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ABSTRACT
All-solid-state batteries employing solid electrolytes offer improved safety and thermal stability compared to conventional lithium-
ion batteries. Among various solid electrolytes, Li-argyrodites are particularly attractive due to their high ionic conductivity and
favorablemechanical properties. In this study, we investigate the effect of borohydride (BH4

−) substitution on the structure and Li+

ion dynamics of Li-argyrodites (Li6PS5X, X=Cl−, BH4
−) using solid-stateNMR, pulsed field gradientNMR, and ab initiomolecular

dynamics to clarify the underlyingmechanism of conductivity enhancement. We show that BH4
− occupancy at both non-bridging

sulfur sites (Wyckoff 4a and 4d) promotes Li+ transport by inducing cage-size uniformity, which reduces energetic mismatch
between interconnected Li+ cages and enables continuous, long-range inter-cage diffusion. Moreover, BH4

− reorientation at these
sites is strongly coupled to Li+ transport, facilitating long-range diffusion via a paddle-wheel–like mechanism, whereas PS43−

reorientation does not significantly contribute to Li+ ion mobility. Finally, we demonstrate that strong interfacial contact and
efficient Li+ exchange at the cathode–electrolyte interphase are critical for optimizing solid electrolytes and achieving high-
performance all-solid-state batteries. Our findings elucidate the structural and dynamic origins of conductivity enhancement and
provide design principles for advanced solid electrolytes.
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Introduction

riven by global efforts toward carbon neutrality, lithium-ion
atteries (LIBs) have become essential for electric vehicles and
nergy storage systems due to their high gravimetric and volu-
etric energy densities [1]. However, safety concerns associated
ith flammable liquid electrolytes in conventional LIBs have
otivated growing interest in all-solid-state batteries (ASSBs)
sing solid electrolytes (SEs), which offer improved safety and
oonju Shin, Ji-Hoon Han, and Ji Seon Kim contributed equally to this work.

his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
2026 The Author(s). Small published by Wiley-VCH GmbH

mall, 2026; 0:e73722
ttps://doi.org/10.1002/smll.73722
thermal stability [2–7]. Moreover, by acting as both electrolyte
and separator, SEs can suppress dendrite growth, increase energy
density, and render ASSBs attractive for high-power energy
storage applications [8, 9]. ASSBs demand materials with high
ionic conductivity and high chemical and electrochemical sta-
bility. Sulfide-based SEs are particularly promising due to their
soft mechanical properties, good processability, and significantly
enhanced ionic conductivities at room temperatures [10, 11]. In
unsubstituted argyrodites Li PS , non-bridging S2− ions occupy
ommercial License, which permits use, distribution and reproduction in any
oses.
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FIGURE 1 Structural characterization by MAS NMR spectroscopy: (a) Schematic illustration of the coupling between polyanion rotation and Li+

ion migration. (b) XRD patterns. (c) Crystal structure of the argyrodite Li5PS4(BH4)2 with BH4
− occupancy at the 4a and 4d sites marked in different

colors. (d) 7Li, (e) 31P, and (f) 11B MAS NMR spectra of SE-high (red), SE-inter (blue), and SE-low (green).
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he 4a and 4d sites. By substituting S2− with halide anions,
i6PS5X (X = Cl, Br, I) exhibit significantly enhanced con-
uctivities up to 10 mS⋅cm−1, comparable to those of liquid
lectrolytes [12–17]. Li6PS5X possesses a cubic crystal structure
space group 𝐹4̄3𝑚), where P5+ and S2− occupy the 4b and
6e Wyckoff sites, forming [PS43−] tetrahedra [18, 19]. Li6PS5I
xhibits anion ordering between S2− occupying the 4d sites and
− occupying the 4a sites, due to the size mismatch (S2−: 1.84 Å,
−:2.16Å),which results in relatively low conductivity. In contrast,
i6PS5Br and Li6PS5Cl show disordered anion distributions at
he 4a/4d sites owing to the similar ionic radii (Br−: 1.95 Å,
l−: 1.81 Å), leading to higher conductivity [18, 20]. Moreover,
ubstitution of mixed halide (Br− and Cl−) or polyanion, such
s SO4

2−, PO4
3−, SiS4−, and BH4

−, further enhance the ionic
onductivities [21, 22]. Structural features such as Li+ and anion
ite disorder, anion polarizability, and lattice size and distortions
ave been suggested to affect the ionic conductivity of Li6PS5X
12, 23–26]. However, the role of polyanion substitution remains
ontroversial. The paddle-wheel mechanism has been proposed
or Li2SO4, Na3PO4, and Li3PS4, in which rotational disorder
f anions coincides with high cationic conductivity (Figure 1a)
27–30]. In contrast, based on molecular dynamic simulations,
of 12
Sun et al. have suggested that the increased conductivity of
BH4

− substituted argyrodite does not result from the rotation
or vibration of the BH4

− group, but rather from the weaker
electrostatic interaction between the Li+ and BH4

− groups [31].
To understand mechanisms influencing Li+ migration in SEs, it
is crucial to investigate ion dynamics across a wide range of time
and length scales, from the microscopic to the macroscopic.

In our earlier work, we reported that co-substitution of BH4
− (r

= 2.03 Å) and Cl− into argyrodites enhances ionic conductivity
with good cycling performance [32]. A systematic compositional
study (Li3PS4 + xLiBH4 + 0.5LiCl) showed that the conductivity
increases with BH4

− content, with a maximum at x = 2.0 [32].
Here, we elucidate the mechanism of conductivity enhancement
induced by BH4

− substitution. Based on previous compositional
variation studies, three representative samples were selected
for this work to examine the correlation between Li+ diffusion
and BH4

− dynamics: SE-high, with BH4
− occupying both 4a

and 4d sites and exhibiting the highest conductivity; SE-inter,
with BH4

− at both sites but lower occupancy and intermediate
conductivity; and SE-low, with BH4

− only at the 4a site and
the lowest conductivity [32, 33]. We employed solid-state NMR,
Small, 2026

e C
om

m
ons L

icense



TABLE 1 Sample characteristics.

Sample label
Molar ratio of LiBH4:

LiCla
Ionic conductivity, σ

(mS⋅cm−1) Lattice parameter, a (Å)b BH4
− site occupancyc

SE-high 2: 0.5 16.4 9.9636 4a (0.614) / 4d (0.535)
SE-inter 1.25: 0.75 7.9 9.9085 4a (0.380) / 4d (0.309)
SE-low 2.5: 0 0.7 10.0034 4a (0.36)

aThese values represent the molar ratio of LiBH4: LiCl added during the synthesis. Based on the Rietveld refinement of the XRD data (see Tables S1–S3), the
stoichiometries are estimated as Li5.35PS4.35(BH4)1.15Cl0.5 for SE-high, Li5.56PS4.56(BH4)0.69Cl0.75 for SE-inter, and Li6.64PS5.64(BH4)0.36 for SE-low.
bLattice parameter and site occupancy were obtained from Rietveld refinement using the 𝐹4̄3𝑚 (No. 216) space group (Tables S1–S3) [32, 33].
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hich probes fast motional processes (micro- to nanosecond
imescale) occurring on a microscopic length scale, and pulsed
ield gradient (PFG) NMR, which measures long-range transport
otion [34–37]. First-principles calculations were performed
o gain theoretical insights into Li+ diffusion. The structural
tability of argyrodites and cathode electrolyte interphase (CEI)
ere monitored by ex situ NMR of cycled samples. Overall, our
tudy on the correlation between the structure and dynamics of
rgyrodites provides not only important design principles for new
on conductors but also a fundamental understanding of diffusion
nd reorientational motions of ions.

Results and Discussion

.1 Structural Characterization

o study the effect of structural features on Li+ translational
otion, three argyrodites of Li7-x-yPS6-x-y(BH4)xCly were investi-
ated, displaying different conductivities and anion distributions
Table 1) [32, 33]. These samples are labeled SE-high, SE-inter, and
E-low according to their ionic conductivities, which range from
7 to 0.7 mS⋅cm−1. XRD results confirm that all samples contain
nly argyrodite-type phases (Figure 1b). Rietveld refinement
ndicates that the lattice parameter increases with substituted
H4

− content and that Cl− occupies both the 4a and 4d sites,
onsistent with previous Li6PS5Cl reports (Tables S1–S3) [37]. For
E-high and SE-inter, the BH4

− anion occupies both the 4a and 4d
ites (Figure 1c) [32], whereas in SE-low, the BH4

− anion is located
nly at the 4a site [33].

he local environments of Li+, PS43−, and BH4
− were investigated

sing 7Li, 31P, and 11B magic angle spinning (MAS) NMR spec-
roscopy. The 7LiNMR spectra (Figure 1d) of SE-high and SE-inter
xhibit a single narrow signal near 0.3 ppm, indicative of rapid
i+ motion. The 7Li signal of SE-low appears at 1.1 ppm with a
roader linewidth, implying decreased electrostatic interaction
etween Li+ and the anion framework, as well as reduced Li+
obility, which aligns with its low ionic conductivity [19]. 31P
AS NMR is sensitive to the types of anion substitution, anion
rdering, and distribution at the 4a and 4d sites, as well as Li
ation ordering [18, 20–22, 32, 33, 37]. Previously, 31P NMR signals
f PS43− unit were observed at ≈84, ≈90, ≈92, and ≈96 ppm for
i6PS5X with X = Cl−, BH4

−, Br−, and I−, respectively [18, 20–
2, 32, 33, 37]. In particular, Li6PS5I exhibits a sharp 31P signal
ue to the fully ordered structure between I− at the 4a sites and
2− at the 4d sites [18, 20]. The 31P NMR spectra of SE-high and
mall, 2026
SE-inter (Figure 1e) show a single, broad, Gaussian-like peak
centered at 87-89 ppm, corresponding to isolated PS43− tetrahedra
surrounded by randomly distributed S2−, Cl−, and BH4

− over the
4a and 4d sites. SE-low exhibits an even broader overlapping 31P
NMR signal, indicating increased structural disorder (Supporting
Information S1: Note S1). This is consistent with the reduced
crystallinity and higher defect density in SE-low, as indicated
by the broad XRD peaks. The 11B MAS NMR spectra (Figure 1f)
provide additional structural information, including BH4

− site
occupancy. For SE-high and SE-inter, asymmetric 11B NMR
signals are observed, which can be deconvoluted into distinct
peaks corresponding to BH4

− occupancy at the 4a (−42 ppm)
and 4d (−41 ppm) sites. The relative occupancy ratio of BH4

−

at the 4d/4a sites is approximately 0.84 [32]. In contrast, SE-low
yields a single symmetric 11B signal at -42 ppm, indicating BH4

−

occupancy only at the 4a site [33]. These are consistent with XRD
refinement results shown in Table 1.

2.2 Dynamics on a Microscopic Scale by
Solid-State NMR Spectroscopy

To investigate the local dynamics of the systems, we used static
NMR lineshape analysis and spin-lattice relaxation (SLR) time
(T1) measurements at various temperatures. Static NMR showed
narrow lineshapes without any anisotropy features even at 220
K, suggesting that rapid Li+ hopping and reorientation of PS43−
and BH4

− already occur even at such low temperatures (Figures
S1–S3) [20, 37].

Relaxation time, particularly T1 measurement, is a powerful
tool for probing local dynamics on the micro- to nanosecond
timescale, enabling characterization of Li+ ion hopping and
polyanion motion separately [34, 38, 39]. The influence of local
motion on long-range dynamics was examined through analysis
of the 7Li, 31P, and 11B SLR rates (≡1/T1) over a range of tempera-
tures (Figure 2a–c). First, Li+ jump processes of the three samples
were compared by the 7Li SLR rates. Plots of ln(1/T1) versus
inverse temperature show that the 7Li SLR rates increase with
temperature and pass through well-defined maxima, which are
characteristic of the diffusion-induced relaxation. At Tmax where
the SLR rate maxima appear, the motional correlation rate (𝜏−1𝑐 )
can be estimated from the Larmor frequency (ωL ) since ωL τc ≈

1, providing insight into the dynamics [40]. For SE-high, 𝜏−1𝑐 is
roughly 1.5 × 109 s−1 at Tmax = 322 K. Using the Nernst-Einstein
equation (Supporting Information S1: Note S2), σ of 15 mS cm−1

is estimated, which is in good agreement with the measured
3 of 12
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FIGURE 2 Dynamics on a microscopic scale by solid-state NMR spectroscopy: Logarithmic plots of the 7Li, 31P, and 11B SLR rates (1/T1) as a
function of inverse temperature for (a) SE-high, (b) SE-inter, and (c) SE-low. Normalized correlation rates of the motional processes derived from 7Li,
31P, and 11B SLR data for (d) SE-high, (e) SE-inter, and (f) SE-low.

c
T
i
p
h
t
r
S
a
t
i
a
m

T
t
d
P

w
β
c
t

4

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.73722 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [01/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
onductivity [35]. As the conductivities of the samples increase,
max shifts toward lower temperatures, that is, SE-low > SE-
nter > SE-high, suggesting an increase in Li+ dynamics [41]. In
articular, Tmax of SE-low is significantly higher than those of SE-
igh and SE-inter, in line with the conductivity of SE-low being
en times smaller than the other two samples. The 31P and 11B SLR
ate peaks occur at significantly lower temperatures than the 7Li
LR rate peak, suggesting faster spin fluctuations sensed by 31P
nd 11B compared to 7Li (Figure 2a–c). The concurrent shift of
he 7Li, 31P, and 11B SLR maxima toward lower temperatures with
ncreasing conductivity suggests that Li+ translational motion
nd PS43− /BH4

− reorientation may be influenced by similar
echanisms or structural factors.

o gain deeper understanding into the motional processes in
hese structurally complex systems, we analyzed the temperature
ependence of the SLR rate using a modified Bloembergen–
urcell–Pound (BPP) theory [40]:

1

𝑇1
≈

𝜏𝑐

1 + (𝜔𝐿 𝜏𝑐)
𝛽

(1)

here ωL is the Larmor frequency, τc the correlation time, and
the asymmetry parameter representing the degree of motional
orrelation (1 < β ≤ 2). For a thermally activated process,
he temperature dependence of 𝜏−1𝑐 is given by an Arrhenius
of 12
equation:

𝜏−1𝑐 = 𝜏−10 × 𝑒𝑥𝑝

(
−
𝐸𝑎
𝑅 𝑇

)
(2)

where Ea is the activation energy, R the gas constant, T the
temperature (K), and 𝜏−10 the pre-exponential factor. For three-
dimensional diffusion, the SLR rate becomes independent of
frequency in the high-temperature limit (ωL τc ≪ 1, 1/T1 = τc),
whereas the SLR rate exhibits frequency dependence in the
low-temperature limit (ωL τc ≫ 1, 1/T1 = (ωL)−β (τc)1−β). For
uncorrelated isotropic motion following ideal BPP behavior, the
SLR rate curve is symmetric (β= 2). By contrast, when the system
undergoes correlatedmotion, the SLR curve becomes asymmetric
and 1 < β < 2. This correlated motion is often observed in glassy
or amorphous ion conductors, where ions experience Coulombic
interactions or structural disorder [35, 42].

From the BPP fitting of 7Li SLR rate curves (Table 2), Ea of 0.27
and 0.29 eV were obtained for SE-high and SE-inter, respectively,
which are smaller than those reported for Li6PS5Cl (≈0.32 eV)
[20, 43]. This suggests that additional anion substitution with
BH4

− enhances Li+ mobility. The Ea increases in the order SE-
high < SE-inter < SE-low, consistent with conductivity behavior.
This parallel trend implies that the long-range ionic conduction
observed in impedance spectroscopy is related to the Li+ hopping
probed by SLR. Asymmetry parameters of ≈1.4 imply that Li+
hopping is governed by correlated motion. The 31P SLR rates
Small, 2026
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TABLE 2 Individual BPP fit results for 7Li, 31P, and 11B spin-lattice relaxation rates (1/T1).

Sample

7Li 31P 11B

Ea
(eV) β τ0−1(s−1) Tmax (K) Ea (eV) β τ0−1(s−1) Tmax (K) Ea (eV) β τ0−1(s−1) Tmax (K)

SE-high 0.27 1.4 5.4 × 1013 322 0.18 2 9.3 × 1012 274 0.28 1.2 2.8 × 1014 269
SE-inter 0.29 1.3 6.3 × 1013 328 0.16 1.9 3.0 × 1012 286 0.30 1.2 5.9 × 1014 274
SE-low 0.35 1.4 20 × 1013 361 0.16 1.8 1.7 × 1012 298 0.34 1.1 6.1 × 1014 298
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xhibit nearly symmetric peak shapes (β ≈2) with smaller Ea
han those of 7Li dynamics, whereas those from the 11B SLR plots
re comparable to those from the 7Li curves. The normalized
orrelation rates (τ0/τc) are plotted as a function of inverse
emperatures in Figure 2d–f. Several intriguing observations can
e made. First, the 7Li pre-exponential factor (𝜏−10 ) decreases (SE-
ow > SE-inter > SE-high) with increasing ionic conductivity
Table 2). Second, the 7Li and 11B pre-exponential factors follow
imilar trends across the samples (SE-low > SE-inter > SE-high),
hereas the 31P exhibits the opposite trend (SE-low < SE-inter <
E-high). Third, the normalized correlation rates for 7Li and 11B
re nearly identical, indicating similar temperature dependence,
hile that of 31P is larger and shows a distinct temperature
ependence. Since 𝜏−10 = 𝜈𝑝,0 exp(Δ𝑆∕𝑘𝐵 ), a decrease in 𝜏−10 of
Li indicates a reduction in either phonon frequency (νp,0) or
he migration entropy(ΔS) [20]. This interpretation is reasonable
iven that SE-high possesses a more ordered structure. The
nverse correlation between the 7Li pre-exponential factor and
he conductivity suggests that the enhanced conductivity does
ot originate from an increased frequency of local Li+ hopping
ttempts or from increased disorder. Instead, it implies that Li+
ransport becomes more effective through assistance from addi-
ional enthalpic contributions. The similar normalized jump rates
bserved for 7Li and 11B indicate comparable activation energies
or Li+ translational motion and BH4

− reorientation (Figure 2d–
). In contrast, 31P exhibits distinct behavior, suggesting that
S43− reorientation is governed by a different activation barrier
r motional constraint. These observations are consistent with a
addle-wheel transportmechanism, inwhich anion reorientation
romotes more efficient, correlated long-range Li+ transport.
pecifically, dynamic coupling between Li+ hopping and BH4

−

eorientation is likely to promote Li+ conduction in these SEs,
hereas PS43− reorientation does not significantly contribute to
nhanced Li+ transport [44–46]. Interestingly, the occupancy of
H4

− at both the 4a and 4d sites appears crucial for dynamic
oupling and enhanced Li+ transport. Systems with BH4

− occu-
ying both the 4a and 4d sites show higher Li+ mobility, while the
ystem with BH4

− only at the 4a site exhibits lower conductivity
Table 1). Previously,Wang et al. suggested that the full occupancy
f the 4a/4d Wyckoff sites by BH4

− is necessary for improved
onductivity [21]. At this stage, the influence of local defects and
ubstitution extent on conductivity cannot be ruled out.

.3 Structural and Dynamic Effects by
irst-Principles Calculations

o clarify the origin of the enhanced Li+ conductivity upon BH4
−

ubstitution in Li-argyrodite, DFT-based ab initio molecular
mall, 2026
dynamics (AIMD) simulations were carried out on simplified
model systems. In these models, BH4

− tetrahedra occupy both
the 4a and 4d sites, enabling isolation of the intrinsic effect of
BH4

− on Li+ transport without the influence of halide anions
(Figure 3a). The directional nature of BH4

− was accounted for by
considering multiple orientational configurations, which capture
distinct local structural environments (Figure S5) [47]. AIMD
simulations were performed for each model over 500–900 K,
and Li+ ion conductivities were obtained from Arrhenius fits
and extrapolated to 300 K (Figure 3b). The relative stabilities
(Erel) and corresponding conductivities of the four models are
summarized in Table S5. Based on these results, the bulk ionic
conductivity of Li5PS4(BH4)2 was estimated by a Boltzmann-
weighted average over the four configurations (details in Sup-
porting Information S1: Note S3) [48]. This approach captures
both the thermodynamic populations of the configurations and
their kinetic impact on Li+ transport. It is therefore well suited
to the present system, where multiple BH4

− orientational con-
figurations give rise to distinct energetics and Li+ transport
characteristics. To better align the AIMD-based prediction with
experimental microstructure, we further applied a crystallinity
correction introduced in the previous study (Figure S6) [48].
Given the bulky and orientational disorder associated with
BH4

−, we adopted a crystallinity fraction of χc = 60%. The
corrected Li+ ion conductivity, calculated using the formulation
in Supporting Information S1: Note S4, is reported in Table
S6. With this correction, the room-temperature conductivity
was estimated to be 7.2 mS⋅cm−1, more than twice that of
Li6PS5Cl (3.82 mS⋅cm−1) (Figure 3c, Table S7). Notably, this value
is in excellent agreement with the experimental measurement
(7.0 mS⋅cm−1), supporting the reliability of our computational
framework [47].

To rationalize the structural origin of this enhanced conductivity,
we examine the uniformity of Li+ cages surrounding the 4a
and 4d sites (details in SupportingInformation S1: Note S5).
Previous studies on argyrodite electrolytes have established that
minimizing the sizemismatch between these cages reduces inter-
cage diffusion barriers and facilitates long-range Li+ transport.
[48] In the BH4

− substituted system, the Li+ sublattice forms
an interconnected cage framework (Figure S7), with the size
difference between the 4a and 4d cages below 0.05 Å and a
small statistical dispersion (STD ≤ 0.054 Å; Table S8). Consistent
with this structural uniformity, the Li+ probability density reveals
a highly connected diffusion network (Figure 3d), while the
self-part van Hove correlation function shows long-range Li+
displacements on short timescales (Figure 3e). These features
collectively identify cage-size uniformity as a key static factor
enabling fast Li+ transport in Li5PS4(BH4)2.
5 of 12
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FIGURE 3 Structural and dynamic effects by First-principles calculations: (a) Crystal structure of argyrodite Li5PS4(BH4)2 with BH4
− tetrahedra

occupying both 4a and 4d sites. Arrhenius plots of Li+ ion diffusivities from AIMD simulations of (b) Li5PS4(BH4)2 (500–900 K) and (c) Li6PS5Cl
(600–1200 K) extrapolated to 300 K. Four structural models with different site-disorder configurations are compared. (Figure S5) (d) Isosurface of Li+

ion probability density for Li5PS4(BH4)2. (e) Self part of the van Hove correlation indicating inter-cage diffusion. (f) Trajectories of a single H atom
within a BH4

− tetrahedron and P and S atoms in a PS43− tetrahedron. (g) Definition of BH4
− rotation angle (θ) and the Li-BH4 distance and their time

evolution. The selected Li-BH4 distance (black, Li#14–B#20) and BH4
− rotation angles (dashed red lines) referenced to t = 0. Distance and angle data

are smoothed with an 1 ps moving average, and the shaded region highlights a time interval in which BH4
− reorientation coincides with stepwise Li+

hopping, consistent with a paddle-wheel-like transport behavior.
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eyond static structural effects, we examined dynamic contri-
utions to Li+ mobility in Li5PS4(BH4)2. Recent studies have
hown that PS3−4 units in Li-argyrodites primarily exhibit vibra-
ional motion rather than paddle-wheel-like rotations [49–53].
y contrast, rotational dynamics of BH4

− tetrahedra have been
eported in pseudohalide-substituted systems [31]. In those
tudies, however, the associated conductivity enhancement was
ainly interpreted in terms of weakened Li+–BH4

− electrostatic
nteractions, leaving the direct coupling between BH4

− rotation
of 12
and Li+ migration unresolved. Consistent with these reports, our
AIMD trajectories show that PS43− units remain vibrationally
constrained, whereas BH4

− tetrahedra undergo pronounced rota-
tional reorientation on the simulation timescale (Figure 3f, Video
S1). To quantify the impact of BH4

− rotation on Li+ transport,
additional AIMD simulations were conducted in which the rota-
tional degrees of freedom of BH4

− were artificially constrained.
Under these conditions, the Li+ diffusivity is reduced by nearly
half relative to the fully dynamic system (Table S9), underscoring
Small, 2026
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he critical role of BH4
− rotationalmotion. Time-resolved analysis

urther reveals that BH4
− reorientation events are temporally

orrelated with stepwise Li+ hopping between neighboring cages
Figure 3g). This temporal coincidence indicates that BH4

−

nits act in a paddle-wheel-like manner, transiently facilitat-
ng Li+ hopping between adjacent cages. Additional statistical
nalysis further supports this interpretation, confirming that
he observed correlation is not limited to a single illustrative
vent but represents a recurring dynamical feature of the system
Table S10 and Figure S8). Taken together, these results suggest
hat the exceptional ionic conductivity of Li5PS4(BH4)2 arises
rom the synergistic interplay between cage-size uniformity and
ynamically active BH4

− reorientation.

.4 Dynamics on a Macroscopic Scale by PFG
MR Spectroscopy

FG NMR probes ionic diffusion on a macroscopic length scale
nd on the time scale of approximately seconds, providing infor-
ation more directly related to ion conductivity [54–59]. Under
he influence of a field gradient, the spin-echo signal intensity
ecays as a function of the diffusion coefficient (D), magnetogyric
atio (γ), gradient strength (g), gradient pulse duration (δ), and
he time interval between two gradient pulses (diffusion time, Δ),
ccording to the Stejskal-Tanner equation [36, 60]:

𝐼 = 𝐼0 exp (−𝐷𝐵) , B = 𝛾2𝑔2𝛿2
(
Δ − 𝛿

3

)
(3)

single exponential decay function can describe the signal
ttenuation if the system follows a normal diffusion process,
omplying with Fick’s law, which is typically observed in low-
oncentration electrolytes for lithium-ion batteries. Any devia-
ion from a single exponential decay curve indicates that the
ystem displays anomalous diffusion (e.g., restricted diffusion)
r there exists a distribution in the diffusivity across the sample
olume involving different translation mobilities (e.g., multi-
hase diffusion) [35, 61]. For multiphase diffusion, Equation (3)
s extended as a sum of individual motional processes:

𝐼 = 𝐼0
∑
𝑘

𝑝𝑘 exp (−𝐷𝑘𝐵) (4)

here pk is the relative fraction of each motional component
ith diffusion coefficient Dk [61]. Such multiphase behavior in
erms ofmobility has been observed in polymers, gels, and porous
aterials [62, 63].

he Stejskal-Tanner plots of SE - high and SE - inter, presented
s logarithm signal intensity versus gradient factor (B), show
onlinear behavior, indicating that multiple motional processes
ith different translational mobilities exist (Figure 4a, Figure
9) [35, 36, 61, 62]. All samples show Δ-dependence; that is,
he diffusion coefficients decrease with the diffusion time and
each plateau at Δ ≥ 50 ms, indicating restricted or constrained
iffusion [35, 61, 63, 64]. Through a stepwise least-squares fitting
rocedure at Δ = 50 ms (Figure S10), two distinct motional
rocesses with high and low diffusivities can be identified. We
ssign the fast and slow motional component to intragranular
iffusion (within individual grains) and intergranular diffusion
mall, 2026
(involving grain boundary crossing), respectively (Figure 4c) [65].
The diffusion coefficients of the fast and slow components, as
well as the average diffusivities (taking into account the relative
fraction of each component), are higher for SE-high than for SE-
inter (Figure 4d, Table S11). Li+ diffusion of SE-low is too slow to
be measured at room temp. Activation energies for Li+ diffusion
(Figures S11–S15) follow the order: SE-high < SE-inter < SE-
low (Figure 4e, Table S11), which agrees with the Ea from SLR
analysis. This suggests that the long-range motion represented
by diffusivity is linked to the local motion captured by solid-state
NMR.

The anomalous diffusion with multiphase behavior can be
attributed to the structural complexity of the argyrodites, con-
taining grain boundaries and particle agglomerates. To verify our
assignment of motional components, PFG NMR measurements
were performed on pellet-pressed SE-high samples: one by cold-
pressing at room temperature (SE-high-cp), as used for the
impedance measurements, and the other by hot-pressing with
sintering at 120◦C (SE-high-hp). The pressed samples show an
almost linear Stejskal-Tanner plot with minimal Δ-dependence
and a significant increase in the diffusion coefficients for both
the fast and slow components, as well as in the average values
(Figure 4b,d, Figures S9–S10). Particularly interesting is that the
fraction of the slow-diffusion component increases from 16%
in the powder to 45% and 55% in the cold-pressed and hot-
pressed samples, respectively (Figure 4d). This trend confirms
that the fast and slow motional processes indeed correspond to
intragranular and intergranular Li+ diffusion, respectively, and
demonstrates that pressing the argyrodite powders reinforces
particle contact and reduces grain boundary resistance, thereby
promoting intergranular Li+ transport. The highest ionic con-
ductivity of 26.1 mS⋅cm−1 was achieved for SE-high-hp. Our
results demonstrate that simultaneous pressing and sintering
form more intimate and continuous grain interfaces, enhancing
Li+ ion diffusivity. Consistent results were observed in the SEM
(Figure 4f, Figure S16). Average displacement of Li+, estimated
from (2Dt)1/2, is ∼0.9 µm for SE-high, comparable to the par-
ticle size distribution. The SE-high-hp reveals fused particles,
supporting the reduced Δ-dependence and enhanced Li+ ion
diffusivity.

2.5 Behavior at the Cathode and Electrolyte
Interphase: Cycled Samples

As reported previously, an ASSB assembled with a SE-high, Li-
In anode, and LiNbO3-coated NCM811 cathode showed good
electrochemical performance, retaining 96% reversible discharge
capacity after 100 cycles at a 1C rate and 30◦C (Figure 5a) [32].
To investigate structural changes in SEs and the CEI formation
during charging/discharging, ex situ MAS NMR spectra were
compared at various states of charge during the second charging
step (Figure 5b). Cells were assembled specially using LCO
cathode because lower paramagnetism of LCO enables clear
distinction between the 7Li signals of the SE and the cathode.
For the SE area (Figure 5c), 7Li, 31P, and 11B MAS NMR spectra
(Figure 5d, Figure S17a,b) show no significant changes during
the charging process, indicating structural stability upon cycling.
For the cathode area, two discrete 7Li NMR signals are observed
near 0.4 and−0.4 ppm (Figure 5e,f), corresponding to the SE-high
7 of 12
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FIGURE 4 Dynamics on a macroscopic scale by PFG NMR spectroscopy: Logarithmic plots of NMR signal intensities versus the gradient factor,
B, obtained at 298 K with varying diffusion times (Δ) for (a) SE-high and (b) SE-high-hp. (c) Schematic illustration of Li+ diffusion occurring within
the individual grain interior (intragranular diffusion) and involving grain boundary crossing (intergranular diffusion). (d) Comparison of diffusion
coefficients and the fraction of intergranular diffusion. (e) Activation energies for Li+ diffusion derived from the temperature dependence of the diffusion
coefficients. (f) Comparison of SEM images of SE-high (top) and SE-high-hp (bottom). For SE-high-hp, the hot-pressed pellet was fractured, and the
image was taken from the cross-sectional side view.
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lectrolyte and the LCO cathode, respectively. As charging pro-
eeds, the signal at−0.4 ppmdisappears, and a newparamagnetic
ignal appears at a higher frequency, followed by a gradual shift
oward ∼100 ppm due to the oxidation of Co3+ to Co4+ at the
athode [66]. In addition, the 7Li NMR signal in the diamagnetic
egion (∼0 ppm) exhibits a significant line broadening, with a
radual increase in linewidth as the states of charge increase
Figure 5f). This is in stark contrast to the SE area. The line
roadening of the cathode area can be attributed to: (1) interac-
ions with Co4+ and the enhanced bulk magnetic susceptibility;
2) formation of new species at the CEI; and (3) promoted
xchange of Li+ ions. To identify the cause of the spectral changes,
7Li-7Li two-dimensional (2D) exchange experiment (EXSY)
as conducted on the 25% charged cathode area sample. 2D
MR enables the investigation of Li+ exchange between different
ites and also improves spectral resolution. Along the diagonal,
he paramagnetic LCO region (∼60 ppm) exhibits a broad,
omogeneous 7Li signal (Figure 5g). By contrast, the diamagnetic
egion (∼0 ppm) shows a star-shaped signal, reflecting the high
i+mobility in the argyrodite phase,which produces a Lorentzian
ineshape and results in the characteristic star-shaped features
pon 2D Fourier transformation. In the cross-sections along the
2 dimension (Figure 5h), the additional signals can be assigned
o LiCl (−1.1 ppm; top slice) and to Li2S and Li3PS4 (2.3 and
.9 ppm, respectively; bottom slice); the corresponding reference
pectra are shown in Figure S18. These species correspond to the
of 12
CEI formed after the first cycle. In addition, significant cross-peak
intensities are observed, suggesting fast Li+ ion exchange between
the SE, cathode, and CEI. Facile Li+ ion transport at the interface
is known to be critical for solid-state battery performance, but,
often degrades during cycling [67, 68]. Our results reveal that
BH4

−substituted argyrodites form a CEI that enables efficient Li+
ion transport across SE-CEI-cathode, thereby leading to stable
cycling performance. Furthermore, the 11B and 31P MAS NMR
spectra of the cathode area display no noticeable changes (Figure
S17c,d), indicating that the SE maintains its structural integrity
with only minor CEI formation. Argyrodite-type SEs (Li6PS5Cl)
are known to have a limited electrochemical stability window.
It has been reported that at high potentials, Li6PS5Cl undergoes
oxidative decomposition into Li3PS4, LiCl, S, and P2S5 during
the charge cycle and subsequent reduction into Li2S and Li3P
during the discharge cycle [69–73]. Our results demonstrate
that the SSE based on the BH4

− substituted argyrodite remains
structurally stable during cycling, accompanied by the formation
of a Li+ conducting CEI during the initial charge/discharge
cycle. This formation of CEI products likely originates from
the decomposition of a small fraction of the solid electrolyte at
the immediate interface and appears to be self-limiting, thereby
preserving the bulk of the electrolyte. This behavior is consistent
with our previous report, in which cells employing the SE-high
electrolyte exhibited improved cycling stability, suggesting the
formation of a stable, passivating interphase [32].
Small, 2026
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FIGURE 5 Behavior at the cathode and electrolyte interphase: (a) Cycling performance ofASSB composed ofNCM811 cathode/SE-high electrolyte/
Li-In anode for 100 cycles at 1C rate and 30◦C.Activematerial loading is 8mg/cm2. Cut-off voltage is between 2.0 and 3.7 V (versus Li+/Li–In). (b) Voltage
profile of the ASSB composed of LCO cathode/SE-high electrolyte/ Li-In anode designed for ex situ NMR measurements. Active material loading is
40.7 mg/cm2 for a sufficient signal-to noise ratio in the NMR analysis. State of charge at which the cells were stopped for ex situ NMRmeasurements is
markedwith the star symbols. (c) Schematic of the ASSB configuration. Samples from the cathode area and the solid electrolyte (SE) area were separately
extracted for subsequent NMR measurements. The cathode area contains both LCO and argyrodite (SE-high). (d) Ex situ 7Li MAS NMR spectra of the
SE area at various states of charge. (e) Ex situ 7Li MAS NMR spectra of the cathode area at different states of charge. (f) Expanded view of (e), showing
only the diamagnetic region. (g) 7Li-7Li magnetization exchange NMR spectrum of the cathode area at 25% state of charge. (h) Expanded view of (g),
focusing on the diamagnetic region. Slices along the F2 dimension are displayed on the right-hand side of the 2D spectrum, with the positions of the
diagonal signal indicated by asterisks on the slices.

Small, 2026 9 of 12

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.73722 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [01/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3

I
t
s
a
B
t
C
d
t
s
s
m
t
M
h
m
a
t
P
(
i
s
i
t
f
e
s
t
p
p
i
v
s
i

A

T
R
P
t

C

T

D

T
c

R

P
(

2
i
(

1

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.73722 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [01/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
Conclusion

n this work, we studied the effects of BH4
− substitution on

he structure and Li+ ion dynamics in argyrodite-type (Li6PS5X)
olid-state electrolytes by using solid-state NMR spectroscopy
nd molecular dynamics simulations. MAS NMR distinguishes
H4

− site occupancy at different crystallographic sites and reveals
he extent of structural ordering in BH4

− substituted argyrodites.
ontrary to the conventional hypothesis that higher structural
isorder leads to higher ionic conductivity, our results show
hat simultaneous BH4

− occupancy at both the 4a and 4d
ites is critical for achieving high Li+ conductivity. This dual-
ite occupancy induces cage-size uniformity, reduces energetic
ismatch between inter-connected Li+ cages, and enables con-
inuous, long-range Li+ diffusion through the inter-cage network.
oreover, dynamic coupling between BH4

− reorientation and Li+
opping further promotes Li+ transport via paddle–wheel-like
echanism, highlighting the cooperative roles of site occupancy
nd anion dynamics in enhancing ionic conduction. In con-
rast, PS43− reorientation plays a negligible role in Li+ mobility.
FG NMR identifies Li+ ion transport occurring within grains
intragranular diffusion) and involving grain boundary cross-
ng (intergranular diffusion). The sample fabrication involving
imultaneous thermal treatment and pellet pressing significantly
mproves microstructural connectivity and interfacial stabiliza-
ion, thereby enhancing the bulk Li+ ion diffusion. Finally, the
ormation of a Li2S/LiCl-based CEI during the initial cycling
nables rapid Li+ exchange between the cathode, CEI, and
olid electrolytes, while maintaining the structural stability of
he SE, thereby contributing to the excellent electrochemical
erformance of BH4

− substituted argyrodites. Overall, our study
rovides crucial insights into the role of local polyanion dynamics
n affecting long-range Li+ ion transport. These findings offer
aluable design principles for developing next-generation solid-
tate electrolytes with enhanced ionic conductivity and stable
nterfacial properties.

cknowledgements

his work was supported by the Basic Science Research Program (No.
S-2023-NR076505) and Nano and Materials Technology Development
roject (No. RS-2024-00405185) through the National Research Founda-
ion, funded by the Ministry of Science and ICT, South Korea.

onflicts of Interest

he authors declare no conflicts of interest.

ata Availability Statement

he data that support the findings of this study are available from the
orresponding author upon reasonable request.

eferences

1. S. Pacala and R. Socolow, “Stabilization Wedges: Solving the Climate
roblem for the Next 50 Years with Current Technologies,” Science 305
2004): 968–972, https://doi.org/10.1126/science.1100103.

. C. Sun, J. Liu, Y. Gong, D. P.Wilkinson, and J. Zhang, “RecentAdvances
n All-Solid-State Rechargeable Lithium Batteries,” Nano Energy 33
2017): 363–386, https://doi.org/10.1016/j.nanoen.2017.01.028.
0 of 12
3. J. Janek and W. G. Zeier, “A Solid Future for Battery Development,”
Nature Energy 1 (2016): 16141, https://10.1038/nenergy.2016.141.

4. N. Kamaya, K. Homma, Y. Yamakawa, et al., “A Lithium Superi-
onic Conductor,” Nature Materials 10 (2011): 682–686, https://10.1038/
nmat3066.

5. J. Wu, L. Shen, Z. Zhang, et al., “All-Solid-State Lithium Batteries with
Sulfide Electrolytes andOxide Cathodes,” Electrochemical Energy Reviews
4 (2021): 101–135, https://doi.org/10.1007/s41918-020-00081-4.

6. G. Cen, H. Yu, R. Xiao, et al., “Adaptive Interphase Enabled Pressure-
Free All-Solid-State Lithium Metal Batteries,” Nature Sustainability 8
(2025): 1360–1370, https://doi.org/10.1038/s41893-025-01649-y.

7. H. Wan, C. Chen, N. Zhang, S. Huang, and X. Yao, “Potential-
Driven Selective Na Metal Deposition-Enabled Interphase with High
Lithium Dendrite Suppression Capability,” Journal of the American
Chemical Society 147 (2025): 44852–44859, https://doi.org/10.1021/jacs.
5c12341.

8. H. Huo, Y. Chen, R. Li, et al., “Design of a Mixed Conductive
Garnet/Li Interface for Dendrite-Free Solid Lithium Metal Batteries,”
Energy & Environmental Science 13 (2020): 127–134, https://doi.org/10.
1039/c9ee01903k.

9. Y.-G. Lee, S. Fujiki, C. Jung, et al., “High-Energy Long-Cycling
All-Solid-State Lithium Metal Batteries Enabled by Silver–Carbon Com-
posite Anodes,” Nature Energy 5 (2020): 299–308, https://doi.org/10.1038/
s41560-020-0575-z.

10. J. Wu, S. Liu, F. Han, X. Yao, and C. Wang, “Lithium/Sulfide all-Solid-
State Batteries Using Sulfide Electrolytes,” Advanced Materials 33 (2021):
2000751, https://doi.org/10.1002/adma.202000751.

11. Y. Kato, S. Hori, T. Saito, et al., “High-Power all-Solid-State Batteries
Using Sulfide Superionic Conductors,” Nature Energy 1 (2016): 16030,
https://doi.org/10.1038/nenergy.2016.30.

12. M. A. Kraft, S. P. Culver, M. Calderon, et al., “Influence of Lattice
Polarizability on the Ionic Conductivity in the Lithium Superionic
Argyrodites Li 6 PS 5 X (X = Cl, Br, I),” Journal of the American Chemical
Society 139 (2017): 10909–10918, https://doi.org/10.1021/jacs.7b06327.

13. C. Yu, S. Ganapathy, J. Hageman, et al., “Facile Synthesis toward the
Optimal Structure-Conductivity Characteristics of the Argyrodite Li 6 PS
5 Cl Solid-State Electrolyte,”ACSAppliedMaterials & Interfaces 10 (2018):
33296–33306, https://doi.org/10.1021/acsami.8b07476.

14. C. Yu, Y. Li, M. Willans, et al., “Superionic Conductivity in Lithium
Argyrodite Solid-State Electrolyte byControlledCl-Doping,”NanoEnergy
69 (2020): 104396, https://doi.org/10.1016/j.nanoen.2019.104396.

15. C. Yu, J. Hageman, S. Ganapathy, et al., “Tailoring Li6 PS5Br Ionic
Conductivity and Understanding of Its Role in Cathode Mixtures for
High Performance All-Solid-State Li–S Batteries,” Journal of Materials
Chemistry A 7 (2019): 10412–10421, https://doi.org/10.1039/c9ta02126d.

16. C. Yu, S. Ganapathy, E. R. H. van Eck, et al., “Revealing the Relation
between the Structure, Li-IonConductivity and Solid-State Battery Perfor-
mance of the Argyrodite Li6PS5 Br Solid Electrolyte,” Journal of Materials
Chemistry A 5 (2017): 21178–21188, https://doi.org/10.1039/C7TA05031C.

17. C. Yu, Y. Li, W. Li, et al., “Enabling Ultrafast Ionic Conductivity in
Br-Based Lithium Argyrodite Electrolytes for Solid-State Batteries with
Different Anodes,” Energy Storage Materials 30 (2020): 238–249, https://
doi.org/10.1016/j.ensm.2020.04.014.

18. H. J. Deiseroth, S. T. Kong, H. Eckert, et al., “Li6PS5X: a Class
of Crystalline Li-Rich Solids with an Unusually High Li + Mobility,”
Angewandte Chemie International Edition 47 (2008): 755–758, https://doi.
org/10.1002/anie.200703900.

19. P. Adeli, J. D. Bazak, K. H. Park, et al., “Boosting Solid-State Diffusivity
and Conductivity in Lithium Superionic Argyrodites by Halide Substi-
tution,” Angewandte Chemie International Edition 58 (2019): 8681–8686,
https://doi.org/10.1002/anie.201814222.

20. I. Hanghofer, M. Brinek, S. L. Eisbacher, et al., “Substitutional
Disorder: Structure and Ion Dynamics of the Argyrodites Li6PS5Cl,
Small, 2026

e C
om

m
ons L

icense

https://doi.org/10.1126/science.1100103
https://doi.org/10.1016/j.nanoen.2017.01.028
https://10.1038/nenergy.2016.141
https://10.1038/nmat3066
https://doi.org/10.1007/s41918-020-00081-4
https://doi.org/10.1038/s41893-025-01649-y
https://doi.org/10.1021/jacs.5c12341
https://doi.org/10.1039/c9ee01903k
https://doi.org/10.1038/s41560-020-0575-z
https://doi.org/10.1002/adma.202000751
https://doi.org/10.1038/nenergy.2016.30
https://doi.org/10.1021/jacs.7b06327
https://doi.org/10.1021/acsami.8b07476
https://doi.org/10.1016/j.nanoen.2019.104396
https://doi.org/10.1039/c9ta02126d
https://doi.org/10.1039/C7TA05031C
https://doi.org/10.1016/j.ensm.2020.04.014
https://doi.org/10.1002/anie.200703900
https://doi.org/10.1002/anie.201814222


L
8

2
H
M

2
S
M

2
o
O
H
d

2
i
C
1

2
“
S
J
C
0

2
O
L
1

2
M
A
1

2
L
(

2
i
S
2

3
“
R
d

3
a
r
0

3
h
H

3
B
h

3
L
S
5

3
M
5

3
M
C
c

T

S

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.73722 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [01/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

r

i6PS5Br, and Li6PS5I,” Physical Chemistry Chemical Physics 21 (2019):
489–8507, https://doi.org/10.1039/C9CP00664H.

1. P. Wang, S. Patel, H. Liu, et al., “Configurational and Dynamical
eterogeneity in Superionic Li5.3PS4.3Cl1.7−xBrx,” Advanced Functional
aterials 33 (2023): 2307954, https://doi.org/10.1002/adfm.202307954.

2. P. Wang, H. Liu, S. Patel, et al., “Dual Polyanion Mechanism for
uperionic Transport in BH 4 -Based Argyrodites,” Advanced Energy
aterials 14 (2024): 2401549, https://doi.org/10.1002/aenm.202401549.

3. N. J. J. de Klerk, I. Rosłoń, andM.Wagemaker, “DiffusionMechanism
f Li Argyrodite Solid Electrolytes for Li-Ion Batteries and Prediction of
ptimized Halogen Doping: the Effect of Li Vacancies, Halogens, and
alogen Disorder,” Chemistry of Materials 28 (2016): 7955–7963, https://
oi.org/10.1021/acs.chemmater.6b03630.

4. N.Minafra,M. A. Kraft, T. Bernges, et al., “Local Charge Inhomogene-
ty and Lithium Distribution in the Superionic Argyrodites Li6PS5X (X =
l, Br, I),” Inorganic Chemistry 59 (2020): 11009–11019, https://doi.org/10.
021/acs.inorgchem.0c01504.

5. M. Brinek, C.Hiebl, K.Hogrefe, I. Hanghofer, andH.M. R.Wilkening,
Structural Disorder in Li6 PS5I Speeds 7Li Nuclear Spin Recovery and
lows down 31P Relaxation–Implications for Translational and Rotational
umps as Seen by Nuclear Magnetic Resonance,” The Journal of Physical
hemistry C 124 (2020): 22934–22940, https://doi.org/10.1021/acs.jpcc.
c06090.

6. M. Brinek, C. Hiebl, and H. M. R. Wilkening, “Understanding the
rigin of Enhanced Li-Ion Transport in Nanocrystalline Argyrodite-Type
i6PS5I,” Chemistry of Materials 32 (2020): 4754–4766, https://doi.org/10.
021/acs.chemmater.0c01367.

7. M. Jansen, “Volume Effect or Paddle-WheelMechanism—Fast Alkali-
etal Ionic Conduction in Solids with Rotationally Disordered Complex
nions,” Angewandte Chemie International Edition in English 30 (1991):
547–1558, https://doi.org/10.1002/anie.199115471.

8. L. Karlsson and R. L. McGreevy, “Mechanisms of Ionic Conduction in
i2SO4 and LiNaSO4: Paddle Wheel or Percolation?,” Solid State Ionics 76
1995): 301–308, https://doi.org/10.1016/0167-2738(94)00278-Z.

9. D. Wilmer, K. Funke, M. Witschas, et al., “Anion Reorientation
n an Ion Conducting Plastic Crystal—Coherent Quasielastic Neutron
cattering from Sodium Ortho-Phosphate,” Physica B: Condensed Matter
66 (1999): 60–68, https://doi.org/10.1016/S0921-4526(98)01494-X.

0. Z. Zhang, H. Li, K. Kaup, L. Zhou, P.-N. Roy, and L. F. Nazar,
Targeting Superionic Conductivity by Turning on Anion Rotation at
oom Temperature in Fast Ion Conductors,”Matter 2: 1667–1684, https://
oi.org/10.1016/j.matt.2020.04.027.

1. Y. Sun, B. Ouyang, Y. Wang, et al., “Enhanced Ionic Conductivity
nd Lack of Paddle-Wheel Effect in Pseudohalogen-Substituted Li Argy-
odites,”Mater 5 (2022): 4379–4395, https://doi.org/10.1016/j.matt.2022.08.
29.

2. J. H. Han, D. K. Kim, Y. J. Lee, Y. S. Lee, K.W. Yi, and Y.W. Cho, “Boro-
ydride and Halide Dual-Substituted Lithium Argyrodites,” Materials
orizons 11 (2024): 251–261, https://doi.org/10.1039/d3mh01450a.

3. J. H. Han, Y. Shin, Y. J. Lee, et al., “WetMechanochemical Synthesis of
H4 -Substituted LithiumArgyrodites,” Small Methods 9 (2025): 2401046,
ttps://doi.org/10.1002/smtd.202401046.

4. M. Wilkening and P. Heitjans, “From Micro to Macro: Access to
ong-Range Li+ Diffusion Parameters in Solids via Microscopic 6, 7Li
pin-Alignment Echo NMR Spectroscopy,” Chemphyschem 13 (2012):
3–65, https://doi.org/10.1002/cphc.201100580.

5. P. Heitjans and J. Karger, Diffusion in Condensed Matter, Methods,
aterials, Models (Springer, 2005), https://doi.org/10.1007/3-540-30970-
.

6. K. S. Han, J. D. Bazak, Y. Chen, et al., “Pulsed Field Gradient Nuclear
agnetic Resonance and Diffusion Analysis in Battery Research,”
hemistry of Materials 33 (2021): 8562–8590, https://doi.org/10.1021/acs.

hemmater.1c02891.

mall, 2026

eat
37. R. Schlenker, A.-L. Hansen, A. Senyshyn, et al., “Structure and
Diffusion Pathways in Li6PS5Cl Argyrodite from Neutron Diffraction,
Pair-Distribution Function Analysis, and NMR,” Chemistry of Materials
32 (2020): 8420–8430, https://doi.org/10.1021/acs.chemmater.0c02418.

38. R. K. Harris, Nuclear Magnetic Resonance Spectroscopy, a Physicao-
chemical View (Longman Scientific & Technical, 1986).

39. C. P. Slichter, Principles ofMagnetic Resonance (Springer-Verlag, 1992).

40. N. Bloembergen, E. M. Purcell, and R. V. Pound, “Relaxation Effects
in Nuclear Magnetic Resonance Absorption,” Physical Review 73 (1948):
679–712, https://doi.org/10.1103/PhysRev.73.679.

41. V. Epp, Ö. Gün, H.-J. Deiseroth, and M. Wilkening, “Highly Mobile
Ions: Low-Temperature NMR Directly Probes Extremely Fast Li+ Hop-
ping in Argyrodite-Type Li6 PS5Br,” The Journal of Physical Chemistry
Letters 4 (2013): 2118–2123, https://doi.org/10.1021/jz401003a.

42. M. Meyer, P. Maass, and A. Bunde, “Spin-lattice Relaxation:
Non-Bloembergen-Purcell-Pound Behavior by Structural Disorder and
Coulomb Interactions,” Physical Review Letters 71 (1993): 573–576, https://
doi.org/10.1103/PhysRevLett.71.573.

43. I.Hanghofer, B.Gadermaier, andH.M.R.Wilkening, “Fast Rotational
Dynamics in Argyrodite-Type Li6PS5X (X: Cl, Br, I) as Seen by 31P
Nuclear Magnetic Relaxation—On Cation–Anion Coupled Transport in
Thiophosphates,”Chemistry of Materials 31 (2019): 4591–4597, https://doi.
org/10.1021/acs.chemmater.9b01435.

44. H. Maekawa, M. Matsuo, H. Takamura, et al., “Halide-Stabilized
LiBH4 , a Room-Temperature LithiumFast-Ion Conductor,” Journal of the
American Chemical Society 131 (2009): 894–895, https://doi.org/10.1021/
ja807392k.

45. V. Epp and M. Wilkening, “Fast Li Diffusion in Crystalline LiBH4
due to Reduced Dimensionality: Frequency-dependent NMR Spec-
troscopy,” Physical Review B 82 (2010): 20301–20304, https://doi.org/10.
1103/PhysRevB.82.020301.

46. A. V. Soloninin, A. V. Skripov, A. L. Buzlukov, and A. P. Stepanov,
“Nuclear Magnetic Resonance Study of Li and H Diffusion in the High-
emperature Solid Phase of LiBH4,” Journal of Solid State Chemistry 182
(2009): 2357–2361, https://doi.org/10.1016/j.jssc.2009.06.023.

47. Y. J. Jang, H. Seo, Y. S. Lee, et al., “Lithium Superionic Conduction in
BH4 -Substituted Thiophosphate Solid Electrolytes,” Advanced Science 10
(2023): 2204942, https://doi.org/10.1002/advs.202204942.

48. B. Jun and S. U. Lee, “Designing a Descriptor for the Computational
Screening of Argyrodite-Based Solid-State Superionic Conductors: Uni-
formity of Ion-Cage Size,” Journal of Materials Chemistry A 10 (2022):
7888–7895, https://doi.org/10.1039/D1TA10964B.

49. J. G. Smith and D. J. Siegel, “Low-Temperature Paddlewheel Effect
in Glassy Solid Electrolytes,” Nature Communications 11 (2020): 1483,
https://doi.org/10.1038/s41467-020-15245-5.

50. H. Fang and P. Jena, “Argyrodite-Type Advanced LithiumConductors
and Transport Mechanisms beyond Paddle-Wheel Effect,” Nature Com-
munications 13 (2020): 2078, https://doi.org/10.1038/s41467-022-29769-
5.

51. J. H. Kim, B. Jun, Y. J. Jang, et al., “Highly Reliable and Large-
Scale Simulations of Promising Argyrodite Solid-State Electrolytes Using
a Machine-Learned Moment Tensor Potential,” Nano Energy 124 (2024):
109436, https://doi.org/10.1016/j.nanoen.2024.109436.

52. A. M. Shotwell, M. C. Schulze, P. Yox, C. Alaniz, and A. E. Maughan,
“Tetrahedral Tilting and Lithium-Ion Transport in Halide Argyrodites
Prepared by Rapid, Microwave-Assisted Synthesis,” Advanced Functional
Materials 35 (2025): 2500237, https://doi.org/10.1002/adfm.202500237.

53. K. Jun, B. Lee, R. L. Kam, and G. Ceder, “The Nonexistence of
a Paddlewheel Effect in Superionic Conductors,” Proceedings of the
National Academy of Sciences 121 (2024): 2316493121, https://doi.org/10.
1073/pnas.2316493121.

54. P. Bron, S. Johansson, K. Zick, J. Schmedt auf der Gunne, S.
Dehnen, and B. Roling, “Li10SnP2S12:an Affordable Lithium Superionic
11 of 12

ive C
om

m
ons L

icense

https://doi.org/10.1039/C9CP00664H
https://doi.org/10.1002/adfm.202307954
https://doi.org/10.1002/aenm.202401549
https://doi.org/10.1021/acs.chemmater.6b03630
https://doi.org/10.1021/acs.inorgchem.0c01504
https://doi.org/10.1021/acs.jpcc.0c06090
https://doi.org/10.1021/acs.chemmater.0c01367
https://doi.org/10.1002/anie.199115471
https://doi.org/10.1016/0167-2738(94)00278-Z
https://doi.org/10.1016/S0921-4526(98)01494-X
https://doi.org/10.1016/j.matt.2020.04.027
https://doi.org/10.1016/j.matt.2022.08.029
https://doi.org/10.1039/d3mh01450a
https://doi.org/10.1002/smtd.202401046
https://doi.org/10.1002/cphc.201100580
https://doi.org/10.1007/3-540-30970-5
https://doi.org/10.1021/acs.chemmater.1c02891
https://doi.org/10.1021/acs.chemmater.0c02418
https://doi.org/10.1103/PhysRev.73.679
https://doi.org/10.1021/jz401003a
https://doi.org/10.1103/PhysRevLett.71.573
https://doi.org/10.1021/acs.chemmater.9b01435
https://doi.org/10.1021/ja807392k
https://doi.org/10.1103/PhysRevB.82.020301
https://doi.org/10.1016/j.jssc.2009.06.023
https://doi.org/10.1002/advs.202204942
https://doi.org/10.1039/D1TA10964B
https://doi.org/10.1038/s41467-020-15245-5
https://doi.org/10.1038/s41467-022-29769-5
https://doi.org/10.1016/j.nanoen.2024.109436
https://doi.org/10.1002/adfm.202500237
https://doi.org/10.1073/pnas.2316493121


C
1

5
I
L
M
h

5
a
t
G
d

5
“
L
1

5
L
J
1

5
D
S
(

6
E
C

6
F
2

6
Z
A
1

6
B
F
2

6
T
F
2

6
o
C
o
0

6
I
E
9

6
a
E
o

6
a
L

6
E
4

7
R

1

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.73722 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [01/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

re
onductor,” Journal of the American Chemical Society 135 (2013): 15694–
5697, https://doi.org/10.1021/ja407393y.

5. K. Hayamizu, Y. Matsuda, M. Matsui, and N. Imanishi, “Lithium
on Diffusion Measurements on a Garnet-type Solid Conductor
i6.6La3Zr1.6Ta0.4O12 by Using a Pulsed-gradient Spin-echo NMR
ethod,” Solid State Nuclear Magnetic Resonance 70 (2015): 21–27,
ttps://doi.org/10.1016/j.ssnmr.2015.05.002.

6. A. Dorai, N. Kuwata, R. Takekawa, J. Kawamura, K. Kataoka,
nd J. Akimoto, “Diffusion Coefficient of Lithium Ions in Garnet-
ype Li6.5La3Zr1.5Ta0.5O12 Single Crystal Probed by 7Li Pulsed Field
radient-NMR Spectroscopy,” Solid State Ionics 327 (2018): 18–26, https://
oi.org/10.1016/j.ssi.2018.10.016.

7. A. Kuhn, O. Gerbig, C. Zhu, F. Falkenberg, J. Maier, and B. V. Lotsch,
on Dynamics in Li 11 Si 2 PS 12 and Comparison with Other Tetragonal
GPS-type Electrolytes,” Physical Chemistry Chemical Physics 16 (2014):
4669–14674, https://doi.org/10.1039/C4CP02046D.

8. H. Stöffler, T. Zinkevich, M. Yavuz, et al., “Li+ -Ion Dynamics in β-
i3PS4 Observed by NMR: Local Hopping and Long-Range Transport,”
ournal of Physical Chemistry C 122 (2018): 15954–15965, https://doi.org/
0.1021/acs.jpcc.8b05431.

9. M. Kaus, H. Stöffler, M. Yavuz, et al., “Local Structures and Li Ion
ynamics in a Li10SnP2S12-Based Composite Observed by Multinuclear
olid-State NMR Spectroscopy,” The Journal of Physical Chemistry C 121
2017): 23370–23376, https://doi.org/10.1021/acs.jpcc.7b08350.

0. E. O. Stejskal and J. E. Tanner, “Spin Diffusion Measurements: Spin
choes in the Presence of a Time-Dependent Field Gradient,” Journal of
hemical Physics 42 (1965): 288–292, https://doi.org/10.1063/1.1695690.

1. R. Klages, G. Radons, and I. M. Sokolov, Anomalous Transport:
oundations and Application (Wiley-VCH Verlag GmbH & Co. KGaA,
008), https://doi.org/10.1002/9783527622979.

2. S. D. Jones, H. Nguyen, P. M. Richardson, et al., “Design of Polymeric
witterionic Solid Electrolytes with Superionic Lithium Transport,”
CS Central Science 8 (2022): 169–175, https://doi.org/10.1021/acscentsci.
c01260.

3. R. A. Schoonheydt and B. M. Weckhuysen, “Correlating Phase
ehaviour and Diffusion in Mesopores: Perspectives Revealed by Pulsed
ield Gradient NMR,” Physical Chemistry Chemical Physics 11 (2009):
833–2853, https://doi.org/10.1039/B822939B.

4. C. P. Elverfeldt, Y. J. Lee, and M. Froba, “Selective Control of Ion
ransport by Nanoconfinement: Ionic Liquid in Mesoporous Resorcinol–
ormaldehyde Monolith,” ACS Applied Materials & Interfaces 11 (2019):
4423–24434, https://doi.org/10.1021/acsami.9b06445.

5. P. Adeli, J. D. Bazak, A. Huq, G. R. Goward, and L. F. Nazar, “Influence
f Aliovalent Cation Substitution andMechanical Compression on Li-Ion
onductivity and Diffusivity in Argyrodite Solid Electrolytes,” Chemistry
f Materials 33 (2020): 146–157, https://doi.org/10.1021/acs.chemmater.
c03090.

6. M. Ménétrier, I. Saadoune, S. Levasseur, and C. Delmas, “The
nsulator-Metal Transition Upon Lithium Deintercalation from LiCoO2:
lectronic Properties and 7LiNMRStudy,” Journal ofMaterials Chemistry
(1999): 1135–1140, https://doi.org/10.1039/A900016J.

7. C. Yu, S. Ganapathy, E. Eck, et al., “Accessing the Bottleneck in
ll-Solid State Batteries, Lithium-Ion Transport over the Solid-Electrolyte-
lectrode Interface,” Nature Communications 8 (1086): 1086, https://doi.
rg/10.1038/s41467-017-01187-y.

8. S. Ganapathy, C. Yu, E. R. H. van Eck, and M. Wagemaker, “Peeking
cross Grain Boundaries in a Solid-State Ionic Conductor,” ACS Energy
etters 4 (2019): 1092–1097, https://doi.org/10.1021/acsenergylett.9b00610.

9. D. H. S. Tan, E. A. Wu, H. Nguyen, et al., “Elucidating Reversible
lectrochemical Redox of Li6 PS5Cl Solid Electrolyte,”ACS Energy Letters
(2019): 2418–2427, https://doi.org/10.1021/acsenergylett.9b01693.

0. T. K. Schwietert, V. A. Arszelewska, C. Wang, et al., “Clarifying the
elationship between Redox Activity and Electrochemical Stability in
2 of 12
Solid Electrolytes,” Nature Materials 19 (2020): 428–435, https://doi.org/
10.1038/s41563-019-0576-0.

71. S. Narayanan, U. Ulissi, J. S. Gibson, Y. A. Chart, R. S. Weatherup, and
M. Pasta, “Effect of Current Density on the Solid Electrolyte Interphase
Formation at the Lithium∣Li6PS5Cl Interface,” Nature Communications
13 (2022): 7237, https://doi.org/10.1038/s41467-022-34855-9.

72. P. Nailloua, A. Boulineaua, E. De Vito, E. Lavanant, and P. Azaïs,
“Direct Observation of Li6PS5Cl–NMC Electrochemical Reactivity in all-
Solid-State Cells,” Energy Storage Materials 75 (2025): 104050, https://doi.
org/10.1016/j.ensm.2025.104050.

73. D. L. Sun, W. Li, Y. Wang, et al., “Combined Effect of High Voltage
and Large Li-Ion Flux on Decomposition of Li6PS5Cl,” Chemical Science
16 (2025): 10289–10295, https://doi.org/10.1039/D5SC02018B.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.
SupportingFile 1: smll73722-sup-0001-SuppMat.pdf.
SupportingFile 2: smll73722-sup-0002-VideoS1.trajectories of PS4
andBH4polyhedra.mp4.
Small, 2026

ative C
om

m
ons L

icense

https://doi.org/10.1021/ja407393y
https://doi.org/10.1016/j.ssnmr.2015.05.002
https://doi.org/10.1016/j.ssi.2018.10.016
https://doi.org/10.1039/C4CP02046D
https://doi.org/10.1021/acs.jpcc.8b05431
https://doi.org/10.1021/acs.jpcc.7b08350
https://doi.org/10.1063/1.1695690
https://doi.org/10.1002/9783527622979
https://doi.org/10.1021/acscentsci.1c01260
https://doi.org/10.1039/B822939B
https://doi.org/10.1021/acsami.9b06445
https://doi.org/10.1021/acs.chemmater.0c03090
https://doi.org/10.1039/A900016J
https://doi.org/10.1038/s41467-017-01187-y
https://doi.org/10.1021/acsenergylett.9b00610
https://doi.org/10.1021/acsenergylett.9b01693
https://doi.org/10.1038/s41563-019-0576-0
https://doi.org/10.1038/s41467-022-34855-9
https://doi.org/10.1016/j.ensm.2025.104050
https://doi.org/10.1039/D5SC02018B

	Enhancing Li+ Ion Transport via Dynamic Coupling With Borohydride Reorientation in Li6PS5X Argyrodites
	1 | Introduction
	2 | Results and Discussion
	2.1 | Structural Characterization
	2.2 | Dynamics on a Microscopic Scale by Solid-State NMR Spectroscopy
	2.3 | Structural and Dynamic Effects by First-Principles Calculations
	2.4 | Dynamics on a Macroscopic Scale by PFG NMR Spectroscopy
	2.5 | Behavior at the Cathode and Electrolyte Interphase: Cycled Samples

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


