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ABSTRACT

Lithium argyrodite solid electrolytes are promising for all-solid-state batteries due to their high ionic conductivity and low
elastic modulus. However, poor chemical stability in humid conditions remains a major hurdle towards large-scale practical
implementation. This motivates substituting phosphorus with softer acids to stabilize sulfur, where the challenge is to maintain
high Li-ion mobility. In this work, we explore the effects of aliovalent (Ge) substitutions on the structure, ionic transport, and
air stability of Li;AsS;Br. The induced structural modification releases the rate-limiting step in long-range Li-ion transport,
as demonstrated by Molecular Dynamics and percolation simulations. As a result, the ionic conductivity reaches 13 mS/cm
for LigsAsysGe,sSsBr, a 6-fold improvement over pristine LicAsS;Br. The key enabler for combining high Li-ion mobility and
improved stability towards moisture is the increased polarity of the Ge—S bonds compared to As—S or P—S bonds. This reduces
Li-ion trapping effectively flattening the energy landscape for diffusion and thermodynamically suppresses H,S formation upon
exposure to moisture, as experimentally demonstrated. Finally, stable cycling performances in combination with high nickel
ternary cathodes are demonstrated. Hereby, this research provides a deeper understanding of the role of composition on the ionic
conductivity and moisture stability of lithium argyrodites.

can compromise battery integrity and longevity [6]. Solid-state
batteries (SSBs), which use solid electrolytes, offer a safer and

1 | Introduction

Lithium-ion batteries (LIBs) have become pivotal in powering
portable electronics, electric vehicles, and storing renewable
energy, which may help to reduce the carbonization of the
environment [1-3]. Current LIB technology exhibits good elec-
trochemical performance and durability [4, 5]. Despite their
advantages, LIBs’ current use of liquid electrolytes raises signif-
icant safety concerns, including risks of flammability, leakage,
and dendrite formation with a lithium metal anode, which

potentially more efficient alternative as the next-generation
energy technology [7, 8]. They promise higher energy densities
with high-capacity anodes such as Li/ Si, enable the high voltage-
cathode [9, 10], and operate in wider temperature ranges [11].
To further improve the performance, solid electrolytes should
exhibit high ionic conductivity, ease of processability, and robust
chemical stability [12-14]. Various families of solid electrolytes
have been explored, including lithium halides [15, 16], oxides
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[17, 18], lithium thiophosphates [19-23], antiperovskites [24], and
lithium argyrodites [25-28]. Among these, lithium argyrodites,
particularly Li,,PS;X,,, (X = Cl, Br), have gained significant
attention due to their high ionic conductivity, mechanical soft-
ness, and straightforward synthesis [26, 29-32].

The lithium argyrodite LicAsS;Br has a cubic structure with space
group F43m, where halide ions are positioned in a cubic lattice
at the 4a Wyckoff position and sulfur ions are distributed over
the tetrahedral Wyckoff 4d and 16e sites [28]. An exchange of
Br~ and S*>° at the 4d site can occur, known as site-disorder
[33, 34]. The P>* cation occupies the octahedral 4b site (PS,>~
tetrahedra with S at the 16e site). The 132 remaining interstitial
voids can be occupied by lithium in different configurations,
such as lithium tetrahedra Li(S/X),, which connect via face,
edge, or corner with the PS,>~ tetrahedra, designated as T1-T5a
[35], as depicted in Figure S1. Hereby, lithium forms cage-like
structures around the Wyckoff 4d site, and can additionally
partially occupy various other crystallographic sites, promoting
fast ion diffusion. The lithium argyrodite Li;PS;I was initially
reported as a poorly conducting material due to its lack of site
disorder. Aliovalent substitution, for instance replacing P with
lower-valence cations (Si, Ge, In, and Sn) [36] and isovalent
substitutions, including substitution of P (As, and Sb) [28, 37],
S (O, and Se) [38-41], and halide substitution/enrichment (Cl,
Br, and I) [31, 42-44] has been employed to alter the crystal
structure, targeting enhanced lithium ion transport [42-45]. For
example, aliovalent substitution in iodide argyrodite, replacing
P> with Ge*" in Lig_, P, ,Ge,Ss_,I, resulted in ionic conductivities
up to 5.4 mS/cm in cold-pressed pellets [46-48]. Likewise, novel
thioantimonate argyrodites with Si** and Ge** replacing Sb**
in Lig,,Sb; ,M,S;_,I (M = Si, Ge) exhibit ionic conductivities
reaching 14.8 mS/cm in cold-pressed pellets [49]. Aliovalent
substitutions in Li(P/Sb),,M,SsI (M = Si, Ge, and Sn) with
10-30 wt.% substitution have led to a sharp increase in ionic
conductivity from the puS/cm to the mS/cm range, accompanied
by a reduction in activation energy from 0.38 to 0.24 eV [46].
This improvement is potentially linked to increased polyhedral
volume, higher lithium content enabling inter-cage jumps for
long-range diffusion, and site disorder influencing lithium distri-
bution. However, these aspects of the material have not yet been
fully explored and require further investigation.

Lithium thiophosphate-based materials suffer from poor air and
moisture stability, reacting with H,O to release harmful H,S gas
and experiencing rapid structural degradation and performance
reduction, posing challenges in their large-scale application in
SSBs. According to the Hard Soft Acid Base (HSAB) theory,
substituting phosphorus (P) with softer acids such as germanium
(Ge), arsenic (As), or antimony (Sb) could enhance the moisture
stability of these solid electrolytes [50, 51]. Several P-free thio-
LISICON structures (Li, ,Ge, ,As,S, [50], LiySn,  As,S, [51], and
Li,Sn,,Sb,S, [52]) have been developed, indeed demonstrating
improved air stability [50, 51]. Minafra et al. reported that
substituting 30% of P with Si in Li,PSsBr is possible, resulting in
a 3-fold improvement in ionic conductivity [37]. Recent studies
have demonstrated that only up to 0.35wt.% Ge can be substituted
in the LicPS;Br argyrodite series, resulting in a 5-fold increase
in ionic conductivity [48]. However, further substitution is not
feasible due to the relatively large ionic radius of Ge**. In our
previous work, we replaced P>* (17 pm) with the larger As®* ion

(33.5 pm) in LisP,,As,S;Br, which led to an expansion of the
lattice parameters. This structural expansion may enable higher
Ge** incorporation, thereby motivating further investigation into
the lithium substructure and its impact on ionic transport.

In this work, we investigate the effects of Ge substitution
on the crystal structure, ionic transport, and air stability of
LigAsS;Br. We successfully synthesized a series of samples and
characterized their crystal structures through Rietveld refine-
ment of neutron diffraction, solid-state NMR, and impedance
spectroscopy. Our analysis reveals that Ge substitution not only
enlarges the polyhedral volume of (As™/Ge*")S,>* but also
increases the lattice parameters and lithium content, thereby
ensuring a more uniform distribution of lithium within the
cages. Moreover, increased lithium occupation at the Li T4 site
flattens the energy landscape for lithium diffusion, facilitating
fast ion transport. The highest ionic conductivity achieved is
13 mS/cm, for the LigsAssGe, sSsBr composition, which is a 6-
fold increase compared to pristine LizAsS;Br. In addition, we
employed computational approaches to elucidate the atomic-
scale mechanisms driving the observed improvements in ionic
transport. Ab initio molecular dynamics (AIMD) simulations
allow tracking mean square displacements (MSDs) of lithium
ions in representative supercells of As/Ge-substituted systems,
providing insight into the Li-ion diffusion mechanism. Lithium
density plots reveal the preferred diffusion pathways and the
degree of interconnectivity between lithium cages in different
substitutional cases. Radial distribution function (RDF) analysis
and cage radius measurements highlight the structural modifi-
cations influencing lithium-ion transport. By mapping the local
environments, we evaluate the accessibility of various jump
types that can facilitate percolation throughout the crystal struc-
ture, explaining the fundamental mechanisms underlying the
improved diffusion behavior upon introducing Ge. As anticipated
based on Hard Soft Acid Base (HSAB) theory, Lig sAs,sGe, sSsBr
improves the air stability compared to the Lis(P/As)SsBr, sup-
pressing H,S formation and improving conductivity retention
upon air exposure. Hereby, this study highlights the opportunities
of compositional adjustments to improve the ionic conductivity of
lithium argyrodite electrolytes as well as their air stability.

2 | Result and Discussion

A series of thioarsante solid solutions, Lig,,As,_,Ge,SsBr (x <
0.6) were synthesized via a solid-state reaction (see supporting
information experimental section). For structural characteri-
zation, neutron diffraction and x-ray diffraction (XRD) were
performed, and the data were analyzed using Rietveld refinement
to investigate structural changes and Li* substructures. All x-ray
diffraction patterns of the Lig,,As,_,Ge,S;Br series are presented
in Figure 1b. The XRD patterns show the reflections of the cubic
structure of the F43m space group. A gradual shift to lower
26 values with increasing Ge content suggests a larger lattice
parameter, as illustrated in Figure lc. Minor LiBr impurities
(0.5 wt.% LiBr, 2.3 wt.% Li,,Ge, As,S,, for x = 0.4 and 2 wt.%
LiBr and 5 wt % Li,Ge, (As,S, for x = 0.5) were observed, not
significantly affecting ionic conductivity. However, increasing
Ge*" content (x = 0.6), a higher impurity content was observed,
amounting 2 wt.% LiBr and 14 wt.% Li,,Ge, As,S,, indicating
the solubility limit of Ge in the thioarsenate series is reached.
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FIGURE 1 | (a) Structure of LigAsSsBr argyrodite with space group F43m, where X~ and S°~ occupy the Wyckoff 4d and 4a site, and the PS,3~
tetrahedral unit on Wyckoff 4b site. In the argyrodite structure, available voids are potentially occupied by lithium, forming lithium tetrahedra Li(S/X),,
which connect (-face, edge, corner) with the PS,3~ tetrahedra. Lithium forms a cage-like arrangement around the Wyckoff 4d site. (b) X-ray diffraction

patterns of the Lig, , As;_yGe,SsBr series (c) enlarged view of the 20 range 38 to 41° highlighting changes in lattice parameter due to Ge substitution from x
=0tox=0.5in the Lig,cAs;_xGe,SsBr series. Rietveld refinement analysis of (d) neutron diffraction and (e) x-ray diffraction data for Lig sAsy sGeg sSsBr.
The experimental data is represented by black dots, the calculated pattern is shown as red lines, and the blue lines depict the difference profile between
the experimental and calculated data. The orange, dark brown, and purple tick marks indicate the expected peak positions of Lig sAsg 5Geg sSsBr, LiBr,

and Liz,(As; ,Ge,S, respectively. (f) Lattice parameters of the Lis,As;_,Ge,SsBr series with Ge substitution ranging from x = 0 to x = 0.6, as calculated
from Rietveld refinement of x-ray and neutron diffraction data. The grey color line represents the lattice parameter of Lig PSsBr. Error bars are not shown

because they are smaller than the symbols in the data.

Rietveld refinements of neutron diffraction and x-ray patterns
of LigsAsysGeysSsBr are shown in Figure 1d,e. Details of all
other refinement figures and tables are available in supporting
information in Figures S2-S6 and Tables S1-Sé6.

Figure 1f shows that the lattice parameter of Li; PSsBr composition
(grey line) is 9.98 A. Replacing P>* (17 pm) with As>* increases
the lattice parameter from 9.98 A to 10.105 A (a difference of
~0.12 A) for x = 0. As the Ge*" content increases, the lattice
parameter expands linearly due to the larger ionic radius of Ge**
(39 pm) compared to As®* (33.5 pm), also increasing the lithium
content, following Vegard’s rule until saturation, x = 0.5, while
maintaining the cubic structure. The lattice parameter in the
thioarsenate series expands from 10.105 A at x = 0.0 t0 10.158 A at
x = 0.5, and decreases at x = 0.6, along with the increasing pres-
ence of LiBr and Li,Ge,,As,S,, impurities, suggesting that the
solubility limit has been reached. The morphology and elemental
distribution of the electrolyte particles were determined through
the use of scanning electron microscopy with energy-dispersive

x-ray spectroscopy (EDX) (Figure S7). The average particle size
of the Lig;As,5Ge,sSsBr, LicAsSsBr, LissPS, ;Br, 5, and Li,PS;Br
samples is approximately 5 um. The EDX results reveal that each
element is distributed homogeneously at the micrometre level,
demonstrating the absence of any discernible impurities.

The thiophosphate series exhibits a polyhedral volume of 4.41
A3 (LigPS,Br), which increases to 5.05 A3 in the thioarsenate
(LigAsSsBr) due to the larger ionic radius of As®* (33.5 pm) com-
pared to P>* (17 pm). As the Ge content increases, the polyhedral
volume of (Ge**/As>*)S,3*9~ expands further from 5.05 A% at x =
0t05.35 A% at x=0.5, attributed to the higher ionic radius of Ge (39
pm). This expansion confirms successful aliovalent substitution,
as illustrated in Figure 2a. In the Li;PS;Br composition, 18% site-
disorder is observed, while Li; AsS;Br found 12% site-disorder. As
Ge** content increases, site disorder fluctuates between 12% and
15%, as demonstrated in Figure 2b. However, there appears to be
no distinct correlation between the degree of site-disorder and the
Ge** content.

Small, 2026

30f12

8518017 SUOWIWIOD 8A 11810 3ot dde au Aq peusenob ae sajoliie YO ‘8sn JO SN 1oy Afeid18U1IUQ AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M ARe.q| Ul UO//Sdhy) SUORIPUOD Pue Swie | 8u) 88 *[9202/80/¢T] Uo AkiqiTauliuo AB|IM ‘ Bed AISIBAIUN BOIUYDS L - S9ed aXor AQ 0LTY.'|IUS/Z00T OT/I0p/W0D" AB 1M AeIq 1 pUI|UD//:SHNY WOJ) pepeojumoq ‘St ‘920 ‘6289ETIT



) 5.5
54+
53F
52 (¢}

P
Q

50|
4.6F 7

451
4.4

Volume of As, Ge S,> / A3

00 01 02 03 04 05 06
X in Lig,As,,Ge,SsBr

8%
(§) O

B8

(c

mean

—
O
~

w

o

N
(&)
T

N
o
T

%§%

-

o
o]
O

Br/S% Site-disorder / %
>

()]
T

!

00 01 02 03 04 05
x in Lig, As, Ge,S;Br

T T T T T T

2.58 -

Rypean (4d-Li*) 1 A
N N
H (4]
N o
——

T

2.34

00 01 02 03 04 05 06
x in Lig, As,,Ge,S;Br

FIGURE 2 | Structural change of Lig,(As;_,Ge,SsBr series calculated from Rietveld refinement of neutron diffraction data. (a) Tetrahedral volume
(Ge**/As™) and (b) site-disorder with increasing Ge** content in Lig,,As,_,Ge,SsBr series. (c) The visual representation of the average Li* distribution,

Rpean, represents the radius of the sphere formed by Li positions centered around the anion position (Wyckoff 4d). (d) As the Ge content increases, Ryean

increases, representing an expansion of the Li* cages, resultant decreasing inter-cage jump distance. The grey color line represents the (a) Tetrahedral

volume PS,3", (b) Site-disorder, (d) Ryyean value of LigPSsBr.

A previous study has found that Li partially occupied different
crystallographic sites, offering a 3D framework for fast lithium
long-range jumps within the unit cell [45]. De Klerk et al., using
DFT simulations, suggested that higher ionic conductivity is
achieved at around 75% site disorder, as this balances the different
lithium-ion jump pathways: doublet (through the nominal T5a
transition site), intra-cage (between two adjacent T5 tetrahedra),
and inter-cage jumps (via adjacent T5 sites) [53]. A recent study
has further identified a new jump that contributes to lithium-ion
jump pathways: inter-cage jumps (occurring first via adjacent T2
sites and then through T5 sites via the T4 site) [35], as shown in
Figure S8. Lithium argyrodite, where the Li-ion only occupies the
T5 and T5a Wyckoffsites, usually has poor Li-ion conductivity due
to a large intra-cage jump distance [53]. Our previous study deter-
mined that Br-rich thioarsante possesses a shortened intercage
jump distance, facilitating higher ion diffusivity. To understand
the lithium substructure of the Lig,, As, ,Ge,SsBr series, we
employed neutron powder diffraction, analysed by Rietveld
refinement. Initial structural information, such as cation/anion
position and occupancy, was taken from the LiPS;Br composi-
tion as a reference [45]. The overall Lit* content was adjusted
to maintain charge balance with the refined Ge content. Figure
S9 shows the lithium site occupancies (T5, T2, and T4) across
the thioarsenate argyrodite series, as determined by Rietveld

refinement, revealing composition-dependent variations at each
site.

Figure S10 illustrates the lithium volume at T2, T4, and T5
Li sites as a function of Ge content. Increasing Ge content
not only enlarges the tetrahedral volume but also affects the
surrounding Li* substructure. The volume of T2 and T5 sites
increases, following a trend similar to the polyhedral volume
of (Ge**/As**)S,+9- while the volume of the T4 site remains
largely unchanged despite the increased Ge content. Figure
S11 displays the T5—-T2—T2-T5 and T5-T4-T5 distances as a
function of Ge content, noting that the T5—T2—T2—T5 distances
decrease from 5.01 (4) A at x = 0.0 to 4.51 (8) A at x = 0.5, As
mentioned above, the inter-cage connectivity between lithium
cages is essential for long-range Li* diffusion. Additionally, the
T5—T4-T5 distance remains the same, but the Li T4 occupancies
increase from 1.0 (5)% atx=0.0 and 6.0 (9)% at x = 0.5, potentially
increasing the connectivity between lithium cages due to lower
energy inter-cage jumps [54]. To calculate the Li* distributions
(Rinean) across all sites as determined by Rietveld refinement. A
graphical representation of R ., is presented in Figure 2c. As the
Ge content increases in the thioarsenate argyrodite series, there
is a concomitant increase in R ., values (as shown in Figure 2d).
This can be attributed to lattice expansion, increased tetrahedral
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FIGURE 3 | (a) Impedance spectra of the Lig,, Ge,As,_,SsBr series at —40°C. (b) Ionic conductivities and Li-ion diffusion coefficient of

Lig,xGeyAs;_,SsBr series at room temperature, measured by impedance spectroscopy and pulsed field gradient NMR respectively. (c) Represents

Arrhenius plots, obtained from temperature-dependent impedance spectroscopy. and (d) activation energy E of Lig,cGeyAs;_,SsBr as a function of

the Ge content. (e) Temperature dependent Li* ion diffusivity obtained from experimental ’Li PFG NMR measurements of Lig,,Ge,As,_,SsBr series.

(f) The room-temperature ionic conductivity is shown as a function of the Rye,, distance.

volumes, and higher lithium content, which together enhance
cage connectivity and thereby promote improved ionic transport.

2.1 | Ionic Transport

Temperature-dependent electrochemical impedance
spectroscopy (EIS) was performed to calculate the total ionic
conductivity and activation energy of Li,,,Ge,As,_,S;Br series,
as depicted in Figure 3. The temperature varied from —50°C
to —10°C with increments of 10°C, with an additional point at
25°C. Figure S12 displays impedance data at lower temperatures,
from —50°C to —10°C. Impedance data were modelled using
an equivalent circuit composed of a resistor and a constant
phase element (CPE) in parallel, followed by another CPE
in series, representing the blocking behavior of the steel
electrode. At higher temperatures, the contribution from the
resistor/CPE configuration shifted to higher frequencies beyond
the measurable range of the instrument. Hence, we only utilized
the tail of the impedance data for the impedance fitting, modelled
with a Resistor and CPE in series. Figure 3a displays the Nyquist
plots for the Li,, Ge,As,_SsBr series at —40°C with varying
compositions (x = 0.1 to 0.6). Notably, as the Ge** content
increases, the resistance of the materials decreases, indicative of
enhanced ionic conductivity. The obtained capacitances range
from 2 x 1071 to 2.6 x 107!° F. The bulk and grain boundary
effects cannot be deconvoluted, and the ideality factors () span
from 0.80 to 0.86, representing only a single semicircle, which

overall represents ionic conductivities. Figure 3b illustrates room-
temperature ionic conductivities of the Lig,, Ge,As,_,S;Br series
with Ge-content, alongside reference values from LigPS;Br for
comparison [45]. Tonic conductivity increases from 2.07 mS/cm
at x = 0.0 to 12.7 mS/cm at x = 0.5 in the Lig, Ge,As,_,SsBr
series, which is the highest ionic conductivity obtained in the
lithium argyrodites series prepared by cold pressing to date.
As mentioned above, Ge substitution of x = 0.6 exceeds the
solubility limit, leading to a slight reduction in conductivity
due to increased impurity phases. Figure 3c reveals that the
temperature-dependent ionic conductivities follow an Arrhenius
trend, allowing for the calculation of the activation energy.
Interestingly, Figure 3d shows only a small difference in the
activation energies with Ge** substitution, the activation energy
ranging from 0.303 eV at x = 0 to 0.285 eV at x = 0.5 in the
thioarsante series.

Figure S13 demonstrates that carrier charge density does not
directly correlate with ionic conductivity. At this stage, the ionic
conductivities are primarily attributed to the expansion of the
Li* cages and the consequential reduction in the inter-cage
jump distance, which is considered rate-limiting for the bulk
conductivity in argyrodites. The LigAss Br;,, (0 < x <0.5) Br-
enriched compositions exhibit higher Br content at the 4d site and
lithium deficiency, which will affect the electrostatic interactions
between Lit and $?~ ions [30]. However, in the Lig,,Ge,As,_,SsBr
series, changes in polyhedral volumes, expanding the lithium
substructure and effecting the electrostatic interactions between
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Li* and the GeS,* polyanion, and larger Li concentration can
be anticipated to the improved could make more connections
between the lithium cages playing a crucial role in improving
conductivity.

The ionic conductivity, as determined by Electrochemical
Impedance Spectroscopy (EIS), is influenced by contributions
from grain boundaries and applied pressure. These factors often
lead to variations in conductivity values observed across different
laboratories while studying the same solid electrolyte composi-
tion [55]. Pulsed Field Gradient NMR (PFG NMR) can provide a
more direct technique to determine the bulk diffusivity, and gain
more trust in the Li-ion mobility and conductivity values. ’Li PFG
NMR spectroscopy was conducted between 25°C and 80°C. Anal-
ysis of spectra, which depicted echo intensity against gradient
strength, utilized a single-component fit. Benchmark diffusion
coefficients for solid ion conductors are as follows: Li,,GeP,S,,
at 2.2 X 1072 m?/s, Li;,SiP,S,, at 3.5 x 1072 m?/s or LissPS,sCl, s
at 1.01 x 107" m?/s [43, 56, 57]. Figure 3b shows the room
temperature, the diffusion coefficient for Li;AsSsBr at 2.3 x 1072
(x=0.0), which increases to 11.6 X 107! m?/s in Lig s As, s Ge, sSsBr
(x=0.5), reflecting a trend similar to the improvements observed
in ionic conductivity by EIS. The diffusion coefficient from PFG
NMR is a measure of the mobility of the ions in a material,
driven by thermal motion, thus quantifying the bulk diffusivity.
Similar to the ionic conductivity, the lithium diffusion coefficient
also increases by a factor of 5-6 for the Li,,,Ge,As,_,SsBr series,
as shown in Figure 3b. Additionally, the ionic conductivity was
calculated from the PFG-NMR diffusion coefficient using the
Nernst-Einstein equation oy = c¢q*D*/K,T, where D* is the
Li self-diffusion coefficient obtained from PFG-NMR, q is the
elementary charge of Li*, kg is the Boltzmann constant, T is
the temperature, and c is the number density of mobile charge
carriers [43]. The ionic conductivity oyyg increased from 0.55
mS/cm for x = 0.0 to 2.56 mS/cm for Lig;As,sGe,sSsBr (x =
0.5). A comparison of the ionic conductivities obtained from EIS
and NMR is provided in Table S7. The corresponding Haven
ratios are in the range of approximately 0.18-0.27, indicating
correlated Li-ion transport in the Li,,,As,_,Ge,S;Br series. These
values are comparable to those reported in a recent study on
Li¢_,PSs_,Br,,,, where the Haven ratio decreased slightly with
increasing substitution and reached approximately [43] 0.23 atx =
0.5. Figure 3e illustrates the temperature-dependent lithium dif-
fusion coefficients for all samples, following an Arrhenius trend
that allows us to determine the activation energy (E,), which
varies from 0.32 eV (x = 0.0) to 0.282 eV (x = 0.5). The similarity
in activation energies derived from EIS and PFG NMR reflects the
migration energy landscape at the particle length scale, including
the effect of grain boundaries. Figure 3fillustrates how expanding
the lithium cages goes along with improved ionic conductivity,
suggesting these are correlated. Overall, the expansion of the
lattice parameters and the increase in tetrahedral volume enlarge
the lithium cages (Rye.n), €nhancing the connectivity between
these cages and thereby improving ionic transport.

2.2 | Molecular Dynamics Simulations
To further investigate the Ge substitution, we performed an

ab initio DFT-based molecular dynamics (AIMD) simulation
on calculations on representative supercell structures featuring

the same S/Br disorder with four distinct As/Ge substitution
rates (0, 25%, 50%, and 100% Ge content). Although the fully
Ge-substituted system (100%) is not experimentally accessible,
evaluating this structure can provide valuable insight into the
underlying diffusion mechanisms. AIMD simulations were per-
formed starting from the geometry-optimized supercells at 650
K for a simulation duration of 150 ps, providing information
on the average Li distribution, site occupation, and diffusion
mechanisms.

The obtained Li occupations and cage radii closely match experi-
mental observations, confirming the structural picture discussed
above based on neutron diffraction. As shown in Figure S14,
the Li occupancy at the T4 site increases with increasing Ge
content. Correspondingly, the average radii of the 4d Li-ion cage
increase, while the 4a Li-ion cage radii remain constant (Figure
S14). The RDF analysis indicates the same distances between
S/Br at the 4d site and lithium with increasing Ge content,
suggesting that the enlargement of the average 4d cage radius
originates from increased lithium occupancy at the T4 position.
Analysis of lithium MSDs reveals that diffusivity is lowest in
the fully As-substituted, while increasing with Ge substitution
(Figure S14). Notably, diffusivity saturates at 50% Ge substitution,
as evidenced by identical MSD values for 50% and 100% Ge-
substituted structures, indicating that additional increases in Ge
content would not significantly enhance lithium diffusivity.

Li transport was further qualitatively examined using Li density
plots from AIMD simulations (Figure 4). In the fully As-
substituted system (0% Ge), lithium forms well-defined cages
around the 4d positions but lacks intercage connections, lim-
iting macroscopic diffusion. With increasing Ge substitution,
intercage connections emerge, facilitating Li transport. Interest-
ingly, intracage jumps decrease, suggesting partial disconnection
within a single cage; however, this effect does not hinder overall
macroscopic lithium diffusion.

To understand this behavior, we performed detailed analyses
of site-specific lithium jumps within the lattice. This approach
enables assessment of percolation pathways under different sub-
stitution conditions by dissecting Li transport into discrete jump
environments. Such analysis recently provided valuable insights
into disordered electrolytes, such as Li,, S, N, and LisPS;Br
systems [58, 59], emphasizing the significant impact of local
anionic environments on lithium percolation.

Disorder created by S/Br and As/Ge distribution in the argyrodite
structure significantly affects lithium transport by introducing
variations in the local environment that lithium encounters dur-
ing a single jump. To simplify the analysis, we focused only on the
jumps through the T5 and T4 sites, as intercage T5-T4-T5 jumps
generally exhibit lower activation energies compared to T2-T2
jumps. Local environments were characterized based on the
coordination of key lithium sites (T5 and T4) by AsS43~/GeS4*~
tetrahedra and Br=/S?~ anions. The T5 tetrahedra are formed by
two S?~ ions (corner-shared with AsS,>/GeS,* tetrahedra) and
two Br-/S?" anions at the 4a and 4d sites. T4 sites are coordinated
by three S*~ ions (also corner-shared with AsS,* /GeS,*" tetra-
hedra) and one Br-/S* anion at the 4a site, suggesting a larger
influence of Ge substitution on the T4 position compared to that
on the T5. For the environment-specific analysis, four elements,
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FIGURE 4 | Probability density of Li* obtained from AIMD simulations performed at 650 K. The area encircled by the black dashed line indicates
an increase in lithium density between adjacent cages, while the black arrow highlights a decrease in lithium density for the intracage transport. The
structures presented are: (a) LigAsSsBr; (b) Lig y5Asq 75Geg 2555 Br; () Lig sAsg 5Geg sSsBr; (d) Li; GeSsBr.

according to the discussed coordination, were identified for each
lithium position T5 (two cations at 4b, one anion at 4d, and one
anion at 4a) and T4 (three cations at 4b, one anion at 4a). Violin
plots (Figure 5) illustrate the distribution in jump activation
energies, where the violin width reflects the occurrence frequency
of each environment.

For LigAsS;Br and Li,GeS;Br, local environments represent S/Br
distributions, as 4b sites are occupied exclusively by As or Ge.
Similar to LigPS;Br® at lower S/Br disorder rates, LigAsSsBr
exhibits rate-limiting T5-T4 intercage jumps, consistent with
Li density plots indicating limited long-range diffusion and
restricted accessibility to the T4 site. Substitution of P>* by As>*
reduces average activation energies, enabling percolation at lower
energy thresholds. For Li;AsS;Br, all jump types become acces-
sible at approximately 0.3 eV, closely matching experimentally
observed values (0.32 eV from PFG NMR).

Partial substitution of As>* by Ge** creates a diverse range of
environments where both intra- and intercage jumps become
increasingly possible. By selecting an indicative energy thresh-
old of approximately 0.25 eV, we observe that in the 25% Ge
substitution case, percolation slightly improves, although most
intercage jumps still exceed the threshold, aligning with modest
MSD improvements. By 50% Ge substitution, most jump types
fall below the threshold of 0.25 eV, enabling percolation. Notably,
T5-T5 intracage jump seems to be rate-limiting, explaining partly-
disconnected cages visible at the lithium density analysis. All
T5-T5 doublet and T5-T4 intercage jump environments become
accessible at approximately 0.27 eV, aligning with NMR results of
0.282 eV and suggesting that T5-T5 intracage jump does not slow
down the percolation. At the experimentally inaccessible 100%

Ge-substituted structure, fewer distinct environments exist, but
all site-specific jumps fall below 0.25 eV, indicating a decreased
average activation energy for Pt to As* and As™* to Ge**
substitutions.

To better understand the interactions inside the structure,
we extracted Pauling electronegativity values, electronegativity
decreases in the following order: P5* (y = 2.19), As" (y =
2.18), Ge** (y = 2.01), which implies that Ge forms more polar
covalent bonds with sulfur in GeS,* compared to PS,*". This
increases sulfur’s partial negative charge in GeS,* tetrahe-
dra, suggesting stronger Coulombic interaction towards the Li*
ions. This stronger sulfur-lithium interaction counterbalances
the Li* attraction to S?~ sites at 4d, preventing lithium from
becoming trapped within individual cages. In addition to the
correlated shorter intercage jump distances, this change in atomic
scale interactions is held responsible for improving macroscopic
lithium mobility, consistent with experimental observations and
computational results.

2.3 | Air Stability

One of the most significant challenges to the extensive practical
application of sulfide solid electrolytes is their susceptibility
to deterioration in a humid atmosphere. Exposure to moisture
causes sulfide solid electrolytes to release H,S gas, resulting in
structural deterioration and capacity degradation as well as safety
hazards. As illustrated in Figure 6a, the Li;PS;Br electrolyte
exhibits the highest H,S release amount when subjected to a 40%
humidity nitrogen environment for 30 min, exhibiting the fastest
release rate. Increasing bromine content reduces both the amount
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moist air with a humidity of 20% at room temperature for different periods of time.

of released H,S and the release rate. This is likely due to a decrease
of free S*~ (S* not bound to P>*) ions in the argyrodite crystal
structure caused by excessive Br substitution. Substituting P with
As also reduces H,S release. Additionally, substituting As with
Ge in the LizAsS;Br will further decrease the H,S release rate.
It is noteworthy that the Li; sAs, sGe, sSsBr electrolyte shows the

lowest H,S release, which is only a quarter of the amount released
by the LisPS;Br electrolyte.

Given the greater practical importance of ionic conductiv-
ity in sulfide electrolytes, the LissAs,sGe,sSsBr, LigAsSsBr,
LissPS,sBr, 5, and LigPS;Br electrolytes were subjected to an
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Lig sAsg5Geg 5SsBr Is-NCM90-Lig 5 Asg sGeg 5S5Br-C65 cell at (b) 0.1C and (c) 1C, respectively.

atmospheric environment with a relative humidity of 20% to eval-
uate their stability in air. As illustrated in Figure 6b, during the
exposure period, the ionic conductivity initially declines rapidly
before slowing down. It is observed that the ionic conductivity
of the LizPS;Br electrolyte decreases rapidly during the initial 10
min, indicating a more pronounced reaction with moisture. After
one hour of exposure, the ionic conductivity retention follows the
order: Lig sAsysGey sSsBr > LigAsS;Br > Lis sPS, sBr, s> LisPS;Br.
The Lig;As,5Ge,5SsBr electrolyte shows obvious enhanced air
stability. The Raman spectra of the sulfide electrolytes before
and after exposure to the air remain unchanged, indicating
stability. All samples consistently exhibited peaks assigned to
PS,> and GeS,* and AsS,>", as illustrated in Figure S15. A
partial amorphous phase might form on the surface of sulfide
particles, leading to a decrease in the ionic conductivity of sulfide
electrolytes after exposure to humid air. To the best of our
knowledge, LigsAs,;Ge,sSsBr is one of the few reported sulfide
electrolytes that demonstrates both exceptional air stability and
high room-temperature ionic conductivity.

2.4 | Battery Performance

To demonstrate the application of LigsAs,sGe,sSsBr in ASSBs,
the cells with LiNi,,Co, ,sMn, (,0,@Li;BO; (NCM90@Li;BO;)
or LiNi;¢;Coy;Mn, 4,0, @Li;BO; (NCM83@Li;BO;) as cathode
active materials and In/InLi as anode were assembled. Figure 7a
shows the rate performance of In/InLil LigsAsysGeysSsBr |
NCMS83@Li;BO;-C65- Lig sAs, sGe, sSsBr cell with cathode active
material loading of 8.83 mg cm~2 at room temperature (RT). The

cell delivers discharge capacities of 174.4, 163.7, 147.4, 128.7, and
97.4 mAh g at 0.1C, 0.2C, 0.5C, 1C and 2C, respectively. Subse-
quent cycling at 0.1C, recovers a reversible capacity of 174.7 mAh
g™, corresponding to a capacity retention of 100.2% related to the
initial cycle, thus demonstrating excellent reversibility. Figure 7b
shows the cycling performance of the In/InLil Lis sAs,sGe, sSsBr
| NCM90@Li;BO;-C65- Lig sAs, sGeysSsBr cell. The cell delivers
an initial charge and discharge capacity of 263.3 and 202.4
mAh g7! at 0.1C at RT. After 70 cycles, the discharge capacity
degrades to 176.7 mAh g, corresponding to a high capacity
retention of 87.3%. The voltage profiles of the cells at different
cycles (0.1C) are shown in Figure Sl6a. A slight overpotential
increases after 70 cycles. To showcase the cycling performance
of the ASSBs at high current densities, the NCM90 cell was
cycled at 1C at RT (Figure 7c). A high specific capacity of 117
mAh g' was achieved after 200 cycles without any obvious
capacity degradation. Further increasing the C-rate to 2C, the
cell also delivers a stable discharge capacity of 100.4 mAh g™
after 80 cycles (Figure S16¢). Good overlap between the 2nd and
80th charge/discharge curves further demonstrates high capacity
retention at large current densities (Figure S16d). The above
results demonstrate that Lis sAs,sGe,sSsBr is a promising solid
electrolyte candidate for ASSBs application. When evaluating
the toxicity and environmental impact of arsenic-containing
ion conductors such as LigsAs,sGe,sS;Br and LigAsS;Br, both
historical context and chemical properties should be considered.
Arsenic is a toxic metalloid that occurs widely in the environ-
ment in various oxidation states and chemical forms, including
inorganic salts, organic compounds, and gaseous species [50, 51].
The maximum permissible level of arsenic in drinking water is
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10 ppb, as established by the World Health Organization and the
US EPA [60]. Although arsenic oxides are highly toxic, arsenic
sulfides, specifically realgar (As,S,) and As,S;, are considered
significantly less toxic than inorganic arsenic oxides [61, 62].
However, amorphous arsenic sulfides may exhibit higher envi-
ronmental toxicity, and transformation into more soluble and
toxic forms under certain conditions remains possible [61, 63,
64]. In addition, despite the high toxicity of arsine gas, it is still
used in the production of gallium arsenide, an important material
for semiconductors, lasers, light-emitting diodes, and microwave
devices [64]. Therefore, Safety protocols for handling and disposal
are necessary, and comprehensive toxicity and environmental
studies are essential for the safe and sustainable use of these
materials.

3 | Conclusion

In conclusion, we successfully synthesized, analyzed, and
characterized the Ge-substituted thioarsenate argyrodite series,
Lig, Ge,As,_,SsBr. Structural insights were gained using x-ray
and neutron diffraction, analyzed by Rietveld refinements, while
the transport properties and mechanism were assessed through
temperature-dependent impedance spectroscopy, 'Li PGF NMR,
and ab initio molecular dynamics (AIMD) simulations. The
incorporation of the larger Ge** cation led to notable increases
in both polyhedral- and unit cell volumes, alongside significant
changes in lithium distribution, up to a solubility limit of x =
0.5. The addition of Ge*" strongly improves the lithium ionic
conductivity of Li,,, Ge,As,_,SsBr, achieving a 6-fold increase to a
maximum of 12.7 mScm™! at x = 0.5 compared to the conductivity
of the LigAsS;Br end member. Increasing the Ge substitution
leads to higher Li occupancy at T4 sites, expanded 4d cage
radii, and enhanced intercage lithium diffusion. Notably, lithium
diffusivity significantly improves up to x = 0.5 Ge substitution,
beyond which no further increase is observed, in line with the
AMD simulations. Detailed analysis of site-specific lithium jumps
revealed that Ge substitution lowers the activation energies,
promoting intercage lithium transport and overall percolation.
This enhancement is attributed to the increased polarity of
Ge—S bonds compared to As—S bonds, reducing lithium trapping
within cages and improving macroscopic lithium diffusion. In
addition, Lig sAs, sGe, sSsBr exhibits better air stability compared
with LigPS;Br, LissPS,sBr;s, LicAsS;Br, thus combining high
conductivity with substantially improved air stability Hereby,
this work has revealed the relationship between the lithium
sub-structure and the ionic transport mechanism of lithium
thioarsante argyrodite electrolyte, paving the way for the devel-
opment of innovative sulfide solid electrolytes that exhibit both
enhanced ionic conductivity and air stability.

Acknowledgements

This work is supported by the BatteryNL—Next Generation Batteries
based on Understanding Materials Interfaces’ project (with project num-
ber NWA.1389.20.089) of the NWA research program ‘Research on Routes
by Consortia (ORC)” funded by the Dutch Research Council (NWO).
Natural Science Foundation of China (Grant Number 52302305), Natural
Science Foundation Exploration Program of Wuhan (Morning Light Plan)

(Grant Number 202401jc0089), and support from Tong Xiang Advanced
New Materials Institute.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available in the
supplementary material of this article.

References

1. J. B. Goodenough and K. S. Park, “The Li-Ion Rechargeable Battery: A
Perspective,” Journal of the American Chemical Society 135, no. 4 (2013):
1167-1176, https://doi.org/10.1021/ja3091438.

2. X. Zeng, M. Li, D. Abd El-Hady, et al., “Commercialization of Lithium
Battery Technologies for Electric Vehicles,” Advanced Energy Materials 9,
no. 27 (2019): 1-25, https://doi.org/10.1002/aenm.201900161.

3. N. Nitta, F. Wu, J. T. Lee, and G. Yushin, “Li-Ion Battery Materials:
Present and Future,” Materials Today 18, no. 5 (2015): 252-264, https://
doi.org/10.1016/j.mattod.2014.10.040.

4. A. Manthiram, “An Outlook on Lithium Ion Battery Technology,”
ACS Central Science 3, no. 10 (2017): 1063-1069, https://doi.org/10.1021/
acscentsci.7b00288.

5.Y. Liu, R. Zhang, J. Wang, and Y. Wang, “Current and Future Lithium-
Ton Battery Manufacturing,” iScience 24 (2021): 102332, https://doi.org/10.
1016/j.is¢i.2021.102332.

6. P. V. Chombo and Y. Laoonual, “A Review of Safety Strategies of a Li-
Ton Battery,” Journal of Power Sources 478 (2020): 228649, https://doi.org/
10.1016/j.jpowsour.2020.228649.

7.J. Janek and W. G. Zeier, “A Solid Future for Battery Development,”
Nature Energy 1 (2016): 16141, https://doi.org/10.1038/nenergy.2016.141.

8. S. Puls, E. Nazmutdinova, F. Kalyk, et al., “Benchmarking the Repro-
ducibility of All-Solid-State Battery Cell Performance,” Nature Energy 9,
no. 10 (2024): 1310-1320, https://doi.org/10.1038/541560-024-01634-3.

9. 0.Y. Bisen, M. Baumung, M. Tatzel, C. A. Volkert, and M. Risch, “Man-
ganese Dissolution in Alkaline Medium With and Without Concurrent
Oxygen Evolution in LiMn,0,4,” Energy Advances 3, no. 2 (2024): 504-514,
https://doi.org/10.1039/d3ya00434a.

10. S. Sau, A. Mukherjee, S. K. Singh, et al., “Preventing Chemo-
Mechanical Degradation of High Voltage Cathode and Li Metal Anode
by Amorphous Lithium Silicon Oxide Coating and Hybrid Solid Elec-
trolytes,” Journal of Power Sources 657 (2025): 238195, https://doi.org/10.
1016/j.,jpowsour.2025.238195.

11. D. H. S. Tan, Y.-T. Chen, H. Yang, et al., “Carbon-Free High-Loading
Silicon Anodes Enabled by Sulfide Solid Electrolytes,” Science 373 (2021):
1494-1499, https://www.science.org.

12. T. Famprikis, P. Canepa, J. A. Dawson, M. S. Islam, and C. Masquelier,
“Fundamentals of Inorganic Solid-State Electrolytes for Batteries,” Nature
Materials 18, no. 12 (2019): 1278-1291, https://doi.org/10.1038/s41563-019-
0431-3.

13. S. Li, J. Lin, M. Schaller, et al., “High-Entropy Lithium Argyrodite
Solid Electrolytes Enabling Stable All-Solid-State Batteries,” Angewandte
Chemie International Edition 62, no. 50 (2023): 202314155, https://doi.org/
10.1002/anie.202314155.

14. P. Karanth, J. H. Prins, A. Gautam, et al., “Multifunctional Ion-
Conductive Polymer Coatings for High-Performance Sulfide Solid-State
Batteries With Ni-Rich Cathodes,” Journal of Materials Chemistry A 13,
no. 24 (2025): 18518-18531, https://doi.org/10.1039/d5ta01827g.

15. E. van der Maas, W. Zhao, Z. Cheng, et al., “Investigation of Structure,
Tonic Conductivity, and Electrochemical Stability of Halogen Substitution
in Solid-State Ion Conductor Li;YBr,Cls,” The Journal of Physical

10 of 12

Small, 2026

8518017 SUOWIWIOD 8A 11810 3ot dde au Aq peusenob ae sajoliie YO ‘8sn JO SN 1oy Afeid18U1IUQ AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M ARe.q| Ul UO//Sdhy) SUORIPUOD Pue Swie | 8u) 88 *[9202/80/¢T] Uo AkiqiTauliuo AB|IM ‘ Bed AISIBAIUN BOIUYDS L - S9ed aXor AQ 0LTY.'|IUS/Z00T OT/I0p/W0D" AB 1M AeIq 1 pUI|UD//:SHNY WOJ) pepeojumoq ‘St ‘920 ‘6289ETIT


https://doi.org/10.1021/ja3091438
https://doi.org/10.1002/aenm.201900161
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1021/acscentsci.7b00288
https://doi.org/10.1016/j.isci.2021.102332
https://doi.org/10.1016/j.jpowsour.2020.228649
https://doi.org/10.1038/nenergy.2016.141
https://doi.org/10.1038/s41560-024-01634-3
https://doi.org/10.1039/d3ya00434a
https://doi.org/10.1016/j.jpowsour.2025.238195
https://www.science.org
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1002/anie.202314155
https://doi.org/10.1039/d5ta01827g

Chemistry C 127, no. 1 (2023): 125-132, https://doi.org/10.1021/acs.jpcc.
2¢07910.

16. B. Helm, R. Schlem, B. Wankmiller, et al., “Exploring Aliovalent Sub-
stitutions in the Lithium Halide Superionic Conductor Liz_yIn;_,Zr,C;s (O
< x <£0.5),” Chemistry of Materials 33 (2021): 4773-4782, https://doi.org/
10.1021/acs.chemmater.1c01348.

17. M. V. Reddy, C. M. Julien, A. Mauger, and K. Zaghib, “Sulfide and
Oxide Inorganic Solid Electrolytes for All-Solid-State Li Batteries: A
Review,” Nanomaterials 10, no. 8 (2020): 1-80, https://doi.org/10.3390/
nanol0081606.

18. N. Zhang, X. Long, Z. Wang, et al.,, “Mechanism Study on the
Interfacial Stability of a Lithium Garnet-Type Oxide Electrolyte Against
Cathode Materials,” ACS Applied Energy Materials 1, no. 11 (2018):
5968-5976, https://doi.org/10.1021/acsaem.8b01035.

19. F. Zhao, J. Liang, C. Yu, et al., “A Versatile Sn-Substituted Argyrodite
Sulfide Electrolyte for All-Solid-State Li Metal Batteries,” Advanced
Energy Materials 10, no. 9 (2020): 1903422, https://doi.org/10.1002/aenm.
201903422.

20. C. Yu, F. Zhao, J. Luo, L. Zhang, and X. Sun, “Recent Development
of Lithium Argyrodite Solid-State Electrolytes for Solid-State Batteries:
Synthesis, Structure, Stability and Dynamics,” Nano Energy 83 (2020):
105858, https://doi.org/10.1016/j.nanoen.2021.105858.

21. T. K. Schwietert, A. Gautam, A. K. Lavrinenko, et al., “Understanding
the Role of Aliovalent Cation Substitution on the Li-lon Diffusion
Mechanism in Lig,,P;_SiySsBr Argyrodites,” Materials Advances 5, no.
5(2024): 1952-1959, https://doi.org/10.1039/d3ma01042b.

22. C. Wang, J. Liang, Y. Zhao, M. Zheng, X. Li, and X. Sun, “All-Solid-
State Lithium Batteries Enabled by Sulfide Electrolytes: From Fundamen-
tal Research to Practical Engineering Design,” Energy & Environmental
Science 14 (2021): 2577-2619, https://doi.org/10.1039/d1ee00551k.

23.J.Wu, L. Shen, Z. Zhang, et al., “All-Solid-State Lithium Batteries With
Sulfide Electrolytes and Oxide Cathodes,” Electrochemical Energy Reviews
4(2021): 101135, https://doi.org/10.1007/s41918-020-00081-4.

24. W. Xia, Y. Zhao, F. Zhao, et al., “Antiperovskite Electrolytes for Solid-
State Batteries,” Chemical Reviews 122 (2022): 3763-3819, https://doi.org/
10.1021/acs.chemrev.1c00594.

25. B. J. Morgan, “Mechanistic Origin of Superionic Lithium Diffusion in
Anion-Disordered LigPSsX Argyrodites,” Chemistry of Materials 33, no. 6
(2021): 2004-2018, https://doi.org/10.1021/acs.chemmater.0c03738.

26. S. Wang, C. Lou, X. Wu, et al., “Large-Scale Manufacturing Sulfide
Superionic Conductor for Advancing All-Solid-State Batteries,” Matter 8
(2025): 102135, https://doi.org/10.1016/j. matt.2025.102135.

27.1J. Lin, M. Schaller, S. Indris, et al., “Tuning Ion Mobility in Lithium
Argyrodite Solid Electrolytes via Entropy Engineering,” Angewandte
Chemie International Edition 63, no. 30 (2024): €202404874, https://doi.
0rg/10.1002/anie.202404874.

28. S.T.Kong, H. J. Deiseroth, C. Reiner, et al., “Lithium Argyrodites With
Phosphorus and Arsenic: Order and Disorder of Lithium Atoms, Crystal
Chemistry, and Phase Transitions,” Chemistry—A European Journal 16,
no. 7 (2010): 2198-2206, https://doi.org/10.1002/chem.200902470.

29. D. Shanbhag, A. Gautam, E. Salager, et al., “Bromine-Rich Argyrodites
Compositions: Enhancing Lithium-Ion Conductivity for Improved Solid-
State Battery Performance,” Journal of Power Sources 657 (2025): 238175,
https://doi.org/10.1016/j.jpowsour.2025.238175.

30. R. Zhou, A. Gautam, E. Suard, et al., “Boosting Ionic Conductiv-
ity and Air Stability in Bromide-Rich Thioarsenate Argyrodite Solid
Electrolytes,” Advanced Functional Materials 35, no. 20 (2025): 2420971,
https://doi.org/10.1002/adfm.202420971.

31. H. Al-Kutubi, A. Gautam, A. K. Lavrinenko, et al., “Decoding Struc-
tural Disorder, Synthesis Methods, and Short- and Long-Range Lithium-
Ion Transport in Lithium Argyrodites (Lig_yPSs_Briyy),” Chemistry
of Materials 37 (2025): 869-883, https://doi.org/10.1021/acs.chemmater.
4¢02010.

32. S. Wang, A. Gautam, X. Wu, et al., “Effect of Processing on Structure
and Ionic Conductivity of Chlorine-Rich Lithium Argyrodites,” Advanced
Energy and Sustainability Research 5 (2023): 2200197, https://doi.org/10.
1002/aesr.202200197.

33. A. Gautam, M. Sadowski, N. Prinz, et al., “Rapid Crystallization and
Kinetic Freezing of Site-Disorder in the Lithium Superionic Argyrodite
LigPSsBr,” Chemistry of Materials 31, no. 24 (2019): 10178-10185, https://
doi.org/10.1021/acs.chemmater.9b03852.

34. A. Gautam, M. Sadowski, M. Ghidiu, et al., “Engineering the Site-
Disorder and Lithium Distribution in the Lithium Superionic Argyrodite
Li 6 PS 5 Br,” Advanced Energy Materials 11 (2021): 202003369, https://doi.
0rg/10.1002/aenm.202003369.

35. H. J. Deiseroth, J. Maier, K. Weichert, V. Nickel, S. T. Kong, and C.
Reiner, “Li;PSq and Lig PSsX (X: Cl, Br, I): Possible Three-Dimensional
Diffusion Pathways for Lithium Ions and Temperature Dependence of
the Ionic Conductivity by Impedance Measurements,” Zeitschrift fiir
anorganische und allgemeine Chemie 637, no. 10 (2011): 1287-1294, https://
doi.org/10.1002/zaac.201100158.

36. Y. Wang, H. Hao, K. G. Naik, et al., “Mechanical Milling—Induced
Microstructure Changes in Argyrodite LPSCl Solid-State Electrolyte
Critically Affect Electrochemical Stability,” Advanced Energy Materials 14
(2024): 2304530, https://doi.org/10.1002/aenm.202304530.

37. N. Minafra, S. P. Culver, T. Krauskopf, A. Senyshyn, and W. G. Zeier,
“Effect of Si Substitution on the Structural and Transport Properties of
Superionic Li-Argyrodites,” Journal of Materials Chemistry A 6 (2018):
645-651, https://doi.org/10.1039/C7TA08581H.

38.J. Hartel, A. Banik, J. M. Gerdes, et al., “Understanding Lithium-
Ion Transport in Selenophosphate-Based Lithium Argyrodites and Their
Limitations in Solid-State Batteries,” Chemistry of Materials 35, no. 12
(2023): 4798-4809, https://doi.org/10.1021/acs.chemmater.3c00658.

39. A. Gautam, M. Ghidiu, A.-L. Hansen, S. Ohno, and W. G. Zeier, “Sn
Substitution in the Lithium Superionic Argyrodite LisgPChsI (Ch =S and
Se),” Inorganic Chemistry 60 (2021): 18975-18980, https://doi.org/10.1021/
acs.inorgchem.1c02813.

40. S. T. Kong, H. J. Deiseroth, J. Maier, V. Nickel, K. Weichert, and C.
Reiner, “LigPOs Br and LigPO5 Cl: The First Lithium-Oxide-Argyrodites,”
Zeitschrift fiir anorganische und allgemeine Chemie 636, no. 11 (2010):
1920-1924, https://doi.org/10.1002/zaac.201000121.

41. A. Morscher, B. B. Duff, G. Han, et al., “Control of Ionic Conductivity
by Lithium Distribution in Cubic Oxide Argyrodites Lig,,P; SiyOsCL”
Journal of the American Chemical Society 144 (2022): 22178-22192, https://
doi.org/10.1021/jacs.2c09863.

42. A. Gautam, M. Ghidiu, E. Suard, M. A. Kraft, and W. G. Zeier, “On
the Lithium Distribution in Halide Superionic Argyrodites by Halide
Incorporation in Li; xPS¢xCly,” ACS Applied Energy Materials 4, no. 7
(2021): 7309-7315, https://doi.org/10.1021/acsaem.1c01417.

43. P. Adeli, J. D. Bazak, K. H. Park, 1. Kochetkov, A. Huq, and G. R.
Goward, “Boosting Solid-State Diffusivity and Conductivity in Lithium
Superionic Argyrodites by Halide Substitution,” Angewandte Chemie
International Edition 58, no. 26 (2019): 8681-8686, https://doi.org/10.1002/
anie.201814222.

44. S. V. Patel, S. Banerjee, H. Liu, et al., “Tunable Lithium-Ion Transport
in Mixed-Halide Argyrodites Lig_,PSs_,C1Br,: An Unusual Compositional
Space,” Chemistry of Materials 33 (2021): 1435-1443, https://doi.org/10.
1021/acs.chemmater.0c04650.

45. A. Gautam, H. Al-Kutubi, T. Famprikis, S. Ganapathy, and M.
Wagemaker, “Exploring the Relationship Between Halide Substitution,
Structural Disorder, and Lithium Distribution in Lithium Argyrodites
(Lig_xPSs_yBri,x),” Chemistry of Materials 35 (2023): 8081-8091, https://
doi.org/10.1021/acs.chemmater.3c01525.

46. S. Ohno, B. Helm, T. Fuchs, et al., “Further Evidence for Energy
Landscape Flattening in the Superionic Argyrodites Lig,yP;_xMySsI (M =
Si, Ge, Sn),” Chemistry of Materials 31 (2019): 4936-4944, https://doi.org/
10.1021/acs.chemmater.9b01857.

Small, 2026

11 of 12

8518017 SUOWIWIOD 8A 11810 3ot dde au Aq peusenob ae sajoliie YO ‘8sn JO SN 1oy Afeid18U1IUQ AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M ARe.q| Ul UO//Sdhy) SUORIPUOD Pue Swie | 8u) 88 *[9202/80/¢T] Uo AkiqiTauliuo AB|IM ‘ Bed AISIBAIUN BOIUYDS L - S9ed aXor AQ 0LTY.'|IUS/Z00T OT/I0p/W0D" AB 1M AeIq 1 pUI|UD//:SHNY WOJ) pepeojumoq ‘St ‘920 ‘6289ETIT


https://doi.org/10.1021/acs.jpcc.2c07910
https://doi.org/10.1021/acs.chemmater.1c01348
https://doi.org/10.3390/nano10081606
https://doi.org/10.1021/acsaem.8b01035
https://doi.org/10.1002/aenm.201903422
https://doi.org/10.1016/j.nanoen.2021.105858
https://doi.org/10.1039/d3ma01042b
https://doi.org/10.1039/d1ee00551k
https://doi.org/10.1007/s41918-020-00081-4
https://doi.org/10.1021/acs.chemrev.1c00594
https://doi.org/10.1021/acs.chemmater.0c03738
https://doi.org/10.1016/j.matt.2025.102135
https://doi.org/10.1002/anie.202404874
https://doi.org/10.1002/chem.200902470
https://doi.org/10.1016/j.jpowsour.2025.238175
https://doi.org/10.1002/adfm.202420971
https://doi.org/10.1021/acs.chemmater.4c02010
https://doi.org/10.1002/aesr.202200197
https://doi.org/10.1021/acs.chemmater.9b03852
https://doi.org/10.1002/aenm.202003369
https://doi.org/10.1002/zaac.201100158
https://doi.org/10.1002/aenm.202304530
https://doi.org/10.1039/C7TA08581H
https://doi.org/10.1021/acs.chemmater.3c00658
https://doi.org/10.1021/acs.inorgchem.1c02813
https://doi.org/10.1002/zaac.201000121
https://doi.org/10.1021/jacs.2c09863
https://doi.org/10.1021/acsaem.1c01417
https://doi.org/10.1002/anie.201814222
https://doi.org/10.1021/acs.chemmater.0c04650
https://doi.org/10.1021/acs.chemmater.3c01525
https://doi.org/10.1021/acs.chemmater.9b01857

47. M. A. Kraft, S. Ohno, T. Zinkevich, et al., “Inducing High Ionic
Conductivity in the Lithium Superionic Argyrodites Lig,,P;_ Ge,SsI for
All-Solid-State Batteries,” Journal of the American Chemical Society 140,
no. 47 (2018): 16330-16339, https://doi.org/10.1021/jacs.8b10282.

48. V. Faka, B. Samanta, M. A. Lange, et al., “Enhancing Ionic Conductiv-
ity in Lig,xGey,P;_4SsBr: Impact of Li+ Substructure on Ionic Transport
and Solid-State Battery Performance,” Journal of Materials Chemistry A
13 (2025): 17452-17466, https://doi.org/10.1039/d5ta01651g.

49. L. Zhou, A. Assoud, Q. Zhang, and X. Wu, “New Family of Argyrodite
Thioantimonate Lithium Superionic Conductors,” Journal of the Amer-
ican Chemical Society 141, no. 48 (2019): 19002-19013, https://doi.org/10.
1021/jacs.9b08357.

50. G. Sahu, E. Rangasamy, J. Li, et al., “A High-Conduction Ge Substi-
tuted Li3 AsS, Solid Electrolyte With Exceptional Low Activation Energy,”
Journal of Materials Chemistry A 2, no. 27 (2014): 10396-10403, https://doi.
org/10.1039/c4ta01243g.

51. G. Sahu, Z. Lin, J. Li, Z. Liu, N. Dudney, and C. Liang, “Air-Stable,
High-Conduction Solid Electrolytes of Arsenic-Substituted Li4SnS4,”
Energy & Environmental Science 7, no. 3 (2014): 1053-1058, https://doi.org/
10.1039/c3ee43357a.

52.J. Liang, N. Chen, X. Li, et al., “Li;o Ge(P;_xSby),S, Lithium-Ion Con-
ductors With Enhanced Atmospheric Stability,” Chemistry of Materials 32,
no. 6 (2020): 2664-2672, https://doi.org/10.1021/acs.chemmater.9b04764.

53. N. Minafra, M. A. Kraft, T. Bernges, et al., “Local Charge Inhomogene-
ity and Lithium Distribution in the Superionic Argyrodites LigPS;X (X =
Cl, Br, I),” Inorganic Chemistry 59 (2020): 11009-11019, https://doi.org/10.
1021/acs.inorgchem.0c01504.

54. N.J.J. De Klerk, I. Roston, and M. Wagemaker, “Diffusion Mechanism
of Li Argyrodite Solid Electrolytes for Li-Ion Batteries and Prediction of
Optimized Halogen Doping: The Effect of Li Vacancies, Halogens, and
Halogen Disorder,” Chemistry of Materials 28, no. 21 (2016): 7955-7963,
https://doi.org/10.1021/acs.chemmater.6b03630.

55. M. Miiller, H. Auer, A. Bauer, et al., “Guidelines to Correctly Measure
the Lithium Ion Conductivity of Oxide Ceramic Electrolytes Based on
a Harmonized Testing Procedure,” Journal of Power Sources 531 (2022):
231323, https://doi.org/10.1016/j.jpowsour.2022.231323.

56. A. Kuhn, O. Gerbig, C. Zhu, F. Falkenberg, J. Maier, and B. V.
Lotsch, “A New Ultrafast Superionic Li-Conductor: Ion Dynamics in
Lij;Si,PS), and Comparison With Other Tetragonal LGPS-Type Elec-
trolytes,” Royal Society of Chemistry 16 (2014): 14669-14674, https://doi.
org/10.1039/c4cp02046d.

57. A. Kuhn, V. Duppel, and B. V. Lotsch, “Tetragonal Li;,GeP,S;, and
Li;GePSg-Exploring the Li Ion Dynamics in LGPS Li Electrolytes,” Energy
& Environmental Science 6, no. 12 (2013): 3548-3552, https://doi.org/10.
1039/c3ee41728j.

58. V. Landgraf, M. Tu, W. Zhao, et al., “Disorder-Mediated Ionic Conduc-
tivity in Irreducible Solid Electrolytes,” Journal of the American Chemical
Society 147 (2024): 18840-18852, https://doi.org/10.1021/jacs.5c02784.

59. A. K. Lavrinenko, T. Famprikis, J. A. Quirk, et al., “Optimizing Ionic
Transport in Argyrodites: A Unified View on the Role of Sulfur/Halide
Distribution and Local Environments,” Journal of Materials Chemistry A
12 (2024): 26596-26611, https://doi.org/10.1039/d4ta04628e.

60. C. Scharp, H. Sargsyan, F. Polo, R. Johnston, and J. De France,
Arsenic Primer: Guidance on the Investigation and Mitigation of Arsenic
Contamination (United Nations Children’s Fund and the World Health
Organization, 2018).

61.J. Liu, Y. Lu, Q. Wu, R. A. Goyer, and M. P. Waalkes, “Mineral
Arsenicals in Traditional Medicines: Orpiment, Realgar, and Arsenolite,”
The Journal of Pharmacology and Experimental Therapeutics 326 (2008):
363-368, https://doi.org/10.1124/jpet.108.139543.

62. W. Y. Au and Y. L. Kwong, “Arsenic Trioxide: Safety Issues and Their
Management,” Acta Pharmacologica Sinica 29 (2008): 296-304, https://
doi.org/10.1111/j.1745-7254.2008.00771 X.

63. P. M. Finnegan and W. Chen, “Arsenic Toxicity: The Effects on Plant
Metabolism,” Frontiers in Physiology 3 (2012): 182, https://doi.org/10.3389/
fphys.2012.00182.

64. D. E. Carter, H. V. Aposhian, and A. J. Gandolfi, “The Metabolism
of Inorganic Arsenic Oxides, Gallium Arsenide, and Arsine: A Toxico-

chemical Review,” Toxicology and Applied Pharmacology 193, no. 3 (2003):
309-334, https://doi.org/10.1016/j.taap.2003.07.009.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File: sml174170-sup-0001-SuppMat.docx.

12 of 12

Small, 2026

8518017 SUOWIWIOD 8A 11810 3ot dde au Aq peusenob ae sajoliie YO ‘8sn JO SN 1oy Afeid18U1IUQ AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M ARe.q| Ul UO//Sdhy) SUORIPUOD Pue Swie | 8u) 88 *[9202/80/¢T] Uo AkiqiTauliuo AB|IM ‘ Bed AISIBAIUN BOIUYDS L - S9ed aXor AQ 0LTY.'|IUS/Z00T OT/I0p/W0D" AB 1M AeIq 1 pUI|UD//:SHNY WOJ) pepeojumoq ‘St ‘920 ‘6289ETIT


https://doi.org/10.1021/jacs.8b10282
https://doi.org/10.1039/d5ta01651g
https://doi.org/10.1021/jacs.9b08357
https://doi.org/10.1039/c4ta01243g
https://doi.org/10.1039/c3ee43357a
https://doi.org/10.1021/acs.chemmater.9b04764
https://doi.org/10.1021/acs.inorgchem.0c01504
https://doi.org/10.1021/acs.chemmater.6b03630
https://doi.org/10.1016/j.jpowsour.2022.231323
https://doi.org/10.1039/c4cp02046d
https://doi.org/10.1039/c3ee41728j
https://doi.org/10.1021/jacs.5c02784
https://doi.org/10.1039/d4ta04628e
https://doi.org/10.1124/jpet.108.139543
https://doi.org/10.1111/j.1745-7254.2008.00771.x
https://doi.org/10.3389/fphys.2012.00182
https://doi.org/10.1016/j.taap.2003.07.009

	Superionic Germanium Substituted Lithium Thioarsante Li6+xGexAs1-xS5Br Argyrodites With High Air Stability
	1 | Introduction
	2 | Result and Discussion
	2.1 | Ionic Transport
	2.2 | Molecular Dynamics Simulations
	2.3 | Air Stability
	2.4 | Battery Performance

	3 | Conclusion
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


