hidden layers, consisting of
(25, 50, 100) and (240, 240, 240) neurons, respectively. A cut-off radius
6 Å was used. The starting and final learning rates were set to 1.0 × 10−3

and 1.0 × 10−8, respectively. A total of 16.0 × 106 steps was set to train the
productive DP model. Subsequently, a compressed DP model, derived
from the productive DP model, was employed to accelerate and simulate

Fig. 4 | Schematic diagram for calculating the on-site Si atomic energy difference.
a The schematic diagram illustrating the division of distinct regions (with Si atoms
represented by large yellow balls) to obtain the on-site Si atomic energies of4ESi1;b ,
4ESi2;b, 4ESi=Li�Si;i and 4Ea�LixSi

in the two different bulk Si regions, the Si/Li-Si
interface region and the a-LixSi region. The four define on-site Si atomic energies
represent the energy change upon removal of one Si atom from the left bulk Si region,

the bulk Si region near the Si/Li-Si interface, the Si/Li-Si interface region, and the
a-LixSi region near the right Li-Si/Li interface, respectively.bDiagramof the changes
of the average on-site Si atomic energies 4ESi1;b, 4ESi2;b , 4ESi=Li�Si;i and 4Ea�LixSi

along the z-axis for the four interface models. Random selection of Si sites for doing
statistical averages is introduced in the next methodology section.
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the Li-Si interdiffusion and structural evolution in the four Li/Si interface
models. Detailed exploration and labeling for the DFT dataset can be
found in the Li-Si study utilizing the DP method29.

Validation. An independent testing dataset, consisting of a bulk aLi phase
(128 atoms), bulk cSi and aSi phases (64 atoms), cSi/Li (96 atoms) and
aSi/Li (192 atoms) interface systems, including 500 configurations in
total along multiple MD trajectories, to validate the accuracy of our DP
model employed for simulating the Li-Si interdiffusion and structural
evolution. Those bulk aLi, aSi and cSi configurations were generated at
500 K, the cSi/Li and aSi/Li interface configurations were generated at
300 K (to maintain interfacial morphologies) during DeePMD simula-
tions. Each system ran 20000 steps in the canonical (NVT) ensemble. The
initial supercell model of cSi/Li and aSi/Li interface configurations
includes a 1 nm vacuum layer, as shown in Supplementary Fig. 1a. The
timestep size was set to 0.5 fs. In each system, 100 configurations were
selected at equal intervals.

Density functional theory calculations
For the calculations of the DFT dataset, the Projector Augmented Wave
(PAW)44 potential was used to describe core electrons, and the Perdew
−Becke−Ernzerhof (PBE) version of the generalized gradient approxima-
tion (GGA) functional was employed to describe the exchange-correlation
effect45. The kinetic energy cutoff and themesh grid’s k-spacing46 were set to
550 eV for the plane-wave basis set and 0.16 Å−1 for the Brillouin zone
sampling, respectively. Self-consistent field calculations were converged to
1.0 × 10−6 eV.Weused theVienna ab initio simulation (VASP)47 package to
generate the DFT dataset.

Deep potential molecular dynamics simulation
As shown in Fig. 1, we constructed four interface models with different Si-
facet orientations and phases, namely aSi/Li, cSi(100)/Li, cSi(110)/Li, and
cSi(111)/Li to study the dynamics of Li-Si interdiffusion and interfacial
structure evolutions. The aSi/Li, cSi(100)/Li and cSi(110)/Limodels contain
1536 Si atoms and 3072 Li atoms, and the cSi(111)/Li model contains 1476
Si and 2952 Li atoms. In each model, a 4 nm vacuum layer was introduced
on the right side of the Li phase to allow volume variation during Li-Si
interdiffusion simulations. Then, we ran DeePMD trajectories under the
NVT ensemble for 5 ns at 500 K to analyze the dynamics of Li-Si inter-
diffusion and morphology distributions. The trajectories were stored every
1 ps and the time step was set to be 0.5 fs. The accurate DP model of Li-Si
systems covering the whole compositional space has been demonstrated to
be able to well reproduce the thermodynamic properties and phase trans-
formations pathways during Si (de)lithiation process29. We used
LAMMPS48 package to run all DeePMD simulations.

Wenote that the strain on the Si lattice cloud influences the Li diffusion
into the bulk Si phase. We thus conduct a test for the cSi(110)/Li model to
investigate the strain effect. A tensile strain parallel to the Si/Li interfacemay
expand the pore size of bulk Si phase, which could enhance the diffusion of
Li atoms into the Si phase. We thus apply a tensile strain on our model to
investigate if strain indeed has an impact on the Li diffusion behavior. Here
weneed to emphasize that the Si lattice constant of the cSi/Li interfacemodel
(shown in Fig. 1) in our work is set to be the lattice parameter of a fully
relaxed bulk Si. This setup is reasonable because Si is the dominant solid
anode material which determines the lattice constants of the Si-Li interface
at anode surfaces in batteries. In this test, we apply a 2% tensile strain, which
is a quite large strain condition for solid bulk materials. For the cSi(110)/Li
interface model, we construct a new supercell box with a 2% tensile strain
applied along the x and y directions, and a vacuum region is included along
the z direction as well (the supercell parameters along the x, y, and z
directions: 22.31 Å, 23.67 Å and 222.69 Å). We then performed DeePMD
trajectories under the NVT ensemble condition for 5 ns at 500 K. It can be
observed from Supplementary Fig. 7a, b that the Li-Si interdiffusion lengths
are 48.5 Å and 47.1 Å for the original and the strained cSi(110)/Li models,
respectively, indicating a minor influence on the quantitative values of

interdiffusion lengths. We can also see that the number densities of Li or Si
atoms in Supplementary Fig. 7c, d are almost identical between the two
models, with further evidences of similar distributions of Li and Si DP-
partitioned atomic energies, as depicted in Supplementary Fig. 7e, f. This
means that the strain does not apply a significant impact on the Li diffusion
toward the Si phase region.

Definitions of key physical quantities
Si flux. The Si flux can be defined as the average number of Si atoms
moving from the bulk Si phase toward the Li phase through the Si/Li-Si
interface per unit area (nm2) and per unit time (ns).

Li flux. The Li flux can be defined as the average number of Li atoms
moving from the bulk Li phase toward the Si phase through the Si/Li-Si
interface per unit area (nm2) and per unit time (ns).

The DP-partitioned atomic energy EDP-partition. The DP-partitioned
atomic energy is obtaineddirectly from theDPmodel,whichpartitions the
total energy to each atom for a specific configuration. The DP-partitioned
atomic energies of Li and Si atoms can be defined as E(Li)DP-partition
and E(Si)DP-partition.

The on-site Si atomic energy 4E. The energy of a specific Si/Li con-
figuration simulated by DeePMD can be defined as Ebefore. The energy
upon removal of one Si atom from this Si/Li configuration can be defined
as Eafter . We then define the on-site Si atomic energy as: 4E = Ebefore −
Eafter , which represents the energy change associated with the removal of
a single Si atom from this specific Si/Li configuration. Correspondingly,
the on-site Si atomic energies of4ESi1;b,4ESi2;b,4ESi=Li�Si;i and4Ea�LixSi
represent the energy change associated with the removal of one Si atom
from the left bulk Si region, the bulk Si region near the Si/Li-Si interface,
the Si/Li-Si interface region, and the a-LixSi region near the right Li-Si/Li
interface, respectively. The schematic diagram illustrating the corre-
sponding regions for calculating those on-site Si atomic energies is pre-
sented in Fig. 4a. In addition, the atom-selection ranges for removing Si
atoms in the four specific regions are listed in Supplementary Table 2.
Two parameters are defined to obtain atom-selection ranges: the z-axis
position of the Si/Li-Si interface on the left side, denoted as zSi/Li-Si, and
the z-axis position of the Li-Si/Li interface on the right side, denoted as
zLi-Si/Li. We note that the z-position exhibits different starting and ending
points in the three cSi cases with different directions of exposed facets,
which can be attributed to distinct distances between two Si layers in these
differently oriented models, as presented in Fig. 1.

The average on-site Si atomic energy 4E. To ensure statistical
meaning of these on-site Si atomic energies, we chose 40 configurations
for each Si/Li system. For each configuration, we randomly removed one
Si atom from 50 different Si sites, and obtaining 504E values. We would
have 40 * 50 = 2000 4E values, and then obtain the average on-site Si
atomic energy 4E from these 2000 values. These energy results are the
average on-site Si atomic energies presented in the four regions in Fig. 4b,
which are defined as 4ESi1;b, 4ESi2;b, 4ESi=Li�Si;i and 4Ea�LixSi,
respectively.

The on-site Si atomic energy difference 44E. We further define the
on-site Si atomic energy difference between the Li-Si interface and the left
bulk Si regions as 44E ¼ 4ESi=Li�Si;i �4ESi1;b, which represents the
thermodynamic barrier derived from on-site Si atomic energies in the
bulk region vs. in the interface region. The average on-site Si atomic
energy difference44E can be obtained from these 2000 44E values
or 44E ¼ 4ESi=Li�Si;i � 4ESi1;b.

Additional information
The supplementary information file provides the supercell parameters, the
atom-selection ranges for removing Si atoms in the left bulk Si phase, the
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bulk Si region near the Si/Li-Si interface, the Si/Li-Si interface region and the
a-LixSi region near the right Li-Si/Li interface for the four Si/Li interface
models. We present the results of energies and forces predicted by the DP
model and those calculated by DFT method, the distribution of maximum
deviation of forces, the average Li-Si coordination numbers (CNLi-Si), and
the average DP-partitioned atomic energy distributions of Li and Si atoms
for the four Si/Li interface models. Distributions of the on-site Si atomic
energies 4ESi1;b and 4ESi=Li�Si;i, as well as the on-site Si atomic energy
difference44E between4ESi1;b and4ESi=Li�Si;i, are shown for the four Si/
Li interface models. We compare various distributions of the on-site Si
atomic energies 4ESi=Li�Si;i to validate the statistical significance using the
bootstrapping method for the cSi(100)/Li interface model. The average Li
concentration profiles, number density and DP-partitioned atomic energy
distributions of Li and Si atoms are compared between the cSi(110)/Li
interface model without strain and the model with a 2% tensile strain.

Data availability
The productive and compressed DPmodels, and the DFT dataset are open
source and can be obtained through the following link: https://www.
aissquare.com/datasets/detail?pageType=datasets&name=LiSi-PBE-DFT-
dataset&id=85.
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