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ABSTRACT: The development of high-energy-dense, sustainable all-solid-state
batteries faces a major challenge in achieving compatibility between the anode and
electrolyte. A promising solution lies in the use of highly ion-conductive solid
electrolytes, such as those from the argyrodite family. Previous studies have shown
that the ionic conductivity of the argyrodite LisPS;Cl can be significantly enhanced
by partially substituting S with Se. However, there remains a lack of fundamental
knowledge regarding the effect of doping on the interfacial stability. In this study, we
employ long-scale ab initio molecular dynamics simulations, which allowed us to gain
unprecedented insights into the process of solid electrolyte interface (SEI)
formation. The study focuses on the stage of nucleation of crystalline products, enabling us to investigate in silico the SEI
formation process of Se-substituted Li;PS;Cl. Our results demonstrate that kinetic factors play a crucial role in this process.
Importantly, we discovered that selective anionic substitution can accelerate the formation of a stable interface, thus
potentially resolving anode—electrolyte compatibility issues.

E lectron and ion transfer at solid—solid interfaces plays a interfacial phenomena.'"”'* Yet, to develop batteries with

paramount role in the functioning of numerous devices improved safety and efficiency for a wide variety of

that impact our daily lives. Controlling these processes applications, multimodal and operando characterization techni-

is vital for multiple emerging technologies spanning a wide ques coupled with modeling and simulation approaches

. . . .12 . e . .

range of fields, 1§1§Iudmg micro- ands n7anoelectron1cs, capable of identifying highly complex and interrelated
renewable energy,”” and 3D printing, among others. processes are still required. In this regard, computational
Therefore, understanding solid—solid interfacial phenomena models based on ab initio calculations are becoming useful in
is crucial to advancing these critical areas of innovation. predicting the stability and reactivity of solid electrolytes
In the context of battery research, the essential component (SEs)."*~'® Such approaches hold significant promise in
that affects battery performance, safety, and the life cycle is the helping to advance our understanding of interfacial phenomena

electrolyte—electrode interface. However, studying the for-
mation and evolution of the so-called solid electrolyte
interphase (SEI) presents significant challenges. These arise
from the chemical and topological heterogeneity of the SEI as
well as the nanoscale size of the interface region. Moreover, the
SEI displays reactivity and complex dynamics that are difficult
to assess experimentally due to the nonequilibrium state during
battery operation. And the contribution of individual processes
to the formation and evolution of interfaces can vary widely
depending on several factors, such as cell chemistry, electrode/
electrolyte combination, cycling protocol, and many more.*~"’

Recent technological improvements in characterization tools
offer new paths to a clearer understanding of the SEI and other

in batteries and other materials systems.

In this study, we utilize ab initio molecular dynamics
(AIMD) simulations to provide insights into the early stage of
the SEI layer formation process in all-solid-state batteries
(ASSBs), where the SE is in contact with a Li-metal surface.
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Figure 1. Evolution of the average coordination number and atomic charges of Li/LicPS,_,Se,Cl interface models (see Figure S2 for further
details). Averaging was carried out over elements as well as over time with a time step of 10 ps. The considered P, S, and Se atoms belong to

PS,_.Se,>” groups.

We focus on the Li-argyrodite SE family, which is promising
for the development of ASSBs due to its exceptional room-
temperature Li-ion conductivities and low cost.'” ™" AIMD
simulations have previously helped identify decomposition
products and reaction mechanisms at the interface between
LigPS;Cl and model Li metal surfaces,”’ >’ but a further
understanding of SEI growth and evolution is still desired. To
address this challenge, we focus specifically on the Li/
LigPS;_,Se,Cl interface systems, where we hypothesize that
Se should accelerate interfacial reactivity and enable the time
and length scales accessible by AIMD to examine SEI
formation and growth. We also considered interfaces with F-
doped argyrodite, which previously showed good cyclability
with the Li metal anode.** Furthermore, to comprehensively
analyze SEI evolution in such complex interfaces, we
implemented a novel algorithm that exhaustively tracks crystal
growth as a structure-assembling process from building units
represented by natural tiles.

To construct the Li/LigPS;s_,Se,Cl,_F, (where x = 0, 0.25,
0.5, 0.75, 1, 4, S and y = 0, 0.125) interface models, we first
explored the configuration space of the bulk SE. Detailed
information about the structural models and density functional
theory (DFT) calculations is given in the Supporting
Information. Results of the calculations show that Se
substitution within the argyrodite structures yields an increase
in the binding energy (Figure S1). Conversely, F doping has
the opposite effect. Like in the case of pure LigPS;Cl, we also
find that the cubic Se-substituted phases are metastable.”>™>
Thus, any symmetry break caused by the thermal fluctuation of
atoms or the introduction of substituting atoms may trigger a
transition to triclinic phases. In fact, our calculations reveal that
out of the 449 initially cubic structures, the geometry
relaxation of 118 cases resulted in this phase transition. During
the structure reorganization, Li ions undergo displacement
from 24g to 48h sites, and there is a shift observed in the
positions of halogen ions from the centers of intraframework
cages. The energy difference between the cubic and triclinic
phases is around 60 meV/atom. Consequently, for the purpose
of our study, we exclusively focused on the triclinic structure.
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For a given composition, the arrangement of Se atoms
within the structure has no significant impact on the binding
energy of the system. The energy gap between the lowest and
highest energy configurations does not exceed 12 meV/atom.
Overall, there is no evident correlation between the occupancy
of Se ions in the 4c and 16e sites and the energy of the
structure, as depicted in Figure S1. Consequently, a
straightforward synthesis of the LigPSs_,Se,Cl;_F, structure
from Li,S, P,S;, Se, and LiCI(F) should result in a relatively
even distribution of Se ions between the 4c and 16e sites. This
finding is consistent with experimental data for the
LigPS_,Se I structure.””

We utilized the obtained LigPS;s_,Se,Cl,_F, bulk structures
to construct 15 interface Li/LigPS;_,Se,Cl;_,F, models (Figure
S2), which were subsequently subjected to AIMD simulations
(see the Supporting Information for complete details). Our
results indicate that when in contact with Li metal, the
argyrodite SEs are reduced. Specifically, this leads to the
decomposition of PS,_,Se,>” groups, as reflected by a decrease
in the computed P—S and P—Se coordination numbers (CNs)
and a systematic increase in Li—S and Li—Se CNs (Figure 1
and Figure S3 top). The change in the local atomic
environment is accompanied by electron transfer from the Li
metal to the P, S, and Se atoms of the PS,_,Se,’” groups
(Figure 1 and Figure S3 bottom). Overall, the reaction
proceeds by the stepwise breaking of P—S and P—Se bonds
until the complete reduction of PS,_,Se,*~ groups to P*~, §*,
and Se’” anions. These findings are consistent with previous
computational””***” and experimental’® studies of the Li/
LizgPSCl interface.

At low concentrations of Se and F, there is no apparent
relationship between the reaction rate and the amount of
substituted elements (Figure 2). Additionally, the type of Se-
substituted sites (4c and 16e) does not appear to affect the rate
of SE degradation. However, substituting most of the S atoms
with Se atoms accelerates the reaction. This is evident in the
(I) Li/Li,gPgSsSes,Cly, (II) Li/Li,gPySSes,Cly, (III) Li/
Li,sPgSsSes,Clg, and Li/LiygPsSe,Cl interface models, which
exhibit the highest reaction rates. In these models, the SEs
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Figure 2. Evolution of potential energy, percentage of reduced SE, and SEI crystallinity for different Li/Li;PS;_,Se,Cl,

S interface models.

The black curve indicates the average over 10 ps of time step crystallinity of the SEIL

undergo near or complete reduction within the first 80, 120,
70, and 40 ps of simulation, respectively (Figure 2). The high
reaction rate of these models makes them ideal for studying in
silico the kinetics of the solid-state reaction and the underlying
mechanism of SEI formation.

From a thermodynamic point of view, the reaction between
Li metal and LiPS;_,Se,Cl,_,F, should lead to the formation
of several compounds, including LiCl, LiF, Li;P, Li,S, and
Li,Se. The reaction can be described by the equation:

LigPS;_,Se,Cl,_ F, + 8Li
= (1-y)LiCl + yLiF + Li;P 4+ (5—x)Li,S+xLi,Se

(1)

Although a sufficiently long AIMD simulation could
potentially show the formation of these crystalline phases,
the required simulation time may not be achievable in the
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framework of DFT-based calculations. Nevertheless, for the
interface models exhibiting a high reaction rate, we may expect
the appearance of small crystalline regions (crystalline seeds)
within the amorphous products. To identify such regions along
the AIMD trajectory, we employed the concept of natural
tilings.’”*" Within this approach, structures of expected
products are divided into cage-like atomic configurations, so-
called tiles, forming periodic space-filling tessellation (Figure
3). Compared to individual atoms or coordination figures, tiles
provide a more comprehensive representation of structural
features. Although different structures may have the same tiles,
the overall tile set and the way they are assembled are unique
for each structure type. These properties make natural tiling a
valuable tool for the prediction of the possible structure of a
final product based on the analysis of atomic configurations of
intermediate products at the initial stages of the reaction. In
other words, we can guess the possible structure of the SEI by

https://doi.org/10.1021/acsenergylett.3c01363
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Figure 4. Structural evolution of the SEI observed through four consecutive snapshots extracted from the AIMD trajectory for the (I) Li/
Li,gPgS4Se;,Clg interface model. The crystalline regions are depicted by red rhombic dodecahedra. Li metal, Li of electrolyte, S, Se, P, and Cl
are depicted by blue, green, yellow, purple, red, and gray spheres, respectively.

analyzing the frequency occurrence of tiles of expected
products and the way they are assembled along the AIMD
trajectory. For instance, the natural tilings of Li,S and LiCl are
a rhombic dodecahedron and cubic honeycomb, respectively.
The LizP has a structure topologically similar to that of the
Li,S, with additional tiles located between layers of the
hexagonal-packed rhombic dodecahedron (Figure 3). Natural
tilings of Li,Se and LiF are identical to those of Li,S and LiCl,
respectively, as they share the same antifluorite and rock salt
structure types. In total, these structures have three
topologically unique tiles ([4'2], [4°], and [4°]) and seven
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inequivalent cages LigS¢, LigSeq, LigP¢, Li,P3, LisP,, Li,Cl,, and
Li,F, which correspond to these tiles. The presence of these
cages within the AIMD frames is proxies of crystalline phase
nucleation.

Interestingly, although the analysis of AIMD trajectories did
not reveal the presence of the previously mentioned cages set,
LigAng (where An = P, S, Se, Cl) was found to occur
frequently. These rhombic dodecahedron cages contain not
only sulfur and selenium, but also phosphorus, and
chalcogenide ions. These intricate structures interconnect
through their faces, giving rise to the distinctive pattern of a

https://doi.org/10.1021/acsenergylett.3c01363
ACS Energy Lett. 2023, 8, 4129-4135
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rhombic dodecahedron. This defining arrangement becomes
most prominently evident in the final frame of the AIMD
simulation, as depicted in Figure 4 for the (I) Li/
Li,sPgSsSe;,Clg interface model and further elaborated in
Figure S4 for other interfacial models. Thus, we can conclude
that the SEI structure should correspond to the LiCI(F)—
Li,P—Li,S—Li,Se solid solution, which has the antifluorite
structure type. The overall reaction can be described by the
equation

LigPS,_,Se,Cl,_F, + 8Li =

E Li,PS;_,Se Cl_F,

2)

Our analysis also reveals that Li,An;, Li;An,, and Li,An,
cages are predominantly found in the amorphous interface
region. Unlike the rhombic dodecahedra, they connect
chaotically via edges and vertices, thereby failing to form
high-ordered structures. Therefore, the presence of these cages
cannot be used as evidence of Li;P and LiCl phase nucleation.

These findings offer a new perspective on the Li/argyrodite
interface structure, which is contrary to previous theoretical
and experimental works. A prior in situ X-ray photoelectron
spectroscopy (XPS) study of interphase growth on Li metal
electrodes revealed degradation of the LigPS;Cl SE over time.
Specifically, the peaks corresponding to PS,>~ groups, S 2p,
and P 2p XPS spectra decreased, while peaks attributed to S*~
and P*” increased.”” Based on these data, it was inferred that
the reaction resulted in the formation of Li,S, Li;P, and LiCl.
Although XPS can offer insights into the composition and the
local atomic environment of a compound, it cannot directly
determine the crystal structure on its own. This can lead to
ambiguity in the identification of structures with identical
compositions and oxidation states of elements. While DFT
calculations can aid in finding the lowest energy products by
enumerating all possible variants,”” this approach may overlook
kinetic considerations. Conversely, AIMD simulations can
provide access to kinetic aspects, yet such insight is often only
limited to unveiling intermediate reaction products within a
reasonable simulation time.*"**’

To move beyond these limitations, we found that
considering tiles as a unit of growth allows for observing the
onset of the nucleation process in silico (Figure 4). For
example, in the initial 8 ps of the AIMD simulation for the (1)
Li/LigPsS¢Ses,Clg interface model, the reduction of the SE
reached approximately 76% (Figure 2). As the reaction front
progresses from the interface toward the bulk of the SE,
rhombic dodecahedral cages begin to emerge near the Li-metal
slab. These atomic clusters act as nucleation sites, growing by
attaching new cages to the faces of existing ones. Within
approximately 10 ps of the simulation, a 9 A thick, 2-periodic
layer of the crystalline product is formed. The formation of this
crystalline layer is accompanied by a slowdown in the reaction
rate, evident from the decreasing slope of the SE reduction
curve over time (Figure 2). A second drop in the reaction rate
is observed at around 50 ps, likely due to the formation of a
coating layer on the opposite side of the SE slab. Although the
coating layer is not thick enough to completely prevent
electron transfer from the Li metal to the SE, the reaction
proceeds until the SE is fully reduced. At the final AIMD
frame, the interface model consists of an unreacted Li metal
slab and two crystalline layers of reduced electrolyte with a thin
amorphous region in between (as shown in Figure 4 and
Figure S4). The formation of an ideal crystalline layer is
impeded by the different crystallographic orientations of
crystalline products on opposite sides of the Li metal slab.
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By 250 ps of the simulation, the crystallinity of the SEI reaches
71.5%. This value is determined by evaluating the ratio
between the number of atoms within the crystal nuclei and the
overall amount of product, as described in eq 2.

It is important to note that across all the examined interface
models noticeable fluctuations in crystallinity occur over time
(Figure 2). These variations stem from the inherently
stochastic nature of the nucleation process, which is governed
by a myriad of factors.”> Chief among these are the intricate
interplay of local environmental conditions and thermal
fluctuations, both of which can induce substantial trans-
formations in the dimensions, morphology, and composition of
the crystal nuclei as time unfolds. The spontaneously formed
crystal nuclei can either continue to grow or become
amorphous. For example, in the case of (I) Li/Li,sPgSgSes,Cl,
(III) Li/LiygPgSgSes,Clg, Li/LiygPgS34Se4Clg and Li/
LiygPgS3,SecCly models, there is a trend of progressively
increasing crystallinity. However, for the Li/LigPgS,0Clg, Li/
LiygPsS35Se,Clg, and (I) Li/Li,gPsS3,SesClg models, the nuclei
stop growing at around S0 ps without reaching the critical size,
with further reversion to an amorphous state. The Li/
LisgPgS,0Clg, Li/LiygPsS;5Se,CLF, and Li/Li,gPgS;Se,CLF
models exhibit significantly fewer nucleation events. The
nuclei appearing almost immediately became amorphous,
leading to low crystallinity. The remaining models show
chaotic changes in crystallinity over the simulation time.
Interestingly, a high reaction rate does not always correspond
to a high rate of crystallization. For example, electrolytes
LigPSSe,Cl and LigPSesCl both exhibited high reaction rates,
but only the first one formed a high-ordered SEI structure.
Therefore, directed Se substitution of 16e sites of the SE can
aid in the rapid formation of a passivation layer, protecting
against further electrolyte degradation.

According to the DFT calculation of the Li;,PS;_,Se,Cl,_/F,
modeled structure (Table S2), the formation of individual
LiCl, LiF, Li3P, Li,S, and Li,Se phases is more energetically
favorable than the corresponding solid solution. However, the
energy difference between these products is not significant.
Both reactions have identical stoichiometry and follow the
same redox mechanism. The only disparity between these
reactions lies in the structure of their products, which exhibit
different coordination numbers of Li—P, Li—Cl, and Li—F
atoms. Overall, the energy change of the interface models is
primarily associated with the reduction of the SE by Li metal,
rather than the subsequent structural reorganization. Indeed,
we found that the percentage of reduced SE is linearly
correlated with the potential energy (Figure SS). Furthermore,
regardless of any changes in SEI crystallinity, the energy
remains almost constant when the electrolyte reduction
reaches a plateau (Figure 2). Thus, in this case, the main
driving force that determines the reaction path is kinetic
factors. Specifically, the formation of Li;,PS;_,Se,Cl,_F, solid
solution or amorphous products is expected to have an
activation barrier lower than that of individual lithium salts
(LiCl, LiF, Li,S, Li,Se, and Li;P). The solid solution
crystallizes with minimal spatial ion redistribution, while
crystallization of several phases requires ion diffusion from
the reduced SE to the forming phases.

Overall, this study provides valuable insights into the
reaction mechanisms and nucleation processes at the Li/
LigPS;_,Se,Cl,_JF, interface. The understanding of these
processes is crucial for designing SEs with improved stability
and performance in ASSBs. It has been shown that the
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formation of the LiCI(F)—Li;P—Li,S(Se) solid solution or
amorphous products at the interface is driven by kinetic
factors, as they have lower activation barriers compared to the
individual lithium salts. The incorporation of Se atoms into the
16e sites of the argyrodite structure accelerates the reaction
kinetics and promotes the nucleation of a highly ordered SEI
layer capable of protecting the SE against further degradation.
Furthermore, the introduced approach, harnessing natural
tiling to dissect AIMD simulations, establishes a valuable
framework that holds promise for future investigations delving
into nucleation processes occurring in solutions or at
interfaces. This framework is particularly relevant to studies
centered on SEI and cathode—electrolyte interphase formation.
Implementing these developed analysis techniques and
algorithms in future works can provide deeper insights into
the formation and behavior of such complex interfaces,
facilitating complementary experimental characterizations,
and driving the advancement of more efficient and reliable
energy storage devices.
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