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The mineral argyrodite (AgsGeSg) was the first representative
of a group of solids known as argyrodites!"? that are
characterized, in general, by a high ionic conductivity and
mobility of their Ag" ions. The structural and conductivity
data of these compounds have been called on repeatedly to
explain these physical properties in light of the complex
argyrodite structure type.”'® These studies have improved
the general understanding of the diffusion paths of the mobile
ions as a function of the temperature and structural proper-
ties. The Ag" ions in these compounds can be substituted by
other cations, usually Cu*, and versatile substitution reactions
of P and S whilst maintaining the topology of the argyrodite
structure have also been reported.

Considering the great interest in the mobility of Li* ions in
solids it was surprising to us that there are only a few reports
of experimental work with the corresponding crystalline Li
analogues, and none of these appear to be aware of, or even
mention, the argyrodite connection. One of these papers
reports the synthesis of a black powder containing Li,PS¢ and
LigP,S, (minority phase),"”! and another gives detailed NMR-
spectroscopy-based information on the behavior of Li* ions in
a series of pre-reacted amorphous and crystalline mixtures of
Li,S and P,S;.*"! A few papers have been published on the
application of glass ceramics obtained by high-energy milling
of Li,S/P,Ss mixtures and their application in secondary
batteries in recent years” " although, again the possible
argyrodite connection, is not mentioned. Thus, well-estab-
lished syntheses of crystalline single-phase Li argyrodites and
reliable structural and physical data are not available.

Although there is some controversy about the radii of the
univalent cations of Group 11,2" it can be assumed that the
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radii of Cu* and Li* are quite similar and different to Ag*
(Cu"=74 pm, Li*=73 pm, Ag"=114 pm; all coordination
number(CN) =4). This situation clearly favors a partial or full
mutual substitution of Li* and Cu" ions in argyrodites and
thus the existence of synthetic “Li-argyrodites”. The
enhanced reactivity of elemental Li and its compounds at
higher temperatures compared to Ag and Cu, however,
requires special precautions concerning appropriate con-
tainer materials and may be the reason for this apparent
knowledge gap.

The crystal structures of the high-temperature phases of
argyrodites are based on a tetrahedral close packing of the
nonmetal atoms (chalcogen/halogen) following the topology
of a cubic Laves phase (e.g., MgCu,). The 24 chalcogen atoms
in the unit cell of Ag,AlSes (Z=4"!) form 136 tetrahedral
holes which are occupied by four AI** (ordered) and 36 Ag*
ions. These Ag' ions are dynamically and/or statically
disordered, which explains the high Ag® (Cu®) ionic con-
ductivities of many argyrodites.

LigPS;X (X: Cl, Br, I) represents a series of argyrodites
whose chemical formula is based on a well-known substitu-
tion pattern for the corresponding Ag and Cu compounds
characterized by the replacement of one chalcogen by one
halogen atom with S and X atoms ordered on separate
crystallographic positions. Consequently, this substitution
requires only six Li atoms per formula unit instead of seven.
According to the structure of AgyAlSes, the P atoms of
LisPSsX are expected to fill four of the 136 tetrahedral holes
formed by S atoms only (S1) but distributed in such a way that
the PS, tetrahedra do not share common S1 atoms. The
remaining 132 tetrahedral holes (formed by S2 and X) are
partially occupied in a disordered manner by significantly off-
centered Li* ions, which results in the ionic formula (Li*)s-
(PS;>7)S* X~ (Figure 1a). It is very likely that the Li*
positions are similar to those found for Ag/Cu in the
corresponding Ag and Cu argyrodites, although the locations
of individual Li* ions remain to a certain extent speculative
(see below) because of the low visibility of these ions as a
result of their presumed random distribution and low
scattering power. The randomly occupied atomic positions
48h and 24g of space group F43m play a key role in the
diffusion paths of mobile cations in all argyrodites, as
demonstrated previously for similar Ag and Cu compounds.
These positions have the strongest occupancies in a complex
three-dimensional diffusion pattern (described in detail else-
where)®'*'>18 and are typically involved when Cu/Ag ions
jump through the common face of two adjacent tetrahedral
holes. Both these positions could be refined significantly for
the title compounds but with high standard deviations.
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Figure 1. a) A section of the crystal structure of LigPS;| showing the
distribution of PS, tetrahedra and single S>~ (S2, in four octants of the
cell) and I~ ions (corners and faces of the cell). b) A face-sharing S;l,
double tetrahedron containing Li1 (above and below the common
face) and Li2 (center of the common face).

Position 24g (Li2) is located in the center of the common
triangular face whereas 484 (Lil) represents two closely
neighboring positions (dy;_;; is approximately 115 pm for
LisPSsI) above and below 24g that are shifted slightly towards
the centers of the connected tetrahedra (Figure 1b). Simulta-
neous occupation of these positions is excluded, although
difference-Fourier syntheses clearly show low but significant
electron densities (approx. 1 e A=) for all three positions. The
expected electron densities for the other positions of the
diffusion paths are less than 1 e A=,

Preliminary impedance measurements at room temper-
ature show promising specific Li-ion conductivities in the
range 1072 to 10~* Secm™!, and thus support the single-crystal
results. More detailed information about the lithium-ion
dynamics, however, is currently only available from the static
‘LiNMR  spectroscopy measurements summarized in
Figure 2.

The ’Li NMR line-shapes in the low-temperature range
(140-160 K) are governed by strong homonuclear ’Li-'Li
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Figure 2. Static "Li NMR full widths at half height for LisPS;Cl, LisPS;Br,
and LigPS;! as a function of temperature.
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magnetic dipole—dipole interactions, which result in static
linewidths of around 6000 Hz for the iodide and chloride
compounds. The lines sharpen dramatically as the temper-
ature is increased, thereby indicating the onset of motional
narrowing. Figure 2 clearly shows that the narrowing effect
occurs at particularly low temperatures for LisPS;Br (the rigid
linewidth is not reached at 140 K, which is the lowest
accessible temperature, and the line-narrowing process is
completed at 200 K). These results indicate that LigPS;Br has
the highest lithium-ion mobility amongst the title compounds.
Furthermore, the temperature-dependent linewidths for the
iodide compound reveal an interesting two-step narrowing
behavior, which suggests a more restricted motion at inter-
mediate temperatures (170-250 K). It is interesting to note
that this intermediate motional process is only observed in the
iodide compound, where $*~ and I~ are structurally ordered,
and is not observed in the two other compounds where sulfide
and halide ions are structurally disordered (see below).

The halide atoms in most halide-substituted argyrodites
occupy a separate crystallographic position that means they
avoid direct contact with P (or the respective Group 13, 14, or
15 atom). This is also true for LizPS;sI, according to the single-
crystal X-ray measurements, but not for LisPS;Br or LigPSsCl
(Figure 3), where the NMR spectroscopy and single-crystal
results give clear evidence for a distribution of Cl™, Br~, and
S*~ ions over three crystallographic positions. While the
extent of substitution of halide in the S1 sites is small (less
than 2% in the case of LisPSsBr), there is substantial
occupational mixing of sulfide and halide in the S2 and X
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Figure 3. A section of the crystal structure of LigPS;X showing the
coordination around phosphorus and the mutual substitution of S and
Br/Cl on the respective crystallographic positions. a) LigPS;l: S1, S2,
and | ordered without any significant mutual substitution. b) LisPSsBr:
minor substitution (1-2%) of S1 by Br (not shown), mutual substitu-
tion of S and Br on the S2 site (84% S, 16 % Br) and on the X site
(40% S, 60% Br). No quantitative information can be given for
LigPSsCl (see text).
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sites. The single-crystal analysis for LiPS;Br reveals occu-
pancies of 84 % S and 16 % Br at the S2 site and 60 % Br and
40% S at the X site. No quantitative populations can be given
for LisPS;Cl owing to the small X-ray contrast for S and Cl.

Figure 4 shows the *'P magic-angle spinning (MAS)-NMR
spectra obtained for powdered materials and reveals striking
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Figure 4. *'P MAS-NMR spectra of LisPS;Cl, LisPSsBr, and LigPS;].

differences in their general spectral appearance. Thus, while
the *'P MAS-NMR spectrum of LisPSsI is very sharp and
well-defined, that of LigPS;Cl is extremely broad, thereby
indicating a number of poorly resolved contributions. Most
interestingly, the *'P MAS-NMR spectrum of LisPS;Br seems
to show both a sharp and a broad component, with the latter
again consisting of several contributions. An analogous
behavior is seen for the halide resonances (Figure 5). Both
Figures 4 and 5 indicate that the iodide phase appears to be
fully ordered, the chloride phase fully disordered, and the
sample of LicPSsBr consists of both ordered and disordered
crystallites or domains.

The ordered part of the ”Br NMR spectrum shows a well-
defined sharp resonance and spinning sideband manifold at
0 =109 ppm (25% of the total area), whereas the disordered
part shows a broader signal at 6 = —40 ppm (75 % of the total
intensity). The sharp line at 6 =93.7 ppm (27+2% of the
total area) in the *'P MAS-NMR spectrum of this compound
can be assigned to the crystallographically ordered domains,
while the broader resonances at lower frequencies (73 =2 %
of the total intensity) can be assigned to the PS,*" units in the
disordered part of the sample that shows a distribution of the
bromide ion over the S/Br2 and S/Br3 positions. This
disordering effect produces multiple environments for the
PS,*~ groups depending on whether their four second nearest
neighbors are four S atoms, three S atoms, and one halide, or
two S atoms and two halides (see Figure 3). Additional
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Figure 5. *°Cl, Br, and '”’I MAS-NMR spectra of LigPS;Cl, LisPSsBr,
and LigPS;l. Minor peaks are spinning sidebands. The resonance at
=384 ppm in the "I spectrum is probably due to an impurity.

multiplicities may arise from S*°/Br~ ion distribution effects
over the six positions in the third coordination sphere.

Finally, the NMR spectra confirm that the extent of halide
occupancy in the S1 position is very low, as suggested by the
X-ray analysis. If minor amounts of PS;Br*~ or PS;CI’~ ions
were present, these species would give rise to separate low-
intensity resonances. Although such low-intensity signals can
indeed be identified at =102 and 95 ppm for Li,PSsBr and
LisPS;sCl, respectively, we cannot exclude that they arise from
low levels of impurities in the samples. It is very likely that the
preferred substitution of S*~ by Br/Cl” ions rather than I~
ions can be rationalized by a comparison of the ionic radii,
which are similar for the pair CI7/S*” (Cl™: 181 pm; S*":
184 pm), moderately different for Br~/S*~ (Br : 196 pm), but
significantly different for I7/S*~ (I": 220 pm).

Experimental Section
Crystalline samples of the colorless, air-sensitive Li-argyrodites
LiPS;X (X: Cl, Br, I) were prepared by the reaction of stoichiometric
mixtures of Li,S,”! P,Ss (Acros, 98 + %), and LiX (Fluka, p. a.). The
starting materials were intimately mixed under inert gas (Ar, <1 ppm
H,O, <1 ppm O,), pressed into pellets, and subsequently heated to
550°C for 7 days. Standard X-ray powder diagrams did not show
contamination by any other phases. Single crystals were selected in a
glove box equipped with a microscope and transferred into X-ray
capillaries, which were subsequently sealed. The single-crystal X-ray
measurements were performed with a STOE IPDS diffractometer.!
"Li, *'P, and **CI NMR spectroscopy studies were performed with
a Bruker DSX 400 spectrometer at operating frequencies of 155.45,
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161.92, and 39.19 MHz, respectively. Static, variable-temperature
"Li NMR spectra were recorded for samples enclosed in sealed glass
ampoules over the temperature range 140-300 K; temperatures were
adjusted with a flow of nitrogen gas controlled by a Bruker VT 3000
heating unit. Static 'Li NMR spectra were measured with an echo
sequence (45°-30 us—90°-20 ps) using relaxation delays of between 1
and 10s. *'P MAS-NMR spectra were recorded in the single-pulse
mode at a spinning speed of 15 kHz with a typical 90° pulse length of
2 us and a relaxation delay of 60s. *Cl MAS-NMR spectra were
recorded at a spinning speed of 14 kHz, using 4.5-ps pulses and a
relaxation delay of 0.1 s. ”Br and '”’I MAS-NMR measurements were
performed with a Bruker DSX 500 NMR spectrometer operating at
frequencies of 125.3 and 100.1MHz, respectively. Spectra were
recorded at a spinning speed of 15 kHz, using 1-ps (2-ps) pulses and
a relaxation delay of 1s. Chemical shifts are reported relative to 1M
aqueous solutions of LiCl, KBr, and KI and to 85% H;PO,,
respectively.
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