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This study carefully analyzes and proposes a new class of high-performance inorganic solid-state
electrolytes with the composition Ag;PsXy; (X = {O, S, and Se}), using ab initio calculations. The structural
and electronic properties, as well as electrochemical stability, were evaluated and discussed. lonic
conductivity of Ag* was determined through ab initio molecular dynamics simulations at various
temperatures. The results indicate that the room-temperature ionic conductivity of Ag;PsSej; is

approximately 13.98 mS cm™,

which is higher than that of most other solid-state electrolytes. The
calculated activation energy is relatively low at 0.197 eV. The phenomenon of Ag* ion transport was
systematically studied by analyzing the diffusion minimum-energy pathways using the nudged elastic
band (NEB) method. The electronic band gaps of the materials studied, calculated using the HSE06

method, ranged from 1.47 to 2.34 eV. Finally, the feasibility of synthesizing these proposed superionic
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functional perturbation theory (DFPT), thermodynamic stability, radial distribution function, and Gibbs
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1 Introduction

The accelerated adoption of electric vehicles, mobile electronic
and communication devices, and the transition to renewable
energy sources have spurred the development of more energy-
dense, safe, and cost-effective batteries. Lithium-ion
batteries (LIBs) are favored for their high power and energy
density.*® Although LIBs with liquid electrolytes provide excel-
lent wetting capabilities and high conductivity,” they suffer
from several drawbacks, including low ion selectivity, inade-
quate stability, and safety concerns.® Solid-state electrolytes

(SSEs) address these issues,”* enhancing safety,
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T Electronic supplementary information (ESI) available: Thermal stability at 300 K
has been assessed for Ag,P;X,; structures with (X = {O, S and Se}), along with
possible decomposition reactions and their corresponding energies. The radial
distribution function (RDF), which measures the density g(r) of finding an atom
at a distance from a reference point, was analyzed for Ag,P;X;; under various
temperatures (600 K, 750 K, 900 K, and 1200 K). Structural snapshots from ab
initio molecular dynamics (AIMD) simulations depict Ag" ion diffusion at 1200
K. Additionally, the nudged elastic band (NEB) method was used to graph the
transport of Ag ions between two P,S; pyrothiophosphate units across a narrow
interstitial gap. See DOI: https://doi.org/10.1039/d4ta01341g
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electrochemical and thermal stability, energy/power densities,
and reducing packaging needs."*™

SSEs are generally categorized into inorganic ceramic elec-
trolytes and organic polymeric electrolytes.”>” An ideal SSE
exhibits high ionic conductivity at room temperature, minimal
activation barriers for ion diffusion, limited electronic
conductivity, and maintains chemical and electrochemical
stability at interfaces with the anode and cathode throughout
cycling.'® Extensive research has been conducted on new solid
electrolytes such as Li;¢GeP,S1," Li;P3S11,”® Li;LazZr,04,,2"%
and LijspZn, ,PS,.** Inorganic ceramic electrolytes typically
include oxides* and sulfides,” with sulfide-based electrolytes
like Li,P;S;; offering high ionic conductivities at room
temperature and mechanical properties comparable to tradi-
tional liquid electrolytes.>*>*

Silver, easily recyclable and thus cost-effective and less
resource-intensive,*® exhibits superior chemical stability and
temperature sensitivity compared to lithium, making it ideal for
battery applications in military and aerospace sectors where
higher safety standards are crucial.**** The polarizable electron
shells and ionic radius of silver facilitate its use as a fast ion
medium.* In this study, inspired by the known sulfide-based
superionic conductor Li,;P5S;1,** a new class of silver superionic
conductors, Ag;P;X;; (X = {0, S, Se}), was explored. Using density
functional theory (DFT) and ab initio molecular dynamics simu-
lations (AIMD), the structural and electronic properties, diffu-
sivity, and ion conductivity of Ag;P;X;; were analyzed.
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2 Approach

Ab initio molecular dynamics (AIMD) and density functional
theory (DFT) calculations, as implemented in the Vienna Ab
Initio Simulation Package (VASP),** were utilized in this study.
The projector augmented wave method (PAW) was employed
within the Perdew-Burke-Ernzerhof (PBE) form of the gener-
alized gradient approximation (GGA) for structural relaxa-
tion,**® with a 12 x 6 x 6 k-point grid and a kinetic energy
cutoff of 400 eV for sulfides and selenides, and 500 eV for
oxides.*” Structural relaxations were carried out until the
residual forces and energy differences were smaller than 0.01 eV

! and 10™° eV, respectively.

The structural data for Ag,P;X;; were obtained from the
Materials Project database.*® For the electronic property calcu-
lations, the triclinic crystal structure with the space group P1
was employed. All atoms were relaxed until the structure
reached minimum energy, allowing the shape and volume of
the supercell and the positions of the atoms to freely change
until the convergence criteria were satisfied. The Heyd-Scu-
seria-Ernzerhof (HSE06) hybrid functional was also used to
accurately evaluate the electronic properties.*

To gain insights into the interactions between Ag ions and
anions in Ag;P;Xy; (X = {0, S, and Se}) and to assess the extent
of charge transfer between these species, Bader charge calcu-
lations were utilized.**** The nudged elastic band method (NEB)
was employed to find the minimum-energy path for Ag" ion
migration*>** in a large supercell comprising 2 x 2 x 1 unit
cells to minimize interactions between periodic images.

AIMD simulations with the canonical ensemble (NVT) within
the framework of DFT were performed to investigate diffusivity
and conductivity.**** A relaxed 2 x 2 x 1 supercell, expanding
the 64-atom triclinic unit cell to a total of 246 atoms, was
utilized.*® The total AIMD simulation time was 45 ps with a time
step of 2 fs, with the first 5 ps designated as equilibration time
and therefore not included in the calculations.*” The tempera-
ture was controlled using a Nose-Hoover thermostat,**" start-
ing at 100 K and subsequently increasing to 600 K, 750 K, 900 K,
and 1200 K.** Throughout the AIMD simulations, the trajecto-
ries of all silver ions were monitored, and the total mean
squared displacement (TMSD) of silver ions was calculated for
each time interval At using the following equation:

N ot — A1

TMSD(A1) = 3" = 3 (e + A1) — r(0)] (1)

i=1 Na =0

where r; is the trajectory of silver ion 7, N, is the total number of
time intervals At during the entire duration ¢, of the AIMD
simulation. The diffusivity of the ions can be determined using
the Einstein relation:

1 TMSD(A?)

D=N"2un )

where N is the number of diffusing atoms, and d is the number
of diffusion dimensions. If the atomic displacement is
remarkably larger than the vibration amplitude, this approach
yields reliable values for tracer diffusivity.*® Tracer diffusivity is
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only an approximation of ionic diffusion, but considering ion
correlations and the center of mass displacement can lead to
more accurate results.*® As ion hopping is a stochastic process,
the statistical deviations of the diffusivities were evaluated
based on the mean squared displacement (MSD).** By using the
diffusivity data and the Nernst-Einstein relation, assuming the
Haven ratio is equal to one, the ionic conductivity (o) can be
approximated by:3***"%7

nezzz

o= kBTD (3)

where n is the diffusing particle density, e is the elementary
electron charge, z is the ionic charge, kg is Boltzmann's
constant, and 7 is the sample temperature in kelvin. The
diffusion coefficient in solids at different temperatures is
generally well predicted by the Arrhenius relation:>***

D = Dyexp(—Ed/(kyT) (4)

where D is the maximal diffusion coefficient (at infinite
temperature), and E, is the activation energy, assumed to be
equal to the potential energy barrier before the ions start to
diffuse.”

The atomic environment determines the forces and energy
barriers that govern the behavior of diffusing atoms. The radial
distribution function (RDF) is instrumental in revealing the
density (g) of an element versus the distance (r) from another
element during AIMD simulations:

Mot

Yy 2_g(roln ©)

x=1 y=1 n=I1

where A is the number of reference atoms for the RDF, B is the
number of atoms of the other elements, 7, is the total number
of simulation time steps, and r,y(n) is the distance between
atom x and y at some time step n. Given the positions of all
atoms are available at every time steps of the AIMD simulation,
RDFs can be readily obtained for any atomic site or element.*

Thermodynamic stability was assessed by calculating the
total energy of phases based on DFT calculations. The stability
of any phase was investigated by comparing its energy with the
linear combinations of the energies of other phases using the
convex hull construction. All compounds listed in the Inorganic
Crystal Structure Database (ICSD) and other similar systems
were considered.®* The stability was quantified by the energy
above the hull, which is always non-negative and indicates the
magnitude of a compound's decomposition energy.””

Density functional perturbation theory (DFPT) is a powerful
and commonly used ab initio method for phonon calcula-
tions.®>® To avoid instabilities in phonon dispersion,* a rela-
tively large supercell, a stricter convergence criterion of 10~% eV,
and a 24 x 12 x 12 k-point grid were employed.

3 Results and discussions
3.1 Crystal structure

Yamane et al.*® reported that Li,P;S;; contains PS;*>~ tetrahedra

and P,S; ditetrahedra, with Li ions interspersed between them.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The relaxed crystal structures of (a) Ag;P3041, (b) Ag;P3S;, and
(c) Ag7P3Se;; are presented. These crystals each possess a triclinic
structure and belong to the space group P1.

This crystal structure served as the foundation for structural
relaxation calculations of Ag;P;Xy; (X = {O, S, and Se}), where
lithium atoms were chemically replaced by silver, and sulfur by
oxygen or selenium. The relaxed crystal structure of Ag,P;X,; is
depicted in Fig. 1, with the corresponding lattice parameters
detailed in Table 1. The calculated structural parameters of
Ag,P;X;, closely approximate those of Li;P;S;4, and the space
group remained unchanged after optimization. However, the
unit-cell volume of Ag;P;S;, is larger than that of Li,;P;S;, due to
the greater ionic radius of Ag" (129 pm) compared to Li* (90
pm). The unit cell volume of Ag,P;0,; is approximately 40%
smaller than that of Ag,P;S;;, whereas the unit cell of Ag;P;Seq;
is about 12% larger than Ag,P;S;;. These volume differences are
significantly influenced by the varying radii of the anions.

3.2 Electronic properties

To investigate the intrinsic redox stability of the Ag,P;X;;
compounds, the electronic band structure and density of states
(DOS) were calculated using the HSE06 functional, as shown in
Fig. 2. The bandgap of the material sets an upper limit on its
electrochemical window® and affects the self-discharge rate of
electrochemical devices, with a narrower bandgap leading to
increased rates. According to the results in Table 2, the studied
materials exhibit semiconducting behavior, with the S-
substituted Ag;P;S;; materials demonstrating a larger
bandgap than the O/Se-substituted Ag,P;X;; (X = {O, Se}),
suggesting greater intrinsic redox stability for the S-substituted
compounds. Furthermore, the DOS results indicate that the
conduction band minimum (CBM) and valence band maximum
(VBM), regardless of anion chemistry, are dominated by anion
states.
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Fig.2 Calculated electronic band structures and densities of states for
(a) Ag7Ps0O14, (b) Ag;P3S11, and (c) AgyPsSes; based on the HSEQ6 hybrid
functional.

Table 2 The diffusion energy barrier and bandgap energy of studied
materials

Energy bandgap Small pathway Large pathway
Composition (eV) energy barrier (eV) energy barrier (eV)

Ag;P;0,, 1.5 — —
Ag,P;S;; 2.34 0.45 1.99
Ag;P;Se; 1.47 1 2.22

The variation in electronic bandgaps for Ag,P;O;; and
Ag,P;Seq; is minimal, likely due to the competitive formation of
bonds between the anions O/S (where O is a harder base than
Se) with Ag (a soft acid) and P (a hard acid), which stabilize the
electronic structure. In contrast, Ag;P;S;;, which experiences
a balanced competition for bond formation, exhibits a distinct
electronic configuration and energy bandgap. The order of

Table 1 The calculated crystal structural parameters for Li;PzSy; and AgzP3Xy; (X = {O, S and Se}) are presented. The experimentally measured
parameters for Li;P3S;1 as reported by Yamane et al. (2007)*® are included in parentheses for comparison

Composition a (A) b (&) c(d) a (deg)

Li,P5S1, 6.18 (6.03) 12.12 (12.53) 12.41 (12.50) 107.54 (113.30)
Ag,P;0y, 5.70 10.80 11.20 108.12
Ag/P;S1; 6.28 12.21 12.77 109.13
Ag,P;Seq; 6.72 13.16 13.76 109.31

This journal is © The Royal Society of Chemistry 2024

B (deg) v (deg) Volume (A% Anion radius (pm)
102.65 (102.85) 102.22 (74.47) 827.58 (829.35) —

101.36 100.99 619.69 126 (0*7)

99.86 101.46 878.47 170 (S*7)

102.56 99.36 1085.14 184 (Se*)

J. Mater. Chem. A, 2024, 12, 13391-13399 | 13393
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chemical bond energies (Ag,P30:; > Ag,P5S;; > Ag,P5Se ;) can
be understood in terms of stabilization from polarization and
charge transfer.

Bader analysis of Ag,P;Se;; reveals a lower electron density
around Ag ions, as seen in Fig. 3a-c. This reduced electron
density suggests weaker ionic bonding between Ag ions and
their surrounding anions, facilitating easier movement of Ag
ions and enhancing the ionic conductivity observed in
Ag;P;Se;q. Fig. 3d-f shows the charge density difference iso-
surfaces for Ag;P;X;;. This charge density difference is calcu-
lated by subtracting the charge densities of individual
components from that of the interacting system (pag px,, — Pag,
— ppx,)- The analysis aligns with the Bader charge results,
indicating smaller regions of electron accumulation around Se
ions and reduced electron depletion around Ag ions in
Ag;P;Se;; compared to Ag;P;S;; and Ag;P30;;.

3.3 Phase stability

The thermal stabilities of Ag,;P;X;; were investigated through
AIMD simulations. Fig. S1 (ESI)t confirms these materials are
stable at room temperature. However, for Ag,P;X;; (X ={O, Se}),
bond breakages and notable structural distortions become
apparent at extended simulation times. According to the hard
and soft acids and bases (HSAB) theory,* these structures are
prone to temperature-induced changes to maintain stability.
The density of states of I'-point phonons for Ag;P;S;,, depicted
in Fig. 4, confirms the dynamical stability of this structure
through the absence of negative frequencies in phonon
dispersions.

A ternary phase diagram was constructed to investigate the
phase stability of Ag,P;X;;, shown in Fig. 5. Compositional
phase diagrams were established by selecting compounds from

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 4 Density of states of phonons for Ag;P3Sy;.

the Materials Project database.®” Table S1 (ESI)} presents the
equilibrium decomposition energies based on DFT-calculated
energies. Ag;P;0,, is found to be energetically stable against
decomposition into binary and ternary compounds, whereas
Ag,P5S;; and Ag,P;Se,; exhibit significantly lower stability in
terms of energy changes. For more complex compositions,
linear programming has been employed to accelerate materials
screening and identify optimal decomposition pathways.®
Furthermore, the phase stability of Ag,P;X,, was assessed by
calculating its energy above the hull (Ey,y), which indicates the
compound's tendency for transformation into alternative pha-
ses. Temperature-dependent Gibbs free energy changes, incor-
porating vibrational entropy contributions, were utilized. The
decomposition into a linear combination of stable phases
Ag;PX, + Ag,P,X; and Ag;PX, + P,X; were analyzed. Ag,P,0;, and
Ag,P,Se;, exhibit remarkable stability at 0 K, whereas Ag,P,S;

s o0 Sp 00
@ 50@ @899@
° év @' nu‘ %

‘c R
zg
@@. ‘.- @@- b

% :@-@
@ IrAZ\
»*@ - *’6 9

@@- ‘ "’QZO‘”

044 °

.062 065°356 358.(135) (-1.49) .034 o42°1m 1.20Q (-0.47) - (-0.60) .023 0.28 °039 0.44 @ (-0.16) - (-0.32)

(@ (b)

(©
® 2 e ° e o
B0 A 3
o BB Ty BV By
Vg P ‘»«‘» f‘c e
" 2d pe 28 P
Sl g @@ By
Y g & 8
Somown 0,0 SRz o,
*Ji) P s .h“:’?* D@0
= Se
* g e Bu Je
J e By BE B
O Poa) g,,“?&é'g,ﬂ,
(i) ° o e 2@ ®

Fig. 3 The Bader charge distribution for Ag, P, O, S, and Se atoms in (a) Ag;P3044, (b) Ag;PsS11, and (c) Ag;PsSey is presented, with the charge
ranges for each element indicated next to the respective symbol. Additionally, the charge density distributions for (d) Ag;PzO3, (e) Ag;P3S11, and
(f) Ag7P3Sey; are depicted, each with an isosurface level of 0.0041 e A3 for all three materials.
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Fig. 5 Phase evolution of (a) Ag;Pz044, (b) Ag;P3Sy1, and (c) Ag,PsSey; is analyzed. For all compositions, the equilibrium state is determined by
a combination of stable phases found within the linear and triangular surroundings of each composition. The position of each Ag;PzXy;

compound within this phase space is indicated by a red star.

appears metastable, potentially decomposing into Ag;PS, +
Ag,P,S; with an En,; of 11.95 meV per atom. Subsequent
examinations reveal that Ag,P;04; is stable, while Ag;P;S;; and
Ag,P;Se;; are metastable, with Ep,); values of 9.32 and 12.73
meV per atom, respectively, for decomposition into Ag;PX, +
P,Xs. Decompositions result in the formation of passivation
layers,®” which play a crucial role in preventing further decom-
position and expanding the electrochemical window.

Fig. 6 illustrates the temperature-dependent Gibbs free
energy of Ag,P;X,, for the predicted decomposition products.
Considering decomposition products for each compound and
the average AG values, one concludes that Ag;P;0;; remains
thermodynamically stable even at 1000 K. In contrast, Ag;P;S;4
exhibits a higher decomposition possibility, particularly
towards lower-energy compounds Ags;PS, + P,Ss. Notably, the
effect of phonon stabilization is most pronounced in Ag,P;Se;.
At temperatures exceeding 320 K, a phonon contribution larger
than 12.73 meV per atom to the total free energy effectively
stabilizes the phase of Ag,P;Se;;, preventing its decomposition
into Ag;PSe, + P,Ses.

The coordination number (CN) is a key metric used to
quantify the number of neighboring atoms in compounds,
providing valuable insights into structural and bonding

NP
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Fig. 6 The calculated temperature-dependent Gibbs free energy
change for the reverse decomposition reaction of Ag;P3zXy;.

This journal is © The Royal Society of Chemistry 2024

characteristics. CN is calculated by integrating the first peak of
the pair count distribution with the corresponding radii of the
first nearest-neighbor bonds, denoted by r (A).>”° Variations in
CNs are indicative of transformations to new phases during ion
transfer.””> Notably, the pronounced peaks and larger bond
radii of Se-Ag in Ag,P;Seq, as illustrated in Fig. S2 (ESI)T and
Table 3, suggest weaker bonds between Se atoms and Ag ions
compared to those involving S and O atoms. This structural
difference explains the higher conductivity observed in
Ag,P;Se;q, detailed in Table 4. CN analyses reveal that O is more
reactive towards Ag than S and Se, making the O-Ag pair more
stable, which corroborates the enhanced stability of Ag,P;0;4,
as discussed in Fig. 6. The fluctuations in CNs with temperature
highlight the diversity in pair formation across the studied
compounds, as seen in Fig. 7.

3.4 Ionic diffusivity and conductivity

The primary reason for studying ion transport in SSEs is that ion
conductivity is a crucial indicator of their performance.
Understanding the ion transport mechanisms is essential for
designing and optimizing SSEs with high conductivities. Ionic
conductivity in crystalline materials is strongly influenced by
crystal structure defects such as point defects, line defects,
planar defects, volume defects, and electron defects.” The
characteristics of superionic conductors are closely linked to
their crystal structure, which naturally contains specific types of
vacancies that facilitate ion movement.*»”* Unlike conventional
ionic solids where vacancies are typically generated by heating,
these gaps are inherent to the material's crystal structure,
a concept thoroughly explained by Geller et al.”

Fig. 9 illustrates the energy landscape for single Ag’ ion
migration across each channel, obtained through NEB calcu-
lations. It was determined that Ag' ion diffusion through
vacancies between two pyrothiophosphate P,S,*” sites reduces
lattice strain and significantly lowers the energy barrier.
Notably, two PS, tetrahedra share one corner S atom. The
migration energy barrier for Ag" ions depends on the density of
vacancies in the lattice and the distance from the previous
equilibrium position to the adjacent vacancy, enhancing diffu-
sivity. AIMD simulations at 1200 K, sampled every 4 ps (total

J. Mater. Chem. A, 2024, 12, 13391-13399 | 13395
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Table 3 Distances between pairs, measured in angstroms (A), are
considered for the first nearest neighbors in the three studied
compounds

r(A) Ag7P304, Ag7P3514 Ag7P;3Seq;

Pairs Ag-Ag Ag-P Ag-O Ag-Ag Ag-P Ag-S Ag-Ag Ag-P Ag-Se
600 K 2.70 3.35 2.25 3.05 335 245 3.15 3.45 2.75
750K 272 3.25 220 3.00 3.40 250 3.10 3.50 2.65
900K 2.75 3.15 2.25 295 345 265 3.05 3.55 2.70
1200K 2.70 3.25 2.25 290 3.50 2.60 2.95 3.35 2.65

Table4 The room temperature conductivity and activation energy for
superionic conductors Ag;PzXy; (X={O, S, and Se}) are reported, along
with corresponding values for M;PsX;; (M ={Li, Na,} and X ={O, S, and
Se}).?” enclosed in parentheses

Composition RT ¢ (mS ecm™") Error bound [0min, Omax] RT Ea (€V)
Li,P;044 (0.03) — (0.38)
Li,P;S,; (45.66) — (0.19)
Li,P;Seq; (47.94) — (0.18)
Na,P;0y, (0.003) — (0.53)
Na,P,S,, (10.97) — (0.21)
Na,P;Se;; (12.56) (0.21)
Ag,P;0y, 0.03 [0 001, 0.199] 0.38 + 0.06
Ag,P;Sy, 1.21 [0.0003, 6.282] 0.27 & 0.04
Ag,P;Ser; 13.98 [1.598, 33.113] 0.19 + 0.03
600 K 750K 90K 1200K
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——P-Ag ——P-Ag ——P-Ag ——PAg
6 0-Ag 0-Ag 0-Ag 0-Ag
AA A o~ .
) AV Sl TN \ D Ve %
0 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
()

vy
——PAg
S-Ag

%4 A
“ M“
2 \\
0
(b)
——Ag-Ag
——P-Ag
6 Se-Ag
z /\
N 5 L r
2
0 10 20 30 40 10 20 30 40 0 20 30 40 10 20 30 40
(© Time (ps) Time (ps) Time (ps) Time (ps)

Fig. 7 Calculated average coordination numbers (CNs) for Ag as the
central atom, with P, O, S, and Se as neighboring atoms, are presented
for (a) Ag;Pz0O14, (b) Ag;P3S;11, and (c) Ag;PzSey;. These CNsiillustrate the
distribution of formation pairs involving Ag with each type of neighbor
atom.

simulation time: 45 ps), confirm that ions preferentially utilize
vacancies between P,X,*~ and PX,’” sites for hopping, as
shown in Fig. S3 (ESI).T Migration paths connecting two P,X,*~

sites, either directly or via an intermediate PX,*>~, were
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examined. The scenario where the Ag" ion moves between two
closely spaced PX,>~ tetrahedra, inducing significant lattice
strain with a high energy barrier of about 30 eV for Ag,P;S;,, is
detailed in Fig. S4 (ESI).t

Fig. 9a demonstrates that Ag" ions can diffuse easily through
large pathways in Ag;P;0;;, involving hopping mechanisms.
However, as shown in Fig. 9b, Ag" ions can be trapped in smaller
pathways, potentially blocking these channels and altering the
structure, potential energy surface, and migration barriers.
Energy barriers for diffusion through both small and large
pathways in Ag;P;X;; (X = {S, Se}) are documented in Table 2.
The shorter distances and intermediate PX,>” (X = {S, Se})
result in lower energy barriers.

To assess Ag' ion diffusivity in Ag,P;Xy; (X = {O, S, Se})
crystals, AIMD simulations were conducted at various temper-
atures (600 K, 750 K, 900 K, and 1200 K) without melting the
crystal structure. The Arrhenius plots for the overall diffusion
coefficient (eqn (1)) at these temperatures are depicted in Fig. 8.
From the extrapolated room-temperature diffusion coefficients
and eqn (3), the ionic conductivities were evaluated.

The diffusivities along various directions are quite similar
due to the presence of empty active space facilitating hopping
between two P,X,* (X = {S and Se}) sites. The dominant
transport channel is considered to be along the a-b direction,
with diffusivities of 0.022 x 1075, 2.157 x 10 %, and 29.541 x
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Fig. 8 The comparison of calculated ionic diffusivities for Ag;PsXy; (X
= {0, S, and Se}) across various temperatures (600 K, 750 K, 900 K, and
1200 K) includes (a) overall ionic diffusivity, (b) diffusivity in the a—
b plane, and (c) diffusivity along the c-direction. A least-squares fit has
been applied to the data to produce trend lines. Additionally, the
Arrhenius plot of Ag* total diffusivities at these four temperatures for
(d) Ag7P3041, (€) Ag;P3Sy1, and (f) Ag;PsSey; includes error bars repre-
senting the statistical uncertainty of each data point.
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Fig. 9 The energy profiles illustrate the reaction paths of Ag* ion
migration using the nudged elastic band (NEB) method. The diffusion
barriers for Ag* ions at different distances were examined in (a) and (b)
between two (P,O,) pyrophosphate units in Ag;PzO4;, (c) and (d)
between two (P,S;) pyrothiophosphate units in Ag;P3Sy1, and (e) and (f)
between two (P,Se;) anions in Ag;PzSey;.

10~® (cm? s7') for Ag,P;0,4, Ag,P3S,1, and Ag,P;Se;; at room
temperature, respectively, which are notably lower than those
along the ¢ direction (0.030 x 107%,2.332 x 10™%, and 37.995 x
107%) (em* s7"). Although diffusion along the ¢ direction is less
facile than in the a-b directions, it still contributes to the overall
diffusivity of the material (see Fig. 8). The extrapolated room-
temperature conductivities and activation energies (eqn (4))
are summarized in Table 4. Specifically, the room-temperature
conductivities and activation energies for Ag,P;0;1, Ag;P3S14,
and Ag,P;Sey; are (0.03 (mS cm™ ') and 0.38 eV), (1.21 (mS cm ™)
and 0.27 eV), and (13.98 (mS cm™*) and 0.19 eV), respectively.
The extrapolated room temperature ionic conductivity increases
as S is substituted by Se, even though the crystal structure
remains unchanged through this replacement. The ionic
diffusivity and conductivity of Ag;P;Sey; are slightly larger than
those of Na,P;Se;4, as reported by Wang et al.>”

Two fundamental mechanisms for ion transport in SSEs are
single-ion migration and concerted migrations involving
multiple ions.” In single-ion migration, individual ions move
between lattice sites through interconnected diffusion chan-
nels. Conversely, concerted migrations involve multiple ions
simultaneously hopping to their nearest sites. While NEB
calculations specifically focus on the single-ion migration, the
conductivity results obtained from AIMD simulations are
complementary to NEB analysis. By analyzing the dynamics of
Ag' ions from AIMD simulations, it was concluded that the
migration of most Ag ions occurs in a highly concerted fashion.
This entails multiple ions simultaneously hopping into their
nearest sites, suggesting a notable enhancement in the ionic
conductivity of Ag;P;Se;;. The presence of high-energy sites and
relatively flat energy landscapes play a critical role in activating
concerted migration processes. The NEB calculations corrobo-
rated these observations, indicating that high-energy sites are
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associated with elongated spatial occupancy density of mobile
Ag ions. The study further highlights that rapid diffusion in the
examined super-ionic conductors does not primarily occur
through isolated ion hopping, as commonly observed in solid
materials.”®””

According to the HSAB theory” and Bader charge analysis,
the bonding strength between the hard acid P and hard base O
is larger than that with S and Se (P-O > P-S > P-Se). This
observation indicates that, apart from anion substitutions,
substitutions involving P have an impact on the diffusivity,
conductivity, and stability of Ag;P;X;.

4 Conclusions

This study utilized first-principles calculations to gain insights
into ion diffusion mechanisms in solid-state electrolytes and to
explore strategies for designing solid-state batteries with
desirable chemical and physical properties. Bader analysis
revealed a notable reduction in electron density around silver
ions in Ag,P;Se, 4, indicating weaker ionic bonds, which leads to
increased mobility and elevated conductivity. Nudged elastic
band (NEB) calculations investigated various diffusion path-
ways for Ag,P;X;; (X = {O, S, and Se}) structures, concluding
that the migration energy barrier for Ag ions depends on the
density of vacancies in the lattice and the distance between the
previous equilibrium position and the adjacent vacancy.
Therefore, typical concerted migrations observed in AIMD
simulations are the dominant diffusion mechanisms in
Ag,P;Se;;. Among the studied structures, Ag,Ps;Se;;, with
a higher number of vacant sites, exhibited the highest ionic
conductivity of approximately 13.98 mS cm™ ™.

Various calculations were also conducted to evaluate the
stability of the studied materials. Phonon calculations based on
density functional perturbation theory (DFPT) showed the
absence of imaginary frequencies in the dispersions of
Ag,P;S,4, confirming local stability. Thermal stability analysis
based on AIMD simulations indicated that the materials are
stable at room temperature, but as temperature increases,
structural distortions occur along with the formation of new
vacancies. Furthermore, phase stability analysis revealed that
Ag;P;S;; exhibits a greater tendency for decomposition,
whereas Ag,P;Se;; is metastable at lower temperatures but
transitions to higher stability and enhanced resistance against
decomposition beyond a certain temperature threshold. Finally,
the RDF analysis showed strong peaks and larger bond radii of
Se-Ag in Ag,P;Se;;, indicating weaker bonds between Se atoms
and Ag ions, resulting in higher ionic conductivity in this
material.
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