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Abstract

The effectiveness of dual-doping as a method of improving the conductivity of
sulfide solid electrolytes (SEs) is not in doubt; however, the atomic-level
mechanisms underpinning these enhancements remain elusive. In this study,
we investigate the atomic mechanisms associated with the high ionic
conductivity of the Li,P5S;; (LPS) SE and its response to Ag/Cl dual dopants.
Synthesis and electrochemical characterizations show that the 0.2M AgCl-
doped LPS (Lig gP3Ag0.1S10.0Clp 1) exhibited an over 80% improvement in ionic
conductivity compared with the undoped LPS. The atomic-level structures
responsible for the enhanced conductivity were generated by a set of
experiment and simulation techniques: synchrotron X-ray diffractometry,
Rietveld refinement, density functional theory, and artificial neural network-
based molecular dynamics simulations. This thorough characterization
highlights the role of dual dopants in altering the structure and ionic
conductivity. We found that the PS, and P,S; structural motifs of LPS undergo
transformation into various PS, substructures. These changes in the
substructures, in conjunction with the paddle-wheel effect, enable rapid Li
migration. The dopant atoms serve to enhance the flexibility of PS,-P,S,
polyhedral frameworks, consequently enhancing the ionic conductivity. Our
study elucidates a clear structure-conductivity relationship for the dual-doped
LPS, providing a fundamental guideline for the development of sulfide SEs
with superior conductivity.
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1 | INTRODUCTION

Dual doping with metal halides (MX; M = metals, X =F,
Cl, Br, or I) has proven to be a straightforward strategy to
achieve high-conductivity sulfide solid electrolytes
(SEs)."™ The inception of this technique can be traced
back to the work of Kato et al.,’ in which the authors
added Si and Cl dopants to replace the host atoms
comprising the xLi,S-yP,Ss electrolytes. Since then,
extensive studies on dual-doping with various dopants,
such as MnlI,° CuCl,” AgL,® and W with Br dopants’ were
reported. Although superionic conductivities of >107>S
c¢cm™ could be obtained with this method, the underlying
reasons for such improvements remained mostly quali-
tative. Preliminary investigations identified the presence
of several substructures, such as PS,, P,Ss, and P,S,,
within SEs based on xLi,S-yP,Ss compositions."**"?
Subsequent studies examined the roles of these sub-
structures to elucidate the structure—conductivity rela-
tionship in dual-doped SEs. However, owing to the
difficulty in generating the atomic-scale structures repre-
senting the electrolytes and the severe spatiotemporal
limitations of the employed simulations, previous studies
were not successful in specifying the substructures
responsible for the observed conductivity.*'*'* As a result,
the roles of dual dopants in enhancing conductivity are yet
to be established.

All undoped SEs with xLi,S-yP,Ss compositions are
composed of various phases/crystals, such as LisPS,,
Li;P3S;1, and LisP,Se, each of which is again constructed
with the PS,, P,S¢, and P,S, substructures (hereinafter,
referred to as the “PS,” motifs or ionic clusters without
discrimination).’>'® Simulation studies showed that
spaces surrounded by the vertices/corners (i.e., S atom
sites) of these PS, motifs construct the interpenetrating
networks of diffusion channels, through which Li ions
can migrate."” The nature of these channels can vary
depending on the chemical composition and synthesis
method of the electrolytes because these process param-
eters can alter the spatial distribution and volume
fractions of the PS, motifs.'® The changes in the
atomic-scale structures can restructure the diffusion
channels and affect associated diffusion mechanisms,
such as the so-called paddle-wheel effect'®'® and Li
cooperative hopping,”>*' causing changes in the ionic
conductivity of the dual-doped LPS.

For a comprehensive understanding of the effects of
dopants on ionic conductivity, it is essential to work with
reliable three-dimensional (3D) atomic structures and
advanced analytical methods. While synchrotron X-ray
diffractometry combined with Rietveld refinement can
provide the required 3D atomic structures for SEs,
traditional atomistic simulations, largely reliant on

density functional theory (DFT), have faced computa-
tional bottlenecks. The advent of artificial neural
network-based molecular dynamics (ANN-based MD)
presents a solution, offering the ability to manage large
structures over extended time periods. By integrating
experimental techniques like synchrotron X-ray diffrac-
tometry and Rietveld refinement and simulation tech-
niques such as DFT and ANN-based MD, we can
achieve a more thorough understanding of how dopants
impact ionic conductivity. Furthermore, this integrated
approach helps overcome the limitations of previous
DFT-centric studies, which often focused on the partial
effects of each diffusion mechanism. The enhanced
accuracy and broader spatiotemporal scale of investiga-
tion achieved through this combined method enable
more complete insights into the behavior of various
substructures comprising electrolyte crystals, thus
benefiting the development and optimization of SEs.

In this study, comparative studies were performed on
the SEs with 70Li,S — 30P,Ss composition (hereinafter,
referred to as “LPS”) and LPS added with up to 5.6 wt%
(or 0.4 M) AgCl (hereinafter, referred to as “AgCl-doped
LPS”) to explore the synergistic impact of the dual
dopants in enhancing the ionic conductivity. Experi-
ments demonstrated that the addition of 0.2M AgCl to
LPS led to a remarkable >80% increase in the ionic
conductivity, reaching 2.39 mS cm™. To unravel the
underlying mechanisms and achieve a more complete
comprehension of diffusion processes, a range of
techniques were employed, encompassing synchrotron
X-ray diffractometry, Rietveld refinement, DFT calcula-
tions, and ANN-based MD simulations. Utilizing these
advanced analytical approaches, we gained deeper in-
sights into the role of dopant design in the enhancement
of Li-ion transport within SEs.

2 | RESULTS AND DISCUSSION
2.1 | Synthesis and characterization
of AgCl-doped LPS SEs

To investigate the effects of Ag and Cl doping on the ionic
conductivity of LPS-type SEs, we synthesized LPS and
AgCl-doped LPS with four different AgCl molar ratios (M)
of 0.1, 0.2, 0.3, and 0.4 using the dry-milling method (see
Methods in the Supporting Information), resulting in the
samples with chemical formulae of Li;_,P3AgS;;_Cl,
with x = 0.0, 0.05, 0.1, 0.15, and 0.2. The ionic conductivity
of the samples was determined by measuring the
impedance spectra (or Nyquist plots) using electrochemi-
cal impedance spectroscopy (Figure 1A). The measured
Nyquist plots commonly consist of an incomplete
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FIGURE 1 (A) Nyquist plots of the undoped LPS and AgCl-doped LPS with 0.1, 0.2, 0.3, and 0.4 molar ratios of AgCl (i.e.,

Li;_»P3Ag,S11_xCl, with x = 0.0, 0.05, 0.1, 0.15, and 0.2) measured at 25°C. (B) Ionic conductivities measured from (A). (C) Arrhenius plots
of the ionic conductivity of the undoped LPS and AgCl-doped LPS samples measured at varying temperatures of 25°C, 40°C, 50°C, 60°C,
70°C, and 80°C. (D) Energy barriers of the LPS and AgCl-doped LPS samples estimated from (C).

semicircle that includes the combined effects of the charge
transfer resistance, grain boundary resistance, and ion
adsorption at the electrode surface. When converting the
diameter (Z' values) of the semicircles into ionic
conductivities, the conductivity increased with increas-
ing x, reached a maximum of 2.39mScm™ at x=0.1
(equivalent to 0.2M AgCl), and then decreased (Figure
1B). The results indicate that the addition of 0.2M AgCl
significantly enhanced the conductivity of the AgCl-doped
SE by more than 80% compared with the undoped LPS.
Subsequent experiments and calculations on LPS and
AgCl-doped LPS revealed that the electronic conductivity
of LPS is further lowered after AgCl doping, suggesting
that the AgCl-doped LPS can be a reliable SE with both
ion-conducting and electron-insulating properties (see
Additional notes in Supporting Information). This en-
hancement positions both undoped LPS and AgCl-doped
LPS as promising materials for exploring the dopant
effects and the corresponding diffusion mechanisms.

The repetition of the conductivity measurement at
differing temperatures gives rise to the temperature
dependence of ionic conductivity, which can be used to
assess the activation energy for Li diffusion. To this end,
we measured the impedance spectra for the synthesized
samples (Li;_,,P3Ag,S;;_Cl, with x = 0.0, 0.05, 0.1, 0.15,

and 0.2) under differing temperatures in the range of
25—80°C and drew their temperature dependence using
the Arrhenius plots (Figure 1C). Overall, the measured
ionic conductivity follows the Arrhenius relation of
o x exp (—E/kT) except the slight deviation at >50°C
of AgCl-doped LPS (Li;_»P3Ag,S;;_,Cl, with x=0.2, 0.3,
0.4). Such a phenomenon has also been observed in some
Li SEs with halide elements, where the SE samples
undergo phase transitions into highly conductive phases
at >60°C and exhibit higher ionic conductivity than the
linear fitting lines.”**> When evaluating the energy
barriers (E,) using the Arrhenius relation, the energy
barriers of all AgCl-doped samples are lower than that
(0.22eV) of undoped LPS (Figure 1D). The lowest energy
barrier was observed for the 0.2M AgCl-doped LPS
(Lis gP3Ag0.1S10.9Clo1) with a value of 0.17eV (detailed
data are in Table S1). The improved conductivity and
reduced activation energy measured for the AgCl-doped
LPS confirm that the minor addition of AgCl to the LPS
indeed improved Li diffusion. Considering that the
observed difference in the ionic conductivity is related
to the difference in the structures of the SEs, precise
identification of the atomic structures is necessary for
understanding the mechanism underlying improved Li
diffusion kinetics.
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2.2 | Atomic-scale structure of the
LPS SEs

To identify the atomic structures that are responsible
for the ionic conductivity of SEs, we first identified the
phases using X-ray diffraction (XRD) to construct the SE
samples (Figure 2A). When examining the reference
LPS and the counterpart sample of 0.2M AgCl-doped
LPS (LisgP3Ag01S10.0Clo.1), both samples were found to be
glass ceramics with very high crystallinity (90% and 93%
for the undoped and 0.2 M AgCl-doped LPS, respectively)
(Figure S1). The major phase of the LPS is the triclinic
Li,P3S,; crystal belonging to a (P1) space group (PDF
04-014-8383). Notably, the XRD spectra of the Ligg-
P3Agy1S100Clp; were almost identical to those of the
undoped LPS and did not show any peaks associated
with secondary phases related to AgCl and residual raw
materials. This suggests that complete solid-state reactions
have taken place by appropriately substituting the host
atom sites in the Li;P3S;; phase with Ag and Cl atoms.
The question naturally arises as to why two SE
samples with the same crystalline phase exhibit different

conductivities. To tackle this issue, it is necessary to
resolve the atomic structures beyond the resolution limit
of XRD. This is because the fundamental structural
motifs, such as PS, and P,S, (Figure 2B) comprising the
Li,P5S;, crystalline phase, may differ owing to differing
dopant properties such as oxidation number and ionic
radius. Raman spectroscopy was employed to further
analyze the structural differences between undoped LPS
and the 0.2M AgCl-doped LPS (Figure 2C,D). Raman
spectra of the LPS sample exhibited bands at 420 and
405cm™, corresponding to the PS, and P,S; clusters,
respectively. However, for the 0.2 M AgCl-doped LPS, an
additional band at 385cm™' with low intensity was
observed in addition to the characteristic PS, and P,S,
bands. The X-ray photoelectron spectroscopy (XPS)
observation of the 0.2 M AgCl-doped LPS confirmed the
existence of a bond between P and Cl (Figure S2),
indicating the creation of a new substructure by AgCl
doping. Further structural analysis using Rietveld refine-
ment and DFT revealed that the corner S atom of P,S,
was substituted by Cl, forming the di-tetrahedral P,S¢Cl
as shown in the later section. Hence, the new 385cm™!
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FIGURE 2 (A) XRD spectra of the undoped LPS and 0.2 M AgCl-doped LPS (Lis sP3Ag0.1510.9Clo.1)- The inset in (A) is the standard

crystal structure of the triclinic Li;P3S;; crystal. (B) Schematics showing the configuration of the representative PS, motifs comprising the
undoped LPS. Characteristic Raman bands deconvoluted from the Raman spectra of the (C) undoped LPS and (D) 0.2M AgCl-doped LPS
SEs, indicating the presence of various PS, motifs. (E) Number and volume fractions of the PS, and P,S,-type motifs comprising the LPS and

Lig sP3Ag0.1510.0Clo.1 SEs.
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band observed in Figure 2C is assumed to correspond to
P,S6ClL

Subsequent Gaussian deconvolution of characteristic
peaks revealed the number and volume fractions of PS,
motifs in the SEs (Figure 2E). For the undoped LPS, di-
tetrahedral P,S; motifs occupy a twice larger volume
than that of PS,, which renders the P,S; motif the
dominant structure that contributes to the shape of Li
migration pathways and thus the ionic conductivity of
SEs.'® Doping the LPS SE with AgCl results in a partial
substitution of P,S; by P,S¢Cl. This can modify the Li
migration pathways surrounded by P,S,, subsequently
altering the Li diffusion kinetics. Thus, to comprehend
the impact of the AgCl dopant on ionic conductivity, it is
crucial to accurately replicate the structures of the
undoped LPS and 0.2M AgCl-doped LPS.

2.3 | Replication of atomic-scale
structures for simulations

To reconstruct the crystal structures of the SE samples
before and after doping, we extracted atomic structures

CARBON ENERGY-WI LEYy—L 5o

using synchrotron Rietveld refinement analysis (see
Methods and Tables S2 and S3 in the Supporting
Information) and validated the resultant structures with
DFT calculations (Figure 3). Figure 3A shows the fitting
patterns and refinement parameters of the undoped LPS,
exhibiting well-fitted results using a single-phase model
of the Li;P3S;; crystal, with a low R, value of 4.195.
With the PT space group, the refined Li;P5S;; crystal has
7, 3, and 11 symmetrically unique Li*, P>*, and S*" sites,
respectively (Figure 3B). When doping with AgCl, the
Ag* and CI~ dopants preferentially replace the elements
with similar oxidation states, leading to Ag* and CI
substitutions for Li* and S*~, respectively. Upon the C1~
substitution for S*7, the charge difference in these anions
induces the excess positive charge to the SE, which is
readily compensated by the removal of mobile Li* ions
(i.e., the formation of Li* vacancy).?*** As a result, the
LPS after AgCl doping has charge-balanced stoichiome-
try of Li;_5P3AgS:1: xCl.. To identify the preferential
doping sites in LPS, the Rietveld refinement was carried
out on the 0.2M AgCl-doped LPS (Figure 3C). The
Rietveld refinement was well fitted to the LPS crystal
with an R, value of 4.460, indicating that the majority of
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FIGURE 3 (A) Synchrotron X-ray spectra superimposed with Rietveld refinement pattern of the undoped LPS and (B) corresponding
structure determined by synchrotron Rietveld analysis. Black stars—experimental data; red lines—fitted data; blue lines—difference between the
observed and calculated data; green vertical lines—Bragg peak positions of Li;P5S;;. (C) Synchrotron X-ray spectra superimposed with Rietveld
refinement patterns of the 0.2 M AgCl-doped LPS. The halo peaks at the low-angle side (~18°) of (A) and (C) correspond to the peak for the
airtight X-ray sample holder. (D) Histogram of the electrostatic energies calculated for 8316 possible structures of Lis sAgo 25P3S10.75Clo.2s
(i.e., 0.5 M AgCl-doped LPS) generated after enumerating possible positions of Ag and Cl dopants, and Li vacancy. The structures with P,S¢Cl
and PS;Cl are denoted by red and blue bars, respectively. (E) Ratios of Ag and Cl dopants, and Li vacancy positions observed from the 100
stable Lig sAgo 25P3S10.75Clo 25 model structures. (F) 0.2 M AgCl-doped LPS structure determined by structure prediction and Synchrotron X-ray

Rietveld analysis.
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Ag and CI atoms are embedded in the LPS SE. Further
examination of Rietveld refinement, with specific Ag and
Cl positions considered, revealed that Cl dopants are less
likely to occupy the S4 site out of the 11 S-sites within the
unit cell (see Figure S3). Also, the refined structure of
0.2 M AgCl-doped LPS showed that AgCl doping expands
the crystal lattice of LPS, which further supports the
incorporation of Ag ions into the crystal Li;P3S;; phase
(see Additional notes in Supporting Information).

Although the Rietveld analysis result is informative, it is
challenging to reproduce the Li;_,,P;Ag,S;; ,Cl, structure
using DFT calculations considering all 10 potential Cl
substitution sites because of the enormous numbers of
crystal structures arising from the possible arrangements of
Ag and Cl dopants, and Li vacancies. In particular, to
construct a model crystal structure of 0.2M AgCl-doped
LPS (LigsP3Ag01S109Clo1), supercells with the size of at
least 209 atoms are necessary, leading to the 531,300
possible atomic arrangements. To reduce the computational
cost while rapidly exploring preferential dopant and
vacancy positions, we modeled more heavily doped LPS
(0.5M AgCl-doped LPS, LigsP3Ag25510.75Clo2s) using 83-
atom supercells. We then calculated electrostatic energies
for all possible atomic arrangements of 8316 structures (see
Methods in the Supporting Information) to screen out the
unstable structures that hardly form in experiments
(Figure 3D). The results show that all stable Ligs-
P3Agy,5510.75Clp2s structures with relative electrostatic
energies lower than 1.0eV commonly have di-tetrahedral
P,S¢Cl, rather than tetrahedral PS;Cl, suggesting that Cl
atoms are preferentially doped on P,S;. Further analysis of
the 100 stable LigsP3Agy25S1075Cloas structures revealed
that, for the majority (81%) of these structures, Cl occupies
the corner S sites of S2 and S3 in P,S; (Figure 3E).
Subsequent Madelung potential calculations on S sites also
confirmed that Cl is likely to replace S sites in S2 and S3
(see Figure S4). As Cl™ dopants are inserted into (PS)*
ionic clusters to create (P,S¢Cl)*~, Li vacancy with a
negative charge tends to form near di-tetrahedral P,S¢Cl,
which is evidenced by the preferential Li vacancy formation
in Lil, Li2, and Li6 sites. Unlike Cl dopant and Li vacancy,
Ag is found to have no preferential doping sites and can
replace any Li sites in LPS.

The above findings on the preferential doping sites
revealed that the introduced Cl atoms displayed a
preference for specific sites, namely, those in the corner
S of the P,S, di-tetrahedra rather than the tetrahedral PS,
motif, which led to the formation of P,S¢Cl. The above
results based on Rietveld analyses and DFT calculations
further confirm the presence of a Raman peak at
385cm™' in the AgCl-doped LPS (Figure 2D). The
specific Ag and Cl positions, together with the lattice
parameters obtained from Rietveld refinement, allowed

the reconstruction of the atomic structure of the 0.2M
AgCl-doped LPS as shown in Figure 3F (see Tables S2
and S3 for the detailed atomic configurations).

2.4 | Li diffusion mechanisms and their
doping response

The Li diffusion pathways in LPS-type SEs correspond to
the spaces surrounded by the PS, substructures/motifs,
and thus the Li diffusion kinetics are affected by the
distributions®® and movements®’ of these substructures.
For example, when the S atoms comprising PS, sub-
structures are arranged in a body-centered cubic
structure (as seen in compounds like Li,;P3S;; and
Li;GeP,S;,), the SEs tend to display flat energy land-
scapes for Li diffusions, resulting in high ionic conduc-
tivity compared with compounds with hexagonal close-
packed anion sublattices (e.g., LisPS, and Li,GeS,).?° In
addition, a recent theory proposed that sulfide tetrahe-
dral clusters (MS,"~, n =3 or 4) can facilitate Li diffusion
through their translational and rotational motions by
binding with adjacent Li* ions.”” This phenomenon is
commonly referred to as the “paddle-wheel effect.” From
these perspectives, the Li diffusion kinetics is strongly
correlated with the movements of PS, substructures, and
thus, tracing their movements is key to understanding
the ionic conductivity of LPS and AgCl-doped LPS.
However, the previous studies describing the movement
of PS, substructures were constrained by the size of the
atomic structures and simulation time, as they relied on
first-principles calculations, which were limited to
structures containing less than 100 atoms. One example
of failure arising from such spatiotemporal limitations is
the absence of hypo-thiophosphate [(P,S¢)*”] and P5S;o
substructures in the model LPS structures, which were
often observed in X-ray absorption spectroscopy (XAS)
and XPS analyses of xLi,S-yP,Ss glass ceramics.** ¢

ANN-based MD is a new simulation technique that
can handle a large number (~2000) of atoms without
limitations of pseudopotential, offering a more compre-
hensive understanding of the diffusion behavior with an
accuracy comparable to first-principles molecular
dynamics. With this technique, we find it feasible to
accurately describe the movement of PS, substructures
and their effect on the Li diffusion kinetics.

2.4.1 | Transformation of various PS,
substructures

To track the movement and structural changes of various
PS, motifs during Li diffusion, we initially constructed a
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model structure containing 1512 atoms, representing the
undoped LPS (see Methods in the Supporting Informa-
tion). Subsequent simulations based on ANN-based MD
revealed Li diffusion pathways through the spaces
encaged by the PS, and P,S; di-tetrahedra (Figure 4A).
Careful examinations revealed that some Li ions diffuse
across di-tetrahedral P,S; motifs, indicating that Li ions
can penetrate through di-tetrahedral P,S,; motifs. Further
analysis of the snapshots of MD simulations showed that
P,S,; motifs disrupt/dissociate into PS, and PS;, opening
new passages for Li ions. Subsequently, the dissociated
PS; structures then attach to adjacent PS, tetrahedra to
create another P,S; di-tetrahedra through the reaction
PS; + PS, - P,S; (see the inset of Figure 4A). This process
maintains the overall number fraction of PS,:P,S, at an
approximate 1:1 ratio, as shown in Figure 2E. This
transformation (PS;+ PS,— P,S;) allows Li ions to
diffuse through di-tetrahedral P,S; motifs and diversifies
the Li diffusion pathways, which can be a potential
reason for the high ionic conductivity of LPS SEs.

To further investigate the effect of dopants in the
structural transformation of PS, and P,S, clusters, we
next constructed large-scale 3D structures that can
describe the effect of Ag and Cl dopants on LPS SEs.
We separately analyzed the effect of each dopant on the

PS, — P,S; transformation
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diffusion mechanism by constructing the model struc-
tures of SEs doped with only Ag (i.e., Ag-doped LPS,
Lig7sAg025P3S11) and with only Cl (i.e., Cl-doped LPS,
Lig 75P3S10.75Clo.25), which were done by high-throughput
computational screening among all possible atomic
configurations of dopants and Li vacancies (see Methods
in the Supporting Information). The simulations on the
Ag- and Cl-doped LPS displayed new structural transfor-
mations of PS, motifs, which were not observed in the
undoped LPS model structure. For Cl-doped LPS, P,S¢Cl
clusters undergo the breakage of P-Cl bonds and
subsequent interaction with nearby PS, tetrahedra,
leading to the formation of P3S;, clusters according to
the transformation P,S¢Cl + PS, — P3S;o + CI (Figure 4B).
Such structural transformation is attributed to the
changes in the P:S ratio resulting from CI doping: LPS-
type SEs synthesized using Li,S and P,Ss compounds can
have various PS, motifs depending on the P:S ratio. For
example, for S-poor compounds, the most stable motif
is P3Sio, followed by P,Ss, P,S,, and PS,.*®* From this
perspective, the formation of P3S;o arises from the
reduced S composition due to Cl doping. On the other
hand, Ag-doped LPS has relatively heavy Ag ions located
between PS, and P,S,, which inhibits the PS; + PS, > P,S,
transformation observed in the undoped LPS. Instead, two
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FIGURE 4 (A) Cross-section of a large-scale 3D structure used for ANN-based MD simulations, showing Li diffusion pathways

(in green) in the LPS crystal at 400 K. Snapshots showing the structural transformation confirmed during MD calculations; PS, - P,S; in the LPS
structure, (B) PSy + P,S¢Cl - P35S+ Cl in Cl-doped LPS (Lig75Ag025P3S11), and (C) P,S; + P,S; - PS; + PS, + P,S; in Ag-doped LPS (Lig75Ag02s
P5S;1). Changes in the number fraction of the substructures in (D) LPS, (E) Ag-doped LPS, and (F) Cl-doped LPS and (G) AgCl-doped LPS measured
as a function of simulation time. The cumulative counts (black lines) of structure transformations are superimposed for comparison.
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P,S; di-tetrahedra in Ag-doped LPS can interact with each
other to generate PS; and PS, (Figure 4C). The relatively
unstable PS; clusters then combine with nearby PS,; to
create new P,S; di-tetrahedra.

The above structural transformations were further
confirmed by statistical analyses on the number fractions
of PS, clusters and the frequency of structural transforma-
tions (Figure 4D-F). In the case of LPS (Figure 4D), the
frequency of structural transformations increases over
time while the number fractions of PS, and P,S; remain
nearly the same, which suggests that the two types of
clusters keep transforming to each other via PS; + PS, -
P,S, transformation. In contrast, ANN-based MD simula-
tions performed on the Ag-doped LPS showed that
the number fraction of PS; clusters increases slightly
with time (Figure 4E), which stems from the formation
and accumulation of PS; clusters after the interaction
between two P,S; clusters (Figure 4C). Compared with
the undoped LPS and Ag-doped LPS model structures,
the frequency of structure transformations is greater
for the Cl-doped LPS (Figure 4F), which may be because
of the P3S;y clusters that can readily react with adjacent
PS, tetrahedra according to the formula P;S;q+ PS;—
PS, + P3S;o. The number fraction of the thus-formed P5S;,
motifs fluctuates during MD simulations, which is
attributed to the various intermediate structures generated
during the dissociation and bonding of P-S bonds. For
instance, the P3S;, formed in Cl-doped LPS can undergo
the following subsequent structure transformations:
P3S10+ PS4 - P,S; + PS; + PS4 - P,S; + P,S; - PS, + PS; +
P,S; > PS,+ P3S;o. Such transformations occur over
0.5-10 ps of simulation time. As a result, depending on
the simulation time when counting the number of
structural motifs, the quantity of P;S;, may appear to
increase or decrease over time. When both Ag and Cl
dopants are introduced into LPS (Figure 4G), the influences
of two dopants are combined: Cl dopants create P3S)
motifs through the reaction P,S¢Cl+ PS,— P3S;o+ Cl
(Figure 4B), whereas Ag dopants increase the number
fraction of PS; motifs via the reaction 2P,S; - P,S; + PS; +
PS, (Figure 4C). Various structural transformations of PS,
motifs displayed from the LPS SEs can alter energy
landscapes for Li diffusions, which can facilitate the fast
migration of Li* ions from one site to another.

2.4.2 | Paddle-wheel dynamics

In recent times, paddle-wheel dynamics has emerged as a
mechanism for elucidating superionic conductivity. This
concept proposes that anion clusters, formed by multiple
atoms bound through covalent bonds (e.g., SO4*~, NO*~,

PS,>”, and PO,*"), electrostatically adhere to cations and
undergo rotation, thereby facilitating cation mobil-
ity.”* Depending on the configurations of the anion
clusters, certain clusters (e.g., P,S;) can demonstrate not
only rotational but also translational movement, thereby
further amplifying the mobility of adjacent Li ions."”
From this perspective, the PS, clusters [ie., (PS>,
(P2S,)*", (P5S10)°~, (PS;)”] observed in Figure 4 can also
undergo unique rotational/translational motions to
improve the ionic conductivity of SEs. Figure 5A shows
the representative motions of the four different PS,
clusters (i.e., PSy, P,S;, P3Sig, PS3) observed in the Ag-
and Cl-doped LPS model structures, where all types of
motions commonly show the angular displacements of
P-S bonds. This suggests that the angular displacements
can serve as a quantitative parameter to assess the extent
of the paddle-wheel effect in Ag- and Cl-doped LPS. This
assessment was conducted in the study by calculating the
mean angular displacements (<6>) of P-S bonds in PS,
clusters of model SE structures (see Methods in the
Supporting Information).

When analyzing PS, clusters in undoped LPS
(Figure 5B), it becomes clear that P,S; exhibits more
prominent paddle-wheel motion in comparison to PS,, as
supported by the larger <6> observed for P,S;. This is
primarily attributed to the greater degree of freedom of P,S,
with bending and twisting motions, which are not feasible
in PS, (Figure 5A). On the other hand, PS; motifs in Ag-
doped LPS exhibit a distinctive rotational behavior: over
time, the <6> values show an average value of 29.90° and a
standard deviation of 8.28° (Figure 5C). The large standard
deviation and associated fluctuation in <6> values are
attributed to the statistical error arising from the small
number fraction (0.0%-6.3%) of PS; motifs in Ag-doped LPS
(Figure 4E). On the other hand, the large time-averaged
<6> value indicates the readily rotatable feature of PS;
motifs. This is attributed to the tendency of PS; motifs to
rapidly rotate and combine with nearby PS, motifs
(Figure 5A). The other cluster, P5S;,, is mostly generated
for Cl-doped LPS (Figure 4F) and exhibits a large degree of
rotational motion owing to the bending and stretching
motions of two P-S-P bonds (Figure 5A). Overall, the
paddle-wheel dynamics is the most active for the PS;
cluster, followed by PsS;o, P,S;, and PS,. This trend is also
observed for AgCl-doped LPS (LissAg025P351075Cl0.2s)
model structures (see Figure S5E). The above results
demonstrate that both Ag and Cl dopants enhance the
paddle-wheel motion by generating readily rotatable and
flexible PS; and P3S;, motifs. The dynamic movements of
these motifs can improve the Li diffusion kinetics in SEs,
resulting in the high ionic conductivity observed in AgCl-
doped LPS, as shown in Figure 1.
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FIGURE 5 (A) Representative motions of PS, motifs observed from the undoped LPS, Ag-doped, and Cl-doped LPS model structures.
Each motion may lead to the angular displacements of P-S bonds as quantified by <6>. Mean angular displacements <6> of P-S bonds in
PS, motifs of the (B) undoped LPS, (C) Ag-doped, (D) Cl-doped, and (E) AgCl-doped LPS model structures.

2.5 | Effect of diffusion mechanisms on
the ionic conductivity

2.5.1 | Quantification of diffusion kinetics
Based on the above findings, it is concluded that the high
ionic conductivity of AgCl-doped LPS arises from the
combination of two mechanisms: (1) structure transforma-
tions in PS, motifs through the creation of new Li-ion
passages (Figure 4) and (2) amplified paddle-wheel motion
of PS, motifs through Ag and Cl doping (Figure 5). To
analyze the effect of these diffusion mechanisms on the ionic
conductivity of AgCl-doped LPS, we quantified the degree of
each mechanism in the model structures. This was achieved
by estimating the time average of <6> values, (<6>) and the
total number of structure transformations, (Nyans) of PS,
motifs during simulations (Table 1). Comparison of the <8>
and Ny,,s values revealed that the LPS structures doped with
Ag and Cl always exhibit higher values than those of the
undoped LPS at all temperature ranges, indicating that AgCl
doping is an effective method for improving both structure
transformations in PS, motifs and paddle-wheel dynamics.

2.5.2 | Interpretation of the improved ionic
conductivity

To quantitatively compare how each diffusion mecha-
nism influences the ionic conductivity of LPS SEs, we

evaluated the Li-ion diffusivity (Dy;) as a representative
parameter of the ionic conductivity. To remove the errors
arising from the random distribution of atomic velocities,
molecular dynamic simulations were repeated six times
for each model structure and the average Dy; values were
used for estimating the energy barriers (see Methods and
Figure S5 in the Supporting Information). Figure 6A,B
illustrates the Arrhenius plot of the diffusivities calcu-
lated for the LPS SEs before and after doping with Ag and
Cl. In the case of the undoped LPS (Figure 6A), the
energy barrier for Li diffusion is relatively higher
(0.085 eV) compared with those (0.079-0.083) evaluated
for Ag-, Cl-, and AgCl-doped LPS. This high energy
barrier mainly arises from that the PS, motifs in LPS
hardly undergo transformation into other structures,
leading to the limited paddle-wheel effects with relatively
less rotatable PS, and P,S; motifs (see Table 1). This
result indicates that the Li diffusion through the PS,
motifs becomes difficult in the undoped LPS owing to the
suppression of PS, transformations, leading to a relatively
lower ionic conductivity than AgCl-doped LPS counter-
parts. In contrast to the undoped LPS, the Ag-, Cl-, and
AgCl-doped LPS consistently demonstrated higher Li
diffusivity compared with undoped LPS (Figure 6A): the
Dy; of AgCl-doped LPS (Lig 5Ag0.25P3S10.75Clo 25) is great-
er by 28% compared with that of pristine LPS. The
increase rate of Li diffusivity is consistent with that of the
measured ionic conductivity, where the ionic conductiv-
ity of 04M AgCl-doped LPS (LigsAg02P3S105Clo2)
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TABLE 1 Total number of transformations between PS, motifs
(Nyrans), time average of <6> of P-S bonds (<6>), Li diffusivity
(Dv;) calculated for LPS, Ag-doped LPS (Lis 75A80.25P3511),
Cl-doped LPS (Lis 75P3S10.75Clo.25), AgCl-doped LPS
(Lis.sAg0.25P3S10.75Clo 2s) at different temperatures.

Temp (K) Nians <0>(°)  Dy; (cm?/s)
LPS 300 31 16.9 235%x107°
350 109 18.4 3.53%x107°
400 246 19.5 4.81x107°
450 583 211 6.48 X 107"
500 663 21.9 7.50 x 1077
Cl-doped LPS 300 133 17.6 2.76 X 1077
350 241 19.5 415%x107°
400 451 20.7 5.51x107°
450 727 222 839 x 107"
500 928 23.7 1.00x10™*
Ag-doped LPS 300 37 17.0 2.85%x107°
350 164 18.5 4.04x107°
400 352 20.1 6.94x107°
450 592 21.1 8.24x107°
500 885 22.7 9.55%x107°
AgCl-doped LPS 300 79 17.5 2.67x107°
350 244 19.1 411x107°
400 318 20.8 6.97 107"
450 671 22.0 7.06 107>
500 884 23.5 9.71x 107"

showed 37% improvement over that of LPS (see
Additional notes in Supporting Information). This
enhancement is attributed to the amplified paddle-
wheel motion associated with the formation of PS; and
P3S;o motifs (see Figure 5 and Table 1), the behavior of
which was also confirmed by the subsequent calculations
on the number fractions of PS, motifs at various
temperatures (see Figures S6-S7). The above results also
suggest that, regardless of the weight or size of dopants
(e.g., Ag being heavier than Li, Cl being lighter than S),
doping elements can promote the Li diffusion as long as
they can enhance the structural changes and rotational
degree of PS, motifs (see Additional notes in Supporting
Information for the detailed discussions).

When comparing the predicted and measured
energy barriers, the calculated ones (0.079-0.085¢eV)
of LPS and AgCl-doped LPS in this study exhibit
relatively lower values compared with the experimen-
tally measured ones (0.17-0.22¢eV). This is because,
unlike atomic simulations that assume a defect-free

pure SE, the actual SE samples contain various defects
that hinder Li-ion diffusions, such as grain boundaries,
impurities, and precipitate phases. One of the main
reasons that hinder Li diffusion is the limited doping
capability of LPS: in general, a dopant atom can easily
substitute the existing atom when (1) the ionic radius of
the dopant is smaller than that of the host ion and
(2) the dopant type (p- or n-type) matches that of the
host semiconductor.*® Considering that Li sulfide SE is
close to an n-type semiconductor,’” CI~, an n-type
dopant with a small ionic radius compared with S*7, can
be readily incorporated into LPS. On the other hand,
Ag*, with a larger radius compared with Li*, is more
challenging to substitute for Li*. From this perspective,
in experimentally synthesized samples, some Ag* may
not have been effectively doped, leading to a potentially
larger diffusion barrier than those predicted in LPS with
complete AgCl dual doping.

2.5.3 | Design guidelines for LPS SEs with
high ionic conductivity

Referring back to Table 1, it is evident that Nyans of PS,
motifs and time-averaged <B> exhibit a clearly propor-
tional relationship with Dy;. If this relationship holds for
other SE materials, one can use these two values (i.e., Nirans
and (<0>) as the generic parameters for predicting the
ionic conductivity of SEs. To validate this claim, we
constructed the model structures for AgBr-, Br-, Agl-, and
I-doped LPS and calculated Ni.,,s of PS, motifs, <6>, and
Dy; (see Methods in the Supporting Information). Compar-
ison between these three parameters showed that both
Nirans and <B> values exhibit clear linear relationships to
the Dy; regardless of dopant types (Figure 6B). This
suggests that both Ny.,,s and <6> values can be used as
the quantitative parameters for predicting the ionic
conductivity of SEs. Specifically, Ny.,s and <6> values,
representing the degree of the PS, structure transformation
and paddle-wheel dynamics, respectively, are proportional
to Dy; following Dp; = 7.9 X 107 3Nyans + 2.4 X 107> and
Dpi=11x105<6> —1.7 x 1074

Based on the above findings, fully exploiting the
rotational degrees of freedom (i.e., angular displacements
of P-S bonds) and utilizing the paddle-wheel effect could
be a viable way to develop Li-ion conductors with
superior ionic conductivity. To grasp an insight into this
idea, we calculated <&> values of various PS, clusters for
LPS with three different types of dopants, that is, AgCl,
AgBr, and Agl (see Additional notes in Supporting
Information for further discussions on the diffusivity of
AgCl-, AgBr-, and Agl-doped LPS). Figure 6C shows that
PS; and P5S;, clusters exhibit a high degree of rotational
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FIGURE 6 (A) Arrhenius diffusivity plots of LPS before and after doping, as predicted by ANN-based MD simulations. Standard
deviation of the calculated diffusivities is denoted by vertical lines on the symbols, whereas the possible diffusivity values with a 90% credible

interval are indicated as shaded areas. Diffusion mechanisms influencing Dy; are highlighted on the graphs for comparison. (B) Dy; of

various model SE structures plotted over time-averaged <6> (<8>) and the total number of structure transformations (Nyans) showing the

linear relationships regardless of dopant types. (C) Comparison of <8> values calculated for various PS, motifs in the AgCl-, AgBr-, and

Agl-doped LPS model structures. Dy; values and associated Arrhenius plots were plotted using the post-processing software KINISI.

motions among all PS, clusters, increasing the overall
<6> values of LPS SEs. From this perspective, increasing
the structure fraction of PS; and P5S;, clusters in LPS SEs
can be an effective way to exploit the paddle-wheel
mechanism for the design of superionic conductors. This
can be achieved by destabilizing the P,S; di-tetrahedra
and facilitating the decomposition reaction of P,S;—
PS; + PS,. Two experimentally feasible methods are (1)
increasing the P,Ss portion of the Li,S: P,S; ratio during
the synthesis procedure and (2) doping other elements to
generate unstable P, _,MS;_,X (M and X represent cation
and anion dopants, respectively) clusters. Therefore, we
expect that this concept can be extended to developing
future sulfide SEs with high ionic conductivity.

3 | CONCLUSION

Through a systematic study of the synthesis, electro-
chemical characterization and the atomic interpretation,
we elucidated the role of Ag/Cl dual dopants on the
superionic conduction of LPS SEs. The 0.2 M AgCl-doped
LPS (Lig gP3Ag0.1S109Clo.1) exhibited an ionic conductiv-
ity of 2.39 mS cm™', which is higher than that of undoped
LPS (Li,;PsS;;) by >80%. The atomic structures res-
ponsible for the high ionic conductivity of the 0.2M

I3S

AgCl-doped LPS were reconstructed using combined
techniques of synchrotron Rietveld analyses and atomic
simulations. The Li-ion conductions in the refined
atomic structures of the undoped LPS and AgCl-doped
LPS were interpreted using large-scale ANN-based MD
simulations. The subsequent statistical analysis success-
fully identified two key mechanisms governing the Li-ion
conduction in the LPS SEs: (1) the structural transforma-
tions between PS, clusters and (2) the correlational
paddle-wheel dynamics.

We observed that the PS, and P,S,; motifs in the LPS
transform from one to another by the dissociation/
bonding of P-S bonds, allowing diverse Li diffusion
pathways to penetrate through P,S; motifs. The struc-
tural transformations of PS,, clusters can be modified and
enhanced by doping with Ag and Cl: Ag promotes the
interaction between two P,S, di-tetrahedra, whereas Cl
facilitates the breakage of P-Cl bonds of P,S¢Cl, resulting
in the formation of PS; and PsS;, as byproducts. Such
diverse structure transformations open new pathways for
Li-ion hopping, providing a favorable environment for Li
diffusion. Second, unlike the classical paddle-wheel
effect that focused primarily on the movements of pre-
existing clusters (e.g., PS, and P,S; clusters of LPS), the
current study showed a more complete picture of paddle-
wheel motions with the dynamic correlation between the
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PS, ionic clusters and Li-ions. Along with the PS,
transformations and formation of various PS, clusters,
paddle-wheel motions can be greatly enhanced. In
particular, the readily rotatable/mobile PS; and PsS;q
motifs generated by Ag or Cl doping enhance cation
mobility at low temperatures by fostering paddle-wheel
dynamics and thus facilitate the fast Li-ion conductions.

Based on the above findings, we identified two
quantitative parameters that can be generically applied
to predict the ionic conductivity of various SES: N ans,
which quantifies the extent of the PS, transformations,
and <8>, which measures the activity of paddle-wheel
motions. In summary, the interconnected dynamics of
the PS, transformation and paddle-wheel effect elucidate
the superionic conduction observed in the AgCl dual-
doped LPSs. Based on this understanding, we propose
strategies to amplify PS, transformations and paddle-
wheel mechanisms, potentially paving the way for the
discovery of new superionic conductors.

4 | EXPERIMENTAL SECTION

The detailed procedures of synthesis, characterization,
and atomic simulations that support the findings of this
study are available in methods in Supporting Information
of this article.
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