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A B S T R A C T

Solid electrolytes with high ionic conductivity and good stability are advantageous over the current liquid
electrolytes in rechargeable Li-ion batteries. Argyrodites, Li6PS5X (X ¼ Cl, Br, or I), with ionic conductivities on
the order of mS/cm have attracted tremendous attention. However, the high potential of argyrodites in fast ion
conduction is far from being reached. Significant enhancement in ion conduction relies on the fundamental
understanding of the contributing factors for fast ion transport. Here, we have systematically prepared highly
conductive Li-deficient Li6�xPS5�xCl1þx and examined the influence of Li-deficiency and Cl substitution of S on
ion transport using impedance spectroscopy, solid-state NMR, and first-principles calculations. With increased Cl
content, the amount of Cl� at S2� (4d) sites increases, forming a dominant 1S3Cl (4d) configuration. In addition,
Liþ redistributes with significantly higher mobility. As a result, the activation energy for Li-ion transport de-
creases, and the conductivity increases to 17 mS/cm at 25 �C when x equals 0.7 (Li5.3PS4.3Cl1.7). This work not
only reports a record ionic conductivity of Cl-containing argyrodites-type fast Li-ion conductors, but also provides
new insights into anion disorder-induced ion transport, which has a wide and universal appeal in the development
of fast ion conductors and mixed-anion functional materials.
1. Introduction

Solid-state batteries which can provide higher energy densities,
improved safety, and new chemistry by using stable solid electrolytes are
the future of rechargeable batteries [1–3]. Recent advances in this area
have been made to enhance ionic conductivity and stability of solid
electrolytes. The ionic conductivity of solid electrolytes is related to
charge carrier concentration, ion mobility, and ion transport pathways.
All these factors are strongly dependent on structure and composition
[4–6]. Several types of solid electrolytes with high ionic conductivity,
comparable to liquid-based electrolytes, have been developed [7–11].

Among those highly conductive solid electrolytes, argyrodites
(Li6PS5X, X ¼ Cl, Br, and I) reported in 2008 can reach ionic conduc-
tivities on the order of 10�3 to 10�2 S/cm due to the unusually high Liþ

mobility [12]. In the past decade, the reported argyrodites (Li6PS5X) can
reach a conductivity of several mS/cm [13–18]. The ionic conductivities
of argyrodites are greatly affected by defects and disorder. In a
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completely ordered structure, the halide X� ions occupy 4a sites (0, 0, 0)
of the F43m space group, while the free S2� takes 4d sites (0.25, 0.25,
0.75). For X ¼ Cl and Br, the S2� (4d) and X� can exchange, leading to
significant disorder while this exchange rarely happens with X ¼ I.
Furthermore, the chemical nature of X also affects the Li-ion distribution
in Li6PS5X structures at 48h and 24g sites, which greatly impacts ion
conduction [12].

According to the ab initio Molecular Dynamics (AIMD) simulations
[19], ordered Li6PS5Cl has very poor ionic conductivity (2 � 10�6 S/cm)
and high activation energy (>0.5 eV). Wagemaker et al. predicted much
higher conductivity of Li6PS5Cl with S/Cl disorder [14]. Recently,
Wolfgang’s group introduced Ge to replace P in Li6PS5I (Li6þxGexP1�xI)
to expand the lattice, which enhanced disorder between S and I and thus
the conductivity increased significantly to a record of 18 mS/cm at room
temperature [11]. However, the cost and stability of Ge will likely limit
the practical application. Since the disorder between S and Cl/Br are
much more significant than S/I, it should be possible to reach high
University, Tallahassee, FL, 32306, USA.

il 2020

mailto:hu@fsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2020.04.042&domain=pdf
www.sciencedirect.com/science/journal/24058297
www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2020.04.042
https://doi.org/10.1016/j.ensm.2020.04.042
https://doi.org/10.1016/j.ensm.2020.04.042


Fig. 1. (a) Crystal structure of cubic Li6PS5Cl (F43m)
with ordered packing of Cl (Wyckoff 4a) and S
(Wyckoff 4d). (b) Site disorder induced by S2� (4d)/
Cl� (4a). (c) Rietveld refinement of high-resolution
XRD of Li6PS5Cl. (d) Powder x-ray diffraction
(PXRD) patterns of Li6�xPS5�xCl1þx, x ¼ 0, 0.3, 0.5,
0.7, and 0.8. (e) Change in Bragg diffraction peaks at
52.5� and 52.7� as a function of x in Li6�xPS5�xCl1þx.
(f) The lattice parameters obtained from refinement of
PXRD patterns in (d) as a function of x in
Li6�xPS5�xCl1þx.
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conductivity in the Li6PS5Cl or Li6PS5Br system without doping Ge. Prior
computational results have predicted the ionic conductivity of Li6PS5Cl
can be over 10 mS/cm [19]. In Li6PS5Cl, the Cl at 4d site is a very
important factor to Liþ jump rate and ionic conductivity. Wagemaker
et al. predicts 75% Cl at 4d sites gives the highest ionic conductivity [14]
and reported Li6PS5Cl with a ionic conductivity of ~5 mS/cm at 26 �C
[20]. But in the stoichiometric Li6PS5Cl, it is difficult to reach 75% Cl at
4d sites, excess Cl is needed to increase the amount of Cl at 4d sites. Nazar
et al. reported very recently the Li-deficient Li5.5PS4.5Cl1.5 with a higher
conductivity of 9.4 mS/cm (12 mS/cm upon sintering) owing to
increased S/Cl disorder and weakened Li-framework ion interactions
[10,21].

In this work, we further the fundamental understanding of structure-
ion conduction correlation with a combined experimental and compu-
tational approach. Based on more quantitative analysis of Cl occupancy,
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Li occupancies at 24g and 48h sites, and ion mobility as well as Li-ion
transport pathways and understanding the impact of these factors on
ion conduction, an ionic conductivity of 17 mS/cm at 25 �C and an
activation energy of 0.22 eV have been reached with Li5.3PS4.3Cl1.7.

2. Results and discussion

The Li-argyrodites, Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, 0.7, and 0.8), are
prepared to investigate the correlation of anion chemistry, structure, and
composition with ionic conductivity. To create more Cl� at 4d sites,
beyond the limit generated by spontaneous Cl–S exchange in Li6PS5Cl,
more Cl is inserted into the structure to replace S at the 4d sites with
charge compensated by Li deficiency, leading to nominal compositions of
Li6�xPS5�xCl1þx. Fig. 1a shows the arrangement of PS43� tetrahedra, Cl�,
and free S2� in the structure of Li6PS5Cl without disorder (Li ions are



Fig. 2. Experimental measurements and AIMD cal-
culations illustrating the impacts of S2�/Cl� mixing at
4d sites on ion conduction: (a) The Arrhenius plots of
ionic conductivity as a function of temperature for
Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, and 0.7) obtained
from variable-temperature impedance measurements.
(b) The Arrhenius plots of Li-ion diffusivity as a
function of temperature for Li6PS5Cl (without S2�/Cl�

mixing at 4d sites), Li6PS5Cl (S
2�/Cl� mixing 7:1 at

4d), and Li5.25PS4.25Cl1.75 (S2�/Cl� mixing 1:3 at 4d)
obtained from AIMD calculations. (c–e) The Li-ion
probability densities of Li6PS5Cl (without S2�/Cl�

mixing at 4d sites), Li6PS5Cl (with S2�/Cl� mixing 7:1
at 4d sites), and Li5.25PS4.25Cl1.75 (S2�/Cl� mixing 1:3
at 4d sites). The probability densities of Li ions are
obtained from AIMD simulations at 600 K with 100
ps, and the isosurfaces are plotted at isovalues of the
mean value of the density. Li inside the Li(S/Cl)4
tetrahedrons (48h sites), P (4b sites), and S (16e sites)
atoms in the PS4 tetrahedra are not shown for a clear
view of the sites of interest.
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omitted for clarity and the structure without Li can be found in Fig. 1b)
[12], in which Cl� exclusively occupies 4a sites, whereas free S2� resides
at 4d sites. Recent experimental evidence has revealed S2�/Cl� mixing at
4d sites (Fig. 1b) contributing to anion site disorder [22], which pro-
motes ion conduction via an inter-cage jump mechanism. The X-ray
powder diffraction patterns of Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, 0.7, and
0.8) are shown in Fig. 1d. Preservation of structural integrity to modifi-
cations induced by varying ratios between free S2� and Cl� (from 1:1,
0.7:1.3, 0.5:1.5, 0.3:1.7, to 0.2:1.8) is observed, the long-range structural
order stays the same as suggested by the XRD patterns with little varia-
tion (Fig. 1d). No impurities are detected up to x ¼ 0.7, indicating that
added LiCl is successfully integrated into the structures. However, un-
known phases and residual LiCl are observed in nominal Li5.2PS4.2Cl1.8.
All the diffraction peaks continue to shift to the higher angles when
doping with LiCl till x ¼ 0.7 in Li6�xPS5�xCl1þx (Fig. 1e), which indicates
shrinkage of crystal lattice parameters (Fig. 1f), and proves the successful
Cl doping with the limit of x ¼ 0.7 (Li5.3PS4.3Cl1.7).

A summary of the results from electrochemical impedance measure-
ments on Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, 0.7, and 0.8) are shown in
Fig. S1. The ionic conductivity of Li6�xPS5�xCl1þx positively correlates
with Cl content and the highest σ of 17 mS/cm is obtained with
Li5.3PS4.3Cl1.7 at 25 �C. After passing the maximum Cl� solubility (x ¼
0.7), the ionic conductivity drops along with the detection of LiCl and
other impurities as seen in the PXRD when x > 0.7 in Li6�xPS5�xCl1þx.
The activation energy decreases from 0.257 (�0.007) eV (x¼ 0) to 0.251
(�0.005) eV (x ¼ 0.3), 0.221 (�0.008) eV (x ¼ 0.5), and 0.218 (�0.006)
eV (x ¼ 0.7) (Fig. 2a). It is worth noting that the improvement in ionic
conductivity in this work by tuning anion concentration, does not result
in unwanted electronically conducting interphases, as was observed in
cation doping [11,23,24].

The AIMD simulations on stoichiometric Li6PS5Cl and Li-deficient
Li5.25PS4.25Cl1.75 are performed in order to understand the effect of
69
anion mixing in the argyrodites, and the results are shown in Fig. 2b-e.
The effects of S2�/Cl� mixing on ion conduction are revealed by
comparing the results obtained for Li6PS5Cl with and without S2�/Cl�

mixing (Fig. 2b). It is found that S2�/Cl� mixing at 4d sites can lead to a
much higher ionic conductivity than without S2�/Cl� mixing in Li6PS5Cl.
More prominently, S2�/Cl� mixing significantly reduces the activation
energy for ion transport (0.41 eV vs. 0.18 eV). The impact of Li deficiency
is suggested from the comparison of results obtained for Li6PS5Cl with
S2�/Cl� mixing and Li5.25PS4.25Cl1.75, which shows limited change in the
activation energy (0.18 eV vs. 0.16 eV) but nearly an order of magnitude
increase in ionic conductivity. Therefore, even though Li-deficiency and
S2�/Cl� mixing are correlated and it is challenging to completely
decouple their effects on ion conduction, S2�/Cl� mixing seems to
strongly regulate the activation energy factor for ion transport while Li-
deficiency facilitates ion transport without greatly altering the energy
landscape. As shown in Fig. 2c, ion diffusion is mostly isolated sur-
rounding the S site (4d) in the ordered Li6PS5Cl without any S2�/Cl�

mixing. When Cl� occupies 4d sites, it induces non-localized ion con-
duction (Fig. 2d). The more evenly distributed probability densities of
Liþ in Li5.25PS4.25Cl1.75 (Fig. 2e) indicate a relatively flatter energy
landscape than in the case of pristine Li6PS5Cl. Indeed, the calculated
activation energy (0.16 eV) from the AIMD simulations is smaller with a
much higher ionic conductivity in the Li5.25PS4.25Cl1.75, which agrees
very well with the results from the impedance measurements.

To gain further insights into the structural origin of fast ion conduc-
tion in Li6�xPS5�xCl1þx, we have employed a combined study of DFT
structural optimization, and high-resolution 6,7Li, 31P, and 35Cl magic
angle spinning (25 kHz) NMR to systematically investigate the effect of
Cl� occupancy at 4d sites in Li-deficient argyrodites.

The relatively flatter energy landscape in Li6�xPS5�xCl1þx induced by
S2�/Cl�mixing at 4d sites leads to the re-distribution of Li ions within the
crystal structures. In the DFT optimized structure of Li6PS5Cl without any



Fig. 3. Li occupancies at 24g and 48h sites in DFT optimized structures of Li6PS5Cl (without S2�/Cl� mixing), Li6PS5Cl (S2�/Cl� mixing 7:1 at 4d), and
Li5.25PS4.25Cl1.75 (S2�/Cl� mixing 1:3 at 4d). Li at 48h sites is shown in Li(S/Cl)4 tetrahedra and Li at 24g sites is represented by white balls.

Fig. 4. Li site occupancy in Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, and 0.7) probed by solid-state 6Li NMR: (a) 6Li magic-angle-spinning (MAS, 25 kHz) NMR spectra. (b)
Normalized Li site fractions and ionic conductivity in Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, and 0.7).

Fig. 5. 7Li NMR T1 relaxation time of Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, and 0.7)
as an indicator of ion mobility.
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S2�/Cl� mixing, Li ions occupy only 48h sites, as shown in Fig. 3 [22]. In
contrast, with S2�/Cl� mixing at 4d sites (S/Cl ¼ 7:1) in Li6PS5Cl, nearly
half of the Li ions are found to be displaced off 48h sites towards 24g sites,
primarily due to local structural distortion caused by S/Cl disorder at 4a
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and 4d sites. This shift of Li ions towards 24g sites can also be clearly
found in the Li-deficient and Cl-rich structures, for example,
Li5.25PS4.25Cl1.75 in Fig. 3. Furthermore, the tendency of Li occupying 24g
sites increases with increased S2�/Cl� mixing at 4d sites. These DFT
calculation findings echo with experimental results obtained from
high-resolution 6Li NMR as discussed in the following.

The 6Li NMR spectra of Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, and 0.7) are
shown in Fig. 4a. Two distinct Li resonances, assigned to Li24g and Li48h,
are identified in all Li6�xPS5�xCl1þx. In stoichiometric Li6PS5Cl, Liþ can
occupy both 24g and 48h sites, and the majority of Liþ occupies more
energetically favorable 48h sites. Liþ at 24g sites is stabilized in Li-
deficient Li6�xPS5�xCl1þx due to more Li vacancies created in the Liþ

cages, and reduced repulsion between Liþ. Li occupancy at 24g sites
contributes to shortening the inter-cage jump distances, and thus pro-
motes long-range ion conduction. As revealed in the plots shown in
Fig. 4b, a small increment in Li fraction at 24g sites upon the increase of x
in Li6�xPS5�xCl1þx corresponds to enhanced ionic conductivity. To
quantify Li occupancies at 24g and 48h sites, the x values in nominal
Li6�xPS5�xCl1þx are first validated. The 7Li NMR shifts of Li6�xPS5�xCl1þx
decreases linearly with increasing x (Fig. S3). Therefore, based on this
linear calibration curve, the x value (x ¼ 0, 0.3, 0.5, and 0.7) in each
Li6�xPS5�xCl1þx is confirmed. As x increases in Li6�xPS5�xCl1þx, the
normalized Liþ fraction at 24g sites increases. This suggests that when
enhanced S2�/Cl� mixing at 4d sites occurs with Li deficiency, Liþ re-
distributes in the lattice and favors the 24g sites.

As shown in Fig. 5, the 7Li T1 relaxation time increases with x value in
Li6�xPS5�xCl1þx. Relaxation times are indicators of attempt frequency of
Liþ jumps (τc,0�1) in diffusional processes. Based on the Bloembergen-
Purcell-Pound (BPP) model in the fast-motion region (ωcτc ≪ 1) [25],
when ion motion increases, 7Li T1 times increase [26]. Therefore, the



Fig. 6. (a) The schematic of distinct P environments induced by different levels of S2�/Cl� mixing at 4d/4a sites. (b) 31P NMR spectra of Li6�xPS5�xCl1þx, x ¼ 0, 0.3,
0.5, and 0.7. (c) The ionic conductivity and the normalized 31P integral of P1, P2, and P3 NMR resonances as a function of x in Li6-xPS5-xCl1þx.

Fig. 7. (a) The schematic of S2�/Cl� mixing at 4d/4a sites. 35Cl NMR spectra showing the Cl (4a) resonance (b) and the Cl (4d) resonance site (* denoting the spining
side bands of the Cl (4d) resonance) (c) in Li6�xPS5�xCl1þx, x ¼ 0, 0.3, 0.5, and 0.7. (d) The correlation of ionic conductivity with the normalized 35Cl NMR integrals as
a function of Cl content.
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Fig. 8. Detection of ion transport pathways in Li6PS5Cl with 6Li → 7Li tracer-exchange NMR: (a) 6Li NMR spectra before/after tracer exchange. The difference
spectrum shows both Li sites are 6Li enriched. (b) Simulation results of the 6Li NMR spectrum after 6Li → 7Li tracer-exchange. Red dashed line denotes the simulation.
(c) Comparisons of Li site fractions before/after 6Li → 7Li tracer-exchange. The 6Li NMR integrals are normalized based on the 6Li (48h) integral in pristine Li6PS5Cl.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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increased 7Li T1 NMR relaxation times suggest faster Liþ motion as x
increases in Li6�xPS5�xCl1þx. Thus, the fast ion conduction in
Li6�xPS5�xCl1þx is at least partially attributed to increased Liþ mobility.

The S2� (4d) locates in the secondary coordination shell of P in
Li6�xPS5�xCl1þx, and S2�/Cl� mixing at 4d sites greatly affects P local
structural environments, which can be quantitatively probed by 31P
NMR. In a completely ordered Li6PS5Cl structure without S2�/Cl� mix-
ing, the Wyckoff 4d sites should be solely taken by S2� within the second
coordination sphere around the P (Wyckoff 4b), yielding one single 31P
NMR resonance. However, in experimentally obtained structures, S2�/
Cl� mixing at 4d sites always occurs, which leads to multiple P local
environments. The arrangements of S2�/Cl� atoms at four 4d sites sur-
rounding P can be 4S, 3S1Cl, 2S2Cl, 1S3Cl, and 4Cl (Fig. 6a).

According to literature [22], non-mixing, i.e., the 4S and 4Cl con-
figurations (not shown), are not detected as both S and Cl tend to
partially occupy 4d sites due to their similar ionic radii. 31P NMR reso-
nances (P1, P2, and P3) reflecting the three remaining possibilities of
S2�/Cl� mixing are observed in Li6�xPS5�xCl1þx (Fig. 6b). As a result, 31P
signals of P1, P2, and P3 sites are assigned to the P sites surrounded by
3S1Cl, 2S2Cl, and 1S3Cl in the secondary coordination shell, respectively.
Upon the replacement of more S2� with Cl� at 4d sites, P1 diminishes
whereas P3 grows. On the other hand, P2 initially increases and then
decreases afterwards. The quantified evolution of 31P resonances as a
function of x in Li6�xPS5�xCl1þx is shown in Fig. 6c. By comparing the
variation of 31P NMR signals with ionic conductivity as a function of x in
Li6�xPS5�xCl1þx (Fig. 6c), we found that the amount of the P3 (1S3Cl)
resonance is positively correlated with the improvement of ionic con-
ductivity. This indicates that up to x ¼ 0.7 in Li6�xPS5�xCl1þx, higher Cl
content gives rise to the larger degree of S2�/Cl� anion site-disorder at 4d
sites. Without producing impurities, a higher degree of anion
site-disorder at 4d sites, promotes faster ion conduction. This experi-
mental observation echoes with DFT MD simulation, which reveals that
the 1S3Cl configuration yields the highest Liþ jump rates [14].

In principle, 35Cl NMR is sensitive to Cl� local structural environ-
ments, and S2�/Cl� mixing in Li6�xPS5�xCl1þx at 4d sites is expected to at
least produce two 35Cl resonances, which correspond to Cl� at the orig-
inal 4a sites and the exchanged 4d sites (Fig. 7a).

As shown in the 35Cl NMR spectra of Li6�xPS5�xCl1þx (Fig. 7b), one
sharp peak at 9 ppm and one broad signal at �25 ppm are identified. To
make reliable assignments of these two 35Cl resonances, 35Cl NMR on lab-
synthesized Li5.7PS4.7Cl0.3I are acquired (Fig. S4). In Li5.7PS4.7Cl0.3I, due
to the significant difference in ionic radii between I� and Cl�, Cl� is
expected to exclusively reside at 4d sites, while I� fully occupies 4a sites.
Thus, the major resonance found in 35Cl NMR of Li5.7PS4.7Cl0.3I at 9 ppm
should be from Cl� at 4d sites. Therefore, in the 35Cl NMR of
Li6�xPS5�xCl1þx, the 9-ppm resonance is assigned to Cl� at 4d sites while
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the �25 ppm one to Cl� at 4a sites. The 9-ppm resonance grows with
increasing x value in Li6�xPS5�xCl1þx, suggesting increased Cl� at 4d
sites. Furthermore, the ion dynamics of Cl� at 4d sites and at 4a sites are
remarkably different, suggested by very different 35Cl T1 NMR relaxation
times. In general, a nucleus which has non-vanishing quadrupolar
moment such as 35Cl (I¼ 3/2) is expected to have quadrupolar couplings
as the dominating NMR interaction, especially in a non-symmetric
structural environment, which drives fast relaxation. In such cases, a
35Cl NMR signal should observe a broad linewidth with 35Cl T1 relaxation
times on the order of 10�3 s. However, a sharp 35Cl NMR resonance and
slower NMR relaxation are expected when Cl� sites at a relatively sym-
metric structural environment or exhibits fast motion. An estimated 35Cl
T1 time for Cl� at 4d sites is 6 s, while a very short 35Cl T1 time of 0.02 s is
observed for Cl� at 4a sites. The short 35Cl T1 time on the order of mil-
liseconds suggests that Cl� at 4a site experiences strong quadrupolar
couplings, causing a rapid dephasing of longitudinal magnetization. On
the other hand, the significantly longer 35Cl T1 time on the order of
seconds for Cl� at 4d sites indicates fast Cl� motion.

To identify the roles of Li sites, 24g or 48h, in fast ion conduction, 6Li
→ 7Li tracer-exchange is performed on Li6PS5Cl. If Liþ ions frequently
pass through certain Li sites, more 6Li enrichment should be observed for
those active Li sites. Fig. 8a presents the 6Li NMR spectra of Li6PS5Cl
before/after 6Li → 7Li tracer-exchange and the difference spectrum. No
significant changes are observed in the 31P NMR resonances before and
after tracer-exchange (Fig. S5), suggesting that the tracer-exchange
process does not alter the anion structural framework or results in any
decomposition. The negative 6Li NMR peaks in the difference spectrum
indicate that the 6Li NMR signal is enhanced after tracer-exchange. The
more negative the 6Li NMR signal is, the higher the 6Li NMR signal of the
corresponding sites is enriched. When simulating the 6Li NMR spectrum
after tracer-exchange, two resonances are found with Li24g (green)
showing higher intensity than Li48h (purple) (Fig. 8b). This is consistent
with the difference spectrum. Quantification of 6Li NMR (Fig. 8c) before/
after 6Li→ 7Li tracer-exchange shows that 6Li enrichment is observed for
both 24g and 48h sites. The 6Li-enrichment of 24g site is significantly
greater. The results suggest the critical role of 24g sites for fast Li-ion
conduction. This is consistent with the positive correlation found be-
tween enhanced ionic conductivity and increased Li occupancy at 24g
sites.

To further decouple the roles that the Liþ distribution and S/Cl dis-
order play in Li-ion conduction, we have prepared Li6PS5Cl at 500 �C
with smaller lattice parameters and lower conductivity (Fig. S6), which is
consistent with the results from literature [20]. As shown in 6Li NMR, the
fraction of Li24g in Li6PS5Cl (500 �C) decreased (Fig. S7a) due to the
shrunk lattice [12], while the magnitude of S/Cl disorder in both
Li6PS5Cl (500 �C and 550 �C) remains nearly identical as manifested by
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31P NMR spectra (Fig. S7b). This result confirms the importance of Liþ

distribution (i.e., Li occupancy at 48h and especially 24g sites) to Li-ion
conduction in Li-Argyrodite solid electrolytes.

3. Conclusions

In summary, we have identified a series of highly conductive Li-
deficient argyrodites, Li6�xPS5�xCl1þx (x ¼ 0, 0.3, 0.5, and 0.7),
achieving a maximum ionic conductivity of 17 mS/cm at 25 �C and a low
activation energy of 0.22 eV. The detailed fundamental investigation
using both experimental and computational tools has revealed that Li-
deficient, Cl-rich Li6�xPS5�xCl1þx yields high degree of S/Cl disorder,
with the occupancy of Cl� at 4d sites quantified by both 35Cl and 31P
NMR. Cl� at 4d sites changes Li-ion energy landscape and stabilizes Liþ at
24g sites. S/Cl disorder along with lattice shrinkage in the Li-deficient
structures leads to Li redistribution between 48h and 24g sites. Li-ion
dynamics measurement and 6Li → 7Li tracer-exchange NMR also imply
that Li occupancy at 24g sites is critical to fast ion conduction.
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