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Abstract: Li,PS; and Li;PSe, belong to
a class of new solids that exhibit high
Li* mobility. A series of quaternary
solid solutions Li,PS, ,Se, (0<x<6)
were characterised by X-ray crystallog-
raphy and magic-angle spinning nucle-
ar magnetic resonance (MAS-NMR)
spectroscopy. The high-temperature
(HT) modifications were studied by
single-crystal ~ investigations  (both
F&3m, Z=4, Li;PS;: a=9.993(1) A,
Li,PSes: a=10.475(1) A) and show the
typical argyrodite structures with
strongly disordered Li atoms. HT-
Li,PS, and HT-Li,PSe, transform re-
versibly into low-temperature (LT)
modifications with ordered Li atoms.

be closely related to orthorhombic LT-
a-Cu,PSeq. Single crystals of the LT
modifications are not available due to
multiple twinning and formation of an-
tiphase domains. The gradual substitu-
tion of S by Se shows characteristic site
preferences closely connected to the
functionalities of the different types of
chalcogen atoms (S, Se). High-resolu-
tion solid-state *'P NMR is a powerful
method to differentiate quantitatively
between the distinct (PS,_,Se,)* local
environments. Their population distri-
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bution differs significantly from a sta-
tistical scenario, revealing a pro-
nounced preference for P—S over P—Se
bonding. This preference, shown for
the series of LT samples, can be quanti-
fied in terms of an equilibrium constant
specifying the melt reaction Sep+
S*=8p+Se*", prior to crystallisation.
The "Se MAS-NMR spectra reveal
that the chalcogen distributions in the
second and third coordination sphere
of the P atoms are essentially statisti-
cal. The number of crystallographically
independent Li atoms in both LT
modifications was analysed by means
of SLi{’Li} cross polarisation magic
angle spinning (CPMAS).

X-ray powder diagrams show the struc-
tures of LT-Li,PSs and LT-Li,PSes to

Introduction

The search for high-performance solid electrolytes suitable
for lithium ion batteries has prompted considerable research
activity in the area of fast lithium ion conductors. Based on
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structure elucidation

earlier reports about high Ag and Cu ionic conductivities in
solids of the Ag and Cu argyrodite families,”! we recently
discovered a promising new class of Li-rich materials (“Li
argyrodites”) with high Li ionic mobility. Although synthetic
efforts to replace Ag in the mineral “argyrodite” AggGeS;
by Li were not successful, a series of closely related Li ar-
gyrodites with the composition LigPS;X (X=Cl, Br, I) could
be obtained by solid-state syntheses™* and were character-
ised by single-crystal X-ray diffraction, magic-angle spinning
nuclear magnetic resonance (MAS-NMR) and frequency de-
pendent conductivity measurements. These investigations
have revealed a wide spectrum of possibilities for available
compounds. Among those are halide-free ternary solids of
the type Li;PChs (Ch=S, Se) and the corresponding solid
solutions. Moreover, it became clear that, in addition to the
chemical composition, the microstructure of the respective
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materials with respect to grain size, packing density, struc-
tural defects and so forth is crucial for their properties re-
garding potential practical applications as Li electrolytes in
solid-state devices. This is, in particular, relevant with re-
spect to earlier reports about high Li conductivities
(6~107° Scm™) in glassy Li,S—P,Ss systems with composi-
tions of ~0.8Li,S/0.2P,Ss obtained by high-energy ball mill-
ing.®! Although the microstructure of such systems on a nm
scale is not fully clear, the partial formation of ordered do-
mains (<10 pm) with structural properties similar to crystal-
line argyrodites is likely.

With increasing knowledge about Li argyrodites, it
became more and more clear that the crystalline Li argyro-
dites undergo temperature driven order—disorder (o-d) tran-
sitions, an experimental observation that has not yet been
reported for the just mentioned glassy systems. In the case
of the known crystalline Ag and Cu argyrodites, the corre-
sponding phase transitions were sometimes overlooked or
not referenced. Moreover, it turned out that the o—d transi-
tions are considerably shifted to lower temperatures or even
completely suppressed in suitable solid solutions of different
types.

In this paper, we present comprehensive X-ray diffraction
and solid-state NMR studies of the structural and phase
transition properties of the two ternary argyrodites Li;PChg
(Ch=S, Se) and their solid solutions Li,PS,_,Se, (0<x<6).
For the cubic, high-temperature (HT) phases, HT-Li;PChy,
of the two ternary compounds, the results of X-ray single-
crystal investigations are presented. The structural charac-
terisations of the low-temperature (LT) modifications are
restricted to less significant X-ray powder data due to pro-
nounced multiple twinning upon the phase transformation.
The MAS-NMR experiments are based on the LT modifica-
tions at ambient temperatures, in which special emphasis is
put on the positional mixing between S and Se atoms in the
solid solutions Li,PSs_,Se, and the number of crystallo-
graphically independent Li atoms in the LT structures. In
the interpretation of the MAS-NMR results, one has to con-
sider that the orthorhombic LT structure is most likely very
similar but not completely identical to the cubic HT struc-
tures. In particular the spatial distribution and individual co-
ordination of the Li atoms differs between HT and LT,
whereas the P/Ch distributions, on which the MAS-NMR
experiments are focussed, are very similar.

Results and Discussion

General properties of the argyrodite structure type: The in-
terpretation of the MAS-NMR and X-ray results of this
paper does not require an understanding of detailed struc-
tural properties that favour the high mobility of Mt (M=
Li, Cu, Ag) in argyrodites and make this class of materials
so attractive. Some essentials, however, referring to a “refer-
ence argyrodite” of the general composition Li;PChy (Ch=
S, Se) as an example are given below in order to simplify an
understanding of the most important structural aspects.
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The great majority of argyrodites crystallise in high-tem-
perature modifications (F43m, Z=4) and at least one low-
temperature modification. In both modifications, the ar-
rangement of the chalcogen atoms is important in order to
rationalise essential structural and physical properties. The
partial structure of the chalcogen atoms corresponds to a
tetrahedral close packing similar to the arrangement of Mg
and Cu atoms in the cubic Laves phase MgCu, (Fd3m).[*"]
The resulting three-dimensional structure offers a dense
system of 136 distorted tetrahedra per cubic unit cell with
corner, edge and face sharing. Four tetrahedra per unit cell,
which are not interconnected directly, are occupied by P
atoms forming tetrahedral (PCh,)’~ groups. A pronounced
static-dynamic disorder over the remaining tetrahedral
holes is observed for the Li atoms. Upon cooling, a disor-
der-order transition driven by a freezing out of the disor-
dered Li atoms occurs, which is accompanied by pronounced
multiple twinning and formation of antiphase domains.
Hence, the freezing out of the Li atoms in the LT phase and
the associated relaxation of the tetrahedral framework of
chalcogen atoms has to be studied by powder rather than by
single-crystal investigations. According to the present
knowledge, the relaxation of the P-Ch partial structure is
small in spite of a significant symmetry lowering upon for-
mation of the LT phase. Although, in the HT modification,
the resulting 132 empty tetrahedra are basically accessible
for the 28 disordered Li atoms, they are ordered in the LT
modifications.

For discussions of the MAS-NMR results obtained for
HT-Li,PChy (Ch=S, Se) and discussed in this paper, it is
primarily important to visualise the argyrodite structure in a
way that illustrates the spatial distribution of the chalcogen
atoms with respect to one of the four PCh, tetrahedra per
unit cell. Figure 1 shows that Chl (Wyckoff position 16e)
forms the Ch atoms of the four PCh, groups. The Ch2 (4c)
atom constitutes the second and Ch3 (4a) the third coordi-
nation sphere. This crystal chemical picture also holds for all
LT modifications of argyrodites described so far, although a
small but significant symmetry reduction is observed, pri-

b

L

Figure 1. Unit cell of HT-Li,PCh, argyrodites (Li positions are omitted)
emphasising one of the four PCh, groups per unit cell with Ch atoms of
the second and third coordination spheres. In the LT modification the
P/Ch partial structure (but not the Li partial structure) is most likely very
similar.
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marily caused by ordering of the Li/Cu atoms (e.g., Chl
splits into four independent Wyckoff positions in the LT
phase of LT-a-Cu,PSe).[%)

X-ray and thermal investigations of the solid solutions
Li,PS,_.Se,: Li;PS; and Li,PSes were described in two earli-
er publications based on powder X-ray, differential scanning
calorimetry (DSC) and NMR spectroscopy.'>"!! Moreover,
Li;PS¢; was mentioned in a systematic X-ray study of ternary
Li/P/S compounds, but without mentioning the existence of
HT and LT forms.'"” Due to the low scattering power of Li,
Rietveld refinements of the crystal data of the LT modifica-
tions (powder data only) were not successful up to now. In-
stead, we are restricted to comparisons with published crys-
tal structures of structurally related LT modifications of Cu
and Ag argyrodites”™ (e.g., LT-a-Cu;PSey).

HT-Li;PS; and HT-Li,PSe, (F43m, Z=4): The structural
data obtained from the two high-temperature measurements
(Tables 1-3) clearly confirmed space group F43m, which is
typical for HT argyrodites in general. Weak but significant
residual electron density obtained by difference density cal-
culations based on the Fourier coefficients defined by the P
and Ch contributions can be assigned to Li atoms in the
Wyckoff position 484 (reduced occupancy, Table 2) in both
cases. This crystallographic split position is also characteris-

Table 1. Summary of data collection and refinement details for
HT-Li,PS; and HT-Li;PSe;.

Li, PS4 Li;PSeq

M, [gmol '] 27191 553.3

crystal system cubic Cubic

space group F43m F43m

V4 4 4

colour colourless Orange

crystal dimension [mm°] 0.10x0.07 x 0.045 0.22x0.08%0.03

a[A] 9.993(1) 10.475(1)

vV [A7] 997.8(2) 1149.4(2)

Peea [gem ] 181 32

u [mm™] 1.45 19.17

F (000) 528 960

T [K] 503 453

0 range [°] 3.53-30.44 3.37-30.13

index ranges —14<h<14 —14<h<14
—-14<k<14 —-14<k<14
—-14<1<14 -14<i<14

measured reflections 3757 3484

independent reflections 188 214

completeness to 0 (%) 100 100

Ry 0.0308 0.0532

data/restraints/parameter 188/0/12 214/0/12

R values [I1>20(1)] R,=0.0278 R, =0.0268
wR,=0.069 wR,=0.0429

R values (all data) R,=0.0319 R,=0.0378
wR,=0.0706 wR,=0.0445

Al 0.0479 0.0215

GooF 1.183 1.141

Omax [6A7] 0.211 0.483

Pumin [€A7] —0.221 —0.290

[a] Weighting scheme: w=1/[c*(F2)+(AP)*+BP], P=(F>)+2F2)/3;
B =0 for both samples.
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Table 2. Wyckoff positions, coordinates, equivalent displacement param-
eters U,, [A?] and occupancies for HT-Li;PS, and HT-Li,PSe, (bold).

Atom Site X y z Uy, Occupancy

P 4 05 x x 0.0301(5) 1
0.5 x x 0.031(1) 1

S1 16e  0.61808(7) «x x 0.0425(4) 1

Sel 0.62150(9) «x x 0.0464(3) 1

S2 4c 025 x x 0.0358(5) 1

Se2 0.25 x x 0.0392(6) 1

S3 4a 0 x x 0.0470(6) 1

Se3 0 x x 0.0473(7) 1

Li 48h  0.817(2) 0.476(3) 0.683(1) 0.12(1) 0.53(5)
0.823(2) 0.479(3) 0.677(2) 0.10(1) 0.66(5)

Table 3. Selected interatomic distances for HT-Li,PS; and HT-Li,PSe;.

Li,PS¢ Li,PSe,
Li—Chl (2x) 2.53(2) 2.65(2)
Li—Ch2 2.45(3) 2.63(3)
Li—Ch3 2.60(2) 2.63(2)
average 2.53(2) 2.64(2)
P—Ch (4x) 2.044(1) 2.204(2)

tic in, for example, disordered Cu* in HT-y-Cu,PSe4® and
comparable argyrodites with other chemical compositions. It
is representative for the two end points of an ellipsoidal
electron density distribution that extends between the cen-
tres of two face-sharing tetrahedra. A simultaneous occupa-
tion of both positions in the real structure is impossible due
to an unreasonable short Li—Li distance of about 100 pm.
The P—S and P—Se distances of ~204 and ~220 pm for HT-
Li,PS; and HT-Li,PSe,, respectively, agree perfectly with the
average values observed in the compounds Li;PS, (P—S=
205 pm™) and K;PSe,["! (P—Se =220 pm), respectively. The
average distances Li—S (252 pm) and Li—Se (264 pm) based
on the split position 484 for Li seem to be slightly increased
in comparison to values found for Li;PS, (Li—S=244-
251 pm) and Li,Sel*® (Li—Se =260 pm), respectively, with or-
dered Li atoms.

LT-Li,PS; and LT-Li;PSes: There is significant evidence
from the X-ray powder diagrams that the crystal structures
of LT-Li,PSs and LT-Li;,PSe¢ are very similar if not isotypic
to the structure of orthorhombic LT-a-Cu,PSe,. This can be
seen in Figure 2, in which experimental powder diagrams of
LT-Li,PSs and LT-Li,PSes are compared with calculated
ones based on the atomic positions of LT-a-Cu,PSe ! and
adjusted lattice constants. In contrast to this structure
model, which implies only one crystallographically inde-
pendent P position, the subsequently presented NMR ex-
periments on these compounds give evidence for the pres-
ence of two slightly different P positions for LT-Li,PSy and
LT-Li,PSe, (see below). It was not possible to resolve this
discrepancy up to now. Cyclic heating and cooling experi-
ments on powder samples monitored by X-ray diffraction,
clearly demonstrate reversible phase transitions with transi-
tion temperatures of 483 K (Li,PS,, Figure3) and 437K
(Li;PSey).
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Figure 2. Experimental powder patterns of LT-Li,PS¢ (a) and LT-Li,PSeq
(b) in comparison to calculated diagrams based on the structure parame-
ters of LT-a-Cu,PSey” (space group Pna2;, no. 33) with adjusted lattice
constants (LT-Li,;PS,: a=14,076(6) A, b=6.917(2) A, ¢=9,955(4) A; LT-
Li,PSeq: a=14.760(2) A, b=7.270(8) A, c=10.448(2) A, T=298 K,). Po-
sitional parameters!”! (all in Wyckoff position 4a): P: 0.124, 0.753, 0.25;
Chl: 0.002, 0.757, 0.118; Ch2: 0.251, 0.251, 0.624; Ch3: 0.379, 0.504,
0.876; Ch4: 0.881, 0.505, 0.873; Ch5: 0.125, 0.718, 0.735; Ch6: 0.385,
0.740, 0.506; Lil: 0.238, 0.464, 0.998; Li2: 0.771, 0.416, 0.047; Li3: 0.294,
0.768, 0.745; Li4: 0.967, 0.092, 0.088; Li5: 0.551, 0.936, 0.928; Li6: 0.857,
0.021, 0.365; Li7: 0.377, 0.830, 0.270, (Ch =S, Se).

Vyi
7/
rel.
M 303K ’ V\ l“
o
458K } YA “ M
vty

495 K
W e oy
513K
483 K
303 K ’ \ ﬁ (\
/L
T T T T T T T 7/ /T T T T T T T T T
24 25 26 29 30 31 32 26/°

Figure 3. Sections of X-ray powder diagrams (Cu-K,) of Li,PS¢ (heating—
cooling cycle starting at 303 K) showing the reversible phase transition
between the assumed orthorhombic LT and cubic HT modification (7,=
483 K from DSC measurement).
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Solutions Li,PS,_,Se,, X-ray and thermal analysis investiga-
tions: The series of powder X-ray diagrams of selected sam-
ples of Li,PS¢_.Se, at ambient temperatures (Figure 4) clear-
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-
x=5
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J\_“_JLJUA\_‘ N
/L
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Figure 4. X-ray powder diagrams for Li,PS,_.Se, (0 <x<6) samples show
the continuous shift to smaller diffraction angles with increasing Se con-
tent and the typical pattern for the assumed orthorhombic LT modifica-
tion. Minor impurities of Li,(S/Se) are indicated with *.

ly demonstrates that all of the structures can be assigned to
the LT modification. The lattice parameters (Figure 5) of
the solid-solution samples only show a small deviation from
linearity. In DSC measurements of a solid-solution series of
Li,PS¢_,Se, up to 873 K, only one reversible thermal effect
(HT—LT, 387 K< T,<483 K, Figure 6) with a significant
hysteresis is visible. Additional thermal effects were not ob-
served between the phase transition (7;) and the melting
point (>973 K). It is remarkable that 7, undergoes a mini-
mum in the solid-solution sample Li;PS,Se, and is, in all
cases, lower than for the ternary components Li;,PS, and
Li,PSes.

3P solid-state NMR spectroscopy: Figure 7 summarises the
P solid-state NMR results obtained on the whole set of
Li;PSs_.Se, samples. The spectra obtained on the end mem-
bers x=0 (LT and metastable HT forms at room tempera-
ture) and x=6 (LT) are in good agreement with earlier in-
vestigations.'!!) In the present study, LT-Li;PS, could be
characterised for the first time. Surprisingly, the NMR spec-
tra measured both on LT-Li;PS¢; and LT-Li,PSes give clear
evidence for the presence of two crystallographically differ-
ent PCh, groups. This observation suggests that the space
group assigned for the powder diffraction data on basis of
LT-a-Cu,PSes cannot be completely correct, and that the
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Figure 5. Graphical representation of the lattice constants of the solid so-
lution series Li;PS¢_,Se, (0<x<6).
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Figure 6. Change of the LT<—HT transition temperature for the solid-so-
lution series Li;PS¢_,Se, (0 <x <6) from DSC experiments.

structures of the Li compounds must have lower symmetry.
The small chemical shift differences (2.1 ppm for the sulfide,
3.1 ppm for the selenide) between the two resonances, how-
ever, indicate that the sites are chemically and crystallo-
graphically very similar. Further clarification of this appar-
ent discrepancy requires detailed single-crystal structural
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Figure 7. *'P MAS-NMR spectra of Li;,PS;_,Se, (0<x <6) solid solutions.
Spinning sidebands are marked by asterisks. HT-Li;PS, was obtained as a
metastable phase at room temperature.

analysis data. For the selenide, the two principal resonances
are flanked by minor signals attributable to indirect dipolar
interactions of the phosphorus nuclei with directly bonded
ISe neighbours. From a spectral simulation, we determined
the isotropic scalar coupling constant 'J(*'P’Se) to be 450+
10 Hz.

The spectra of the mixed Li,PSs_.Se, samples show char-
acteristic five-peak patterns reflecting the presence of the
five possible distinct PS,_,Se, environments. Owing to the
relatively broad line widths, hyperfine structures due to
3P_"'Se indirect spin-spin coupling are not observable in
this case. Closer inspection of these spectra reveals that
each peak representing a particular (PS, ,Se,)>” environ-
ment seems to be comprised of multiple resonances. With
the exception of the case of the (PS,)*” units, in which this
fine structure is clearly visible, the resolution is not suffi-
cient to attempt more detailed line-shape analyses. For this
reason, Table 4 summarises the observed average isotropic
chemical shifts measured for each peak cluster. Regarding
the resonance frequencies of the individual PS,_,Se, envi-
ronments, it is interesting to note that the *'P chemical shift
shows an approximately linear dependence on n, a situation
rarely encountered in substitutional series of this kind.
Table 4 also summarises the intensity distributions measured
for each peak cluster in the five mixed compounds studied
and compares these experimental data with the fractional
peak areas expected from a scenario assuming statistical
mixing of sulfur and selenium atoms over the three distinct
chalcogen sites in the argyrodite lattice. For the latter sce-
nario, the statistical probability P(n,y) of a phosphorus atom
being part of the first coordination sphere of phosphorus,
that is, to be bonded to nSe atoms and 4—n S atoms (0<n <
4) is given by Equation (1), in which y (0<y<1) represents
the fractional contribution of Se to the total chalcogen in-
ventory. Clearly, Table 4 and Figure 8 reveal that the chalco-
gen distribution in the first coordination sphere of phospho-
rus is not statistical; bonding to sulfur is strongly preferred
over bonding to selenium. We can quantify this preference
on the basis of an equilibrium constant postulated for a hy-

Chem. Eur. J. 2010, 16, 5138 -5147
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Table 4. *'P chemical shifts of the individual (PS,_,Se,)’” resonances in
Li,PS,_,Se, solid solutions. The experimental fractional areas (exptl) are
compared to those expected from a statistical distribution (caled).

PS, PS;Se PS,Se, PSSe; PSe,
Li,PSeq o [ppm] —79.6;—82.7
% exptl - - - - 100
% caled 100
Li,PSSes 6 [ppm] 93 53 10 -3¢ -719
% exptl 0.6 6.3 20.8 38.1 342
% caled 0.1 1.5 11.6 38.6 48.2
Li,PS,Se, o [ppm] 93 53 11 33 -7
% exptl 8.3 23.9 31.8 25.6 10.3
% caled 1.2 99 296 39.5 19.8
Li,PS;Se; O [ppm] 92 53 12 -32  -78
% exptl 293 369 228 9.2 1.8
% caled 6.3 25.0 37.5 25.0 6.3
Li,PS,Se;, O [ppm] 92 52 11 - -
% exptl  63.1 29.5 7.4 - -
% caled  19.8 39.5 29.6 9.9 1.2
Li,PS;Se 6 [ppm] 89" 49 - - -
% exptl 922 7.8 - - -
% caled  48.2 38.6 11.6 1.5 0.1
LT-Li,PSs O [ppm] 86.9;84.7

% exptl 100 - - - -
% caled 100

HT-Li,PS¢ O [ppm] 87.8
% exptl 100 - - - -
% caled 100

[a] Five components at 94.0, 92.4, 90.8, 88.9, and 87.2 ppm. [b] Five com-
ponents at 92.7, 90.8, 88.9, 87.0, and 85.1 ppm. [c] Obtained metastable at
room temperature.
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Figure 8. Intensity distribution P(n,y) of the individual (PS,_,Se,)*" reso-
nances. Black bars: experimental values determined by peak integration;
white bars: values predicted from a statistical distribution scenario.

pothetical reaction [Eq. (2)], in which S, and Se, represent
the P-bonded sulfur and selenium atoms, respectively, which
are in equilibrium with the free sulfide and selenide ions in
the melts from which these solid solutions crystallise. Based
on the NMR data we can calculate the equilibrium constant
for this reaction by using Equation (3). The mole fractions
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[Sep] and [Sp] follow from the experimental distributions
P(n,y) according to Equations (4) and (5). Conversely, the
mole fractions [Se*"] and [S*7] of the free chalcogenide ions
follow from Equations (6) and (7). Table 5 summarises the

Table 5. Equilibrium constants K calculated from the experimental
P(n,y) values for Li;PS;_,Se, solid solutions.

Li,PSSe; Li,PS,Se, Li,PS,Se, Li,PS,Se, Li,PS,Se
- 31 28 30 43

K values thus calculated. Consistent results were obtained
for four of the five argyrodite solid solutions, quantitatively
characterising the bonding preference of phosphorus with
sulfur over selenium.

P(ny) = 41/(nl(4-n))y" (1) 1)
Sep + S = Sp + Se?” 2)
K = {[Sp][Se™ ]} /{[Serl[S"]} 3)
[Sep] = {4 x P(4,y) +3 x P(3,y) +2 x P(2,y) + 1 x P(1,y)}
(4)
[Sp] = {4 x P(0,y) +3 x P(Ly) + 2x P(2,y) +1x P(3,y)}
)
[Se*] = {6y—[Sep]} (6)
7] = {6(1-y)—[Ss]} ™)

Finally, the perceptible fine structure, which is particularly
pronounced for the (PS,)*” environments, has not yet been
explained. We attribute it to the distribution of the chalco-
genide ions in the second coordination sphere of the phos-
phorus atoms. Figures 9 and 10 show a representative peak
deconvolution into the five possible environments. These re-
sults can again be compared with a random distribution sce-
nario calculated using Equation (1). In this case, the relevant
value of y follows from the concentrations [Se?"] and [S*7]
[from Eq. (6) and (7)] that are available for occupying the
second coordination sphere of phosphorus. Figure 9 suggests
that the chalcogen occupancy of this site with sulfur or sele-
nium is quite close to random in Li,PS;Se, whereas in
Li,PS,Se, there seems to be some deviation from random-
ness (Figure 10).

"Se solid-state NMR spectroscopy: Previous 7Se NMR
studies of the argyrodite Ag;PSe "' were able to clearly dif-
ferentiate the three crystallographically distinct selenium en-
vironments. Although the P-bonded selenium atoms are
characterised by wide spinning sideband patterns signifying
a strongly anisotropic chemical shift tensor, the resonances
attributed to selenium atoms in the 4a and 4c¢ positions
reveal essentially isotropic shielding. Similar results were
obtained on the mixed chalcogenides of the present study;
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Figure 9. Peak deconvolutions of the (PS,)*~ resonance in Li;,PS;Se. Solid
bars show the experimental intensity distributions for the chalcogen con-
figuration in the 4¢ position (second coordination sphere of phosphorus);
open bars show the expected intensity distribution based on a statistical
scenario.

80
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Figure 10. Peak deconvolution of the (PS,)’” resonance in Li,PS,Se,.
Solid bars show the experimental intensity distributions for the chalcogen
configuration in the 4c¢ position (second coordination sphere of phospho-
rus); open bars show the expected intensity distribution based on a statis-
tical scenario.

however, the signals arising from the P-bonded selenium
species appear significantly broadened, making their obser-
vation and quantification impossible. For this reason,
Figure 11 focuses on the spectral region, in which the 7’Se
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Figure 11.77Se MAS-NMR spectra of Li;PS_,Se, solid solutions. The res-
onances due to the P bonded Se atoms are outside the spectral window
chosen. For Li;PSe,, the simulated and measured curves coincide nearly
perfectly.

NMR signals attributable to the 4a and the 4c sites appear.
For Li,PSeq, a small splitting of each of these resonances is
observed, indicating the presence of slightly non-equivalent
selenium environments. This result is consistent with the ob-
served splitting of the *'P NMR signal, suggesting the pres-
ence of a slight structural distortion not detectable by XRD.
Compared to the very sharp signals in Li;PSeq, the mixed
chalcogenides show broadened signals owing to the addi-
tional substitutional disorder present in these phases. Al-
though the chemical shift of the higher-frequency signal is
essentially independent on composition, the lower frequency
resonance shifts to higher ppm values with increasing sulfur
content (see Table 6). Therefore, we attribute the latter
signal to selenium species in the 4c positions, as the "'Se
chemical shift is expected to be influenced by the proximity
(and thence the composition) of the nearby (PCh,)’" tetra-
hedra. For most of the solid solutions investigated, the ratio
of these two signals is found to be very close (within experi-
mental error) to 1:1, hence confirming that the chalcogen
distribution over the 4a and 4c sites is essentially statistical.
Only in Li;PS;Se and Li,PS,Se, does the area ratio differ
significantly from unity. Thus, there is a subtle but percepti-
ble preference of selenium to occupy the 4a positions in
these samples. For Li;PS,Se,, this result is in excellent agree-

Table 6. 7’Se chemical shifts and fractional areas of the 4a and 4c reso-
nances of Li;PS,_,Se, samples.

4a 4c
o [ppm] fractional o [ppm] fractional
area [%] area [%]
Li,PSsSe —1725 70 —1796 30
Li,PS,Se, 1729 57 ~1801 43
Li,PS;Se; —1730 48 —1806 52
Li,PS,Se, —1731 51 —1815 49
Li;PSSes —1736 48 —1829 52
Li;PSe —1736 25 —1842 27
—1738 (23) —1845 (25)

Chem. Eur. J. 2010, 16, 5138 -5147
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ment with the P NMR peak analysis (Figure 10). In con-
trast, the site preference detected for Li;PSsSe is much more
apparent in the ’Se NMR spectrum than in the *'P signal in-
tensity distribution in Figure 9. We consider the "Se NMR
result, which is more direct, to be more accurate in this case.

°Li solid-state NMR spectroscopy: Figures 12 and 13 and
Table 7 summarise the results from °Li NMR experiments at
160 K and 150 K, the lowest achievable temperature with
the equipment used, on LT-Li,PS4; and LT-Li,PSe,. The less
abundant °Li isotope was chosen because the resolution in
SLi MAS-NMR is significantly improved compared to that
with 'Li NMR, due to the weaker homonuclear dipolar in-
teractions and second-order quadrupolar broadening ef-

\
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9
|
!

|
i
J/J N i

3 2 1 0 -1
5/ ppm

Figure 12. °Li{’Li} CPMAS spectrum of LT-Li,PS;. The simulated and
measured curves coincide nearly perfectly. The simulation is based on 7
individual components with the area ratios listed in Table 7.

/
’\ SLi{'Li}CP
150 K

W

MR
AN

T T T

4 3 1 2

6/ ppm
Figure 13. °Li{’Li} CPMAS spectrum of LT-Li,PSe;. The simulated and

measured curves coincide nearly perfectly. The simulation is based on 4
individual components with the area ratios listed in Table 7.

Table 7. °Li MAS-NMR line-shape deconvolutions for LT-Li,PS, and
LT-Li,PSe,.

LT-Li,PS, % LT-Li,PSe, %
1.61 122 1.90 20
143 19.0 1.51 29
123 12.7 0.96 2
113 15.6 028 18
0.94 10.7
0.72 15.8
0.19 14.0
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fects.'”) Multiple resonances are observed in these spectra
signifying the presence of distinct lithium sites with slow in-
tersite exchanges in this range. From the assumed structure
model for LT-Li;PS4 and Li,PSe, one basically expects seven
crystallographically independent Li positions with similar
multiplicity (Wyckoff position 4a of space group Pna2,).
Five of them are tetrahedrally coordinated (Li2, Li3, Li4,
Li5, Li7, CN=4), one trigonal planar (Lil, CN=3) and one
nearly linear (Li6, CN=2), see Figure 14. The tetrahedrally
coordinated Li atoms form three groups: two groups of Li
pairs (Li3/Li5, Li2/Li7, located on both sides of a pseudo-
mirror plane) and a single Li (Li4) located very close to the
pseudo-mirror plane (a real mirror plane in the HT modifi-
cation). Lil (CN 3) and Li6 (CN 2) form separate groups of
single atoms due to their different coordination numbers.

Figure 14. Crystallographically independent Li positions of LT-Li;PSes
inside a (SeSeys) Friauf-polyhedron with attached PSe, tetrahedra. Coor-
dination of Li: trigonal (Lil), tetrahedral (Li2, Li3, Li4 Li5, Li7) and
linear (Li6).

In both of the samples, the signal-to-noise ratio could be
considerably enhanced by cross-polarising the °Li spins from
the abundant "Li spin reservoir. The spectrum of LT-Li,PS,
reveals a number of well-resolved resonances, indicating
that the exchange between the different lithium positions is
slow on the NMR timescale (0.015s). In the case of LT-
Li,PSeq, four resonance lines can be differentiated at 150 K;;
however, the lower resolution suggests that the rigid lattice
limit has not quite been reached at this temperature. Includ-
ed in the figures are tentative peak deconvolutions. In the
case of LT-Li;PS;, the °Li NMR spectrum can be deconvo-
luted into seven contributions having the area ratios listed.
The higher intensity of the 1.43 ppm peak in relation to the
other signals can be accounted for by a small contamination
with lithium sulfide, which is evident in the XRD data. This
Li,S impurity contributes additional intensity to this spectral
component, whereas all the other components appear with
comparable intensities. Although the spectral deconvolution
shown here is consistent with the structural model from the
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X-ray data, we must note that satisfactory fits can be ob-
tained in various other ways, as only six spectral components
are resolvable without doubt. At higher temperatures, these
resonances coalesce because of exchange averaging process-
es on the 0.01 to 0.1 s timescale, resulting in loss of resolu-
tion and the observation of single symmetric resonances at
room temperature.

Experimental Section

Synthesis of Li;PCh, (Ch=S, Se) and solid solutions Li,PS;_,Se,: The ter-
nary compounds Li;PChg were synthesised from stoichiometric amounts
of Li,S (prepared from LiOH and H,S according to reference [18]) and
P,Ss (Acros, 98%) or Li,Se (CERAC, 99.5%) and P,Ses (pre-reacted
stoichiometric mixture of Se and red P) for Ch=S, Se, respectively. For
solid solutions Li,PS,_,Se,, P (Acros, 9.999%), S (Chempur, 99.999 %)
and Se (Chempur, 99.999 % ) were additionally used to reach the required
composition. The reaction mixtures were homogenised, pressed to pellets
and transferred into carbon-coated quartz glass ampoules. The carbon
coating was carried out by repeated pyrolysis of acetone vapour. All ex-
periments were carried out in an argon-filled glove box (O,<1 ppm,
H,0 <1 ppm). The respective, evacuated quartz glass ampoules were an-
nealed for 120 h at 923 K (Li,PChg) or 823 K. After the reaction, the am-
poules were slowly cooled to room temperature. Li;PS; is colourless. The
intensity of the orange colour of the Se containing samples increases with
increasing Se content. Surprisingly, we sometimes obtained the cubic HT
modification of Li;PSs metastable at room temperature without being
able to specify the respective conditions (see below).

Powder X-ray diffraction: The air sensitive products were prepared in a
glove box. The samples were ground and loaded with grease (Lithelen)
between two Mylar foils (diameter =0.1 mm). The diffraction data were
collected on a Siemens D5000 diffractometer (Cu-K,; radiation, Ge
monochromator). High-temperature measurements were carried out in
evacuated quartz glass capillaries (diameter=0.2 mm) on a STOE Stadip
diffractometer. The data analyses were performed using STOE Software
package WINXPOW.!"!

Single-crystal investigations: Crystals of Li;PChy with an appropriate size
were selected in a glove box equipped with a microscope, transferred
into capillaries, which were evacuated and sealed. The capillaries were
mounted on an imaging plate diffraction system (STOE IPDS I) and
measured using graphite monochromatised Mog, radiation (A=
0.71973 A). The X-ray single crystal structure determinations of HT-
Li,PChg crystals are based on measurements at 503 K (Ch=S) and 453 K
(Ch=Se). This was achieved by slow heating (10 Kmin') of twinned LT
crystals directly on the diffractometer starting from ambient temperature
above the phase transition. The STOE IPDS program package®®! was
used for the data evaluation. For the structure solution and refinement,
the programs SHELXS-97%! and SHELXL-97! were used. In rare
cases, we obtained Li,PS, in the cubic HT form metastable at ambient
temperature far below the phase transition. These products always con-
tained significant amounts of unreacted Li,S and show, in contrast to
“normal” reaction products, only very small crystals of the argyrodite.
One of these crystals was measured at 273 K. The result of the structure
refinement does not show any anomalies compared to the measurement
at 503 K. The X-ray powder pattern of such samples agrees with the cal-
culated ones. The volume (976.93(8) A%) is significantly higher compared
to the volume of the assumed orthorhombic LT modification
(969.26(4) A%). This suggests a higher stability of the latter.

Further details of the crystal structure investigations can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (449)7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de) on quoting the depository number CSD-421130 (Li,PSg)
and CSD-421131 (Li;PSey).
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Thermal analyses: Thermal analyses were conducted in pressure resistant
stainless steel crucibles on a SETARAM DSC 131 (heating and cooling
rates: 7 Kmin ™).

X-ray analysis: EDX (energy dispersive X-ray) analysis was used to
semi-quantitatively (Li disregarded) check the ratio of phosphorus/sulfur/
selenium and to prove the absence of silicon (quartz glass ampoule),
which is important due to the existence of silicon-containing argyrodites.

Solid-state NMR spectroscopy: The *'P NMR experiments were conduct-
ed on a Bruker DSX 400 spectrometer working at a Larmor frequency of
161.92 MHz. A Bruker MAS WVT probe (4 mm stator) was used and
the duration of the 90° pulses was 2.8 us. Data were measured using
single-pulse acquisitions at a spinning speed between 11 and 15 kHz. The
relaxation delay was between 60 s and 120 s. Since the samples are highly
moisture sensitive, the rotors were packed in a glove box and spun with
nitrogen. The relative peak areas were quantified by signal integration,
taking spinning sidebands into account. In certain cases, a more detailed
peak deconvolution was done using the DMFIT programme. All chemi-
cal shifts are reported relative to 85% H;PO,. 7’Se NMR spectra were
obtained at 76.3 MHz, with 90° pulses of 3 us in length and relaxation
delays of 40 s using a rotor-synchronised Hahn spin echo sequence at a
spinning frequency of 12 kHz. Spectra are referenced to 96% selenic
acid solution. °Li{’Li} cross polarisation magic angle spinning (CPMAS)
experiments were performed by using a 4 mm Bruker double resonance
probe at a Larmor frequency of 54.2 MHz and 155.5 MHz for °Li and "Li,
respectively. The methodology was first described in ref. [22]. The MAS
frequency was set to 5 kHz and the 90° pulse length for both nuclei was
7.6 ps. The contact time was 9 ms for Li;PS¢ and 10 ms for Li,PSes. For
both samples, a relaxation delay of 10 s was used.
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