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Directed Dehydration of Na,Sn,S.-5H,0 Generates the New

Compound Na,Sn,S¢: Crystal Structure and Selected

Properties

+ x[a

Assma Benkada®,” Felix Hartmann*,
Henning Liihmann,” and Wolfgang Bensch*™

The new thiostannate Na,Sn,S¢ was prepared by directed crystal
water removal from the hydrate Na,Sn,S¢-5H,0 at moderate
temperatures. While the structure of the hydrate comprises
isolated [Sn,S¢l*™ anions, that of the anhydrate contains linear
chains composed of corner-sharing SnS, tetrahedra, a structural
motif not known in thiostannate chemistry. This structural
rearrangement requires bond-breakage in the [Sn,S¢*" anion,
movements of the fragments of the opened [Sn,S¢]*~ anion and
Sn—S—Sn bond formation. Simultaneously, the coordination

Introduction

Several synthetic approaches were established for the prepara-
tion of thiostannates and tin sulfides including the high
temperature annealing method"™"" and the so-called molten
flux approach.">™ In these compounds, the choice of the
charge balancing cations is restricted to those, which are stable
under the actual conditions, and therefore many compounds
contain alkali metal or alkaline earth metal cations. Another
widely applied method is the solvothermal approach, which has
the important advantage that complexes or organic cations can
be integrated into the thiometallate networks besides simple
metal cations. Furthermore, the structural diversity and dimen-
sionality is much larger than for thiometallates obtained by the
synthetic routes mentioned above and feature molecules,
chains, layers and networks."®?? There are also some reports
that thiostannates can be prepared under even milder reaction
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environment of the Na* cations is significantly altered and the
in situ formed NaS; polyhedra are joined by corner- and edge-
sharing to form a six-membered ring. Time-dependent in situ X-
ray powder diffraction evidences very fast rehydration into
Na,Sn,Se-5H,0 during storage in air atmosphere, but recovery
of the initial crystallinity requires several days. Impedance
spectroscopy demonstrates a mediocre room-temperature Na™*
ion conductivity of 0.31 uScm™' and an activation energy for
ionic transport of E,=0.75 eV.

conditions in liquid media.”>?” Several thiostannates or tin

sulfides exhibit interesting and promising properties like non-
linear optical behavior,”® the selective capture of hazardous or
radioactive metal cations,”®>" as absorber layers in thin film
solar cells®**>% as photocatalyst for light-driven hydrogen
evolution, or as luminescent material.®*¥ In the last few years,
tin-based sulfides came into focus of research in the area of
energy storage materials®” as well as solid electrolytes for
applications in all-solid-state batteries, because some exhibit
superionic conduction properties. For example, the mixed
quaternary compounds Na;;Sn,PS;, (0gr=3.7 mScm™' and E,=
039eV; ox=14mScm™ and E,=0.25eV),**** Na,,;SnP,S;,
(0r=04mScm™',  E,=036eV),*”  Na,;;Sn,SbS,,  (Ogr=
06mScm™',  E,=034eV),*  Naj;25n,,55b0755:, (0=
0.5mScm™', E,=0.39 eV)*? have promisingly high room-tem-
perature (RT) conductivities gz; and low activation energies E,
for ionic conduction. In contrast, ternary sodium thiostannates
such as the two polymorphs of Na,SnS, (0gr=2.2x107> mScm™'
and E,=0.51¢eV; 0r=1x10"°mScm™", E,=0.65eV)*? or so-
dium  selenostannates such as Na,SnSe, (ogr=2.2X%
10°mScm™', E,=0.28 eV)* exhibit significantly worse ionic
conduction properties compared to ternary sodium thiophos-
phates and thioantimonates like Na;PS, (0zr=0.2 mScm™', E,=
0.35 V)" and Na;SbS, (6zr=3.0 mScm™', £,=0.25 eV).*d

Most of the aforementioned potential solid electrolytes
were synthesized at elevated temperatures and required
elaborate preparation procedures. An elegant but not often
applied synthetic approach is the directed thermal removal of
crystal water molecules or labile ligands as demonstrated for Li
chalcogenidostannates,””*® Na,Sbs,*" and Na,,Sn,,Sb,5,* In
the latter study, we have shown that a new metastable
polymorph of Na,SnS, can be obtained by this approach
starting from Na,SnS,-14H,0.*¥ Another possible suitable
candidate for such a synthetic procedure is Na,Sn,Ss5H,0 (I)

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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which can be easily prepared under moderate conditions in
good yields. Here we report the synthesis of the new
compound Na,Sn,S¢ (Il), the crystal structure, '"°Sn and *Na
Magic-angle spinning (MAS) NMR and Raman spectra, and the
results of electrochemical impedance spectroscopy (EIS) inves-
tigations.

Results and Discussion

The thermal stability of Na,Sn,Se-5H,0 (I) was investigated and
the TG curve (T, =300°C, heating rate: 4 K min™') shows two
not well-resolved mass steps (Figure 1), which are accompanied
by endothermic events in the DTA curve (T,=95 and 132°C).
The experimental mass loss of 16.7% is finished at Ta:150°C
and slightly larger than that calculated for the removal of all
crystal water molecules (calc.: 14.7%). Applying a lower heating
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Figure 1. TG (black), DTA (red) and DTG (dashed-dotted blue) of
Na,Sn,Ss-5H,0 (1) performed with a heating rate of 4 Kmin~" in N,
atmosphere.
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Figure 2. Selected patterns (left) and logarithmic intensity contour profile
between 26.5° and 28.5° 20 (right) of a time-dependent PXRD experiment
during rehydration of Na,Sn,S¢-5H,0 (I) into Na,Sn,S, (Il) during storage at
295 K in air atmosphere. A comparison with simulated (sim.) and
experimental PXRD of as synthesized (a.s.) I and Il is shown as well.
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rate of 1Kmin™' (Figure S1) leads to a similar mass change
(16.9%) in almost one step with an endothermic signal at T,=
128°C. In both thermal decomposition reactions, the new
dehydrated compound Na,Sn.,S¢ (Il) was formed as identified by
crystal structure determination from powder X-ray diffraction
(PXRD) data (see below).

To examine whether compound Il absorbs water from
atmosphere it was stored in air (T=295 K, room humidity 30-
45%) and time-dependent PXRD patterns were collected every
30 min (Figures S2-54); selected patterns are shown in Figure 2
(left). In the very first scan of this experiment (t=0 to 0.5 h),
reflections corresponding to | and Il are observed. After 1 h, the
rehydration of Il into | seems to be almost finished and the
starting compound | is recovered as a slightly yellow solid.
However, a closer look at the intensity evolution of, for
example, the 211/21-1 reflection of Il during the first 24 h of the
time-dependent in situ experiment (Figure 2, right) reveals that
a part of the dehydrated thiostannate survives for =8 h.
However, after 8h, the hydrated thiostannate 1 is fully
recovered and during the next 60 h, no significant alterations
can be observed via PXRD. After several days storage in air
atmosphere (t,.,; =163 h), another PXRD was collected and the
reflections became sharper compared to the PXRD obtained
after 68 h, thus the coherently scattering domains of | grew
during the storage process leading to an improved crystallinity.
The results demonstrate that the crystal water molecules of |
can be reversibly removed with good crystallinity after incorpo-
ration of H,O in the dehydrated material. Since the space group
(P4,2,2)®" of the pristine hydrate is enantiomorphic, the
chirality of the rehydrated product could differ from the initial
one, which needs to be addressed in comprehensive studies in
future research. Nonetheless, small fractions of an unknown
side phase are detected after storage for 163 h, which are not
observed after air exposure of Il for 68 h (see Figure S4). This
may indicate a long-term instability of | in air atmosphere.

The new compound Na,Sn,S¢ (ll) crystallizes in the non-
centrosymmetric orthorhombic space group Ama2, with lattice
parameters a=7.76145(9), b=11.33324(14), ¢=6.83986(9) A,
V=601.65(1) A* and Z=2 as confirmed by Rietveld refinement
of the PXRD pattern (Figure 3). In the structure (Figure 4) one
unique Na™ cation is in a general position (8c), while three
independent S* anions (4a, 4b, and 4b) and one unique Sn**
cation (4b) are in special positions. The Sn*" cation is in a
tetrahedral environment with Sn—S bond lengths varying from
2.333(2) to 2.503(2) A (average: 2.424 A). The S—Sn—S angles are
from 101.67 to 115.36° indicating a severe distortion of the
tetrahedron, but the values agree with literature data."**” The
structure contains linear {Sn,S¢}, chains along [010] formed by
corner-sharing of SnS, units (Figure 4, bottom left). To the best
of our knowledge, similar nearly linear chains were not reported
in crystal structures of thiostannates. Using the nomenclature
developed for silicate structures,”" the chain represents an
unbranched ‘einer’ single chain (anion periodicity P=1) and the
structural formula can be denoted as Naf]{uB, 113SnS;,. In
contrast to this unique feature in the structure of the title
compound, the lowest periodicity of unbranched silicates is P=
2 (‘zweier’ single chain), hence with apexes of neighbored SiO,
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Figure 3. Rietveld plot of the refined crystal structure of Na,Sn,S, (Il).

@ sn

Figure 4. Crystal structure of compound Il: Perspective view of the 3D
network along [100] (top) and parallel view along [010] (bottom left),
showcasing the {Sn,S¢}, chains (blue). Selected atoms are labeled. The
interconnection of the NaS; polyhedra (green) forms tunnels along [100]
(bottom right), which center the {Sn,S}, chains.

tetrahedra in the chain pointing alternately up and down. The
unique Na™ cation is in a fivefold, distorted square pyramidal
coordination and these NaS; polyhedra are interconnected by
edge- and corner-sharing to form a six-membered ring. Along
[001] the rings are condensed by edge-sharing of adjacent NaSs
pyramids and this connection mode generates tunnels directed
along [100] (Figure 4, bottom right) which host the Sn atoms.
The SnS, tetrahedron is surrounded by twelve Na* cations via
Sn—S—Na bonds with Na—S bond lengths ranging from 2.776 to
2.956 A. The longest bonds are slightly larger than the sum of
the ionic radii of 2.84 A (r,(CN=5): 1.00 A, S*: 1.84 A; sn**:
0.55 A).? The next nearest S* anion is located at 3.775 A,
which is far too long for a significant Na- - -S interaction. All S~
anions have bonds to Na™ cations: S1 to two, S2 and S3 to four

Eur. J. Inorg. Chem. 2023, 26, e202200687 (3 of 6)

Na* cations (Figure S5). Including the S—Sn bonds S1 is in a
tetrahedral SNa,Sn, environment, while S2/S3 are in a distorted
SNa,Sn coordination geometry with Sn located at the apex of
the distorted square pyramidal polyhedron. The S2 and S3
centered polyhedra share a common edge to form a S,NagSn,
moiety as secondary building unit, which is bound to two S1
centered polyhedra via p;-acting Na atoms.

The structure of the pristine compound | (space group:
P4,2,2) was previously described elsewhere with a=b=
8.45088(3) and c=23.32912(12) A, V=1666.102 A® and contains
isolated edge-sharing double-tetrahedra [Sn,S¢]*~ (Figure 56).”
The mechanism of the structural transformation of these
double-tetrahedra into corner-sharing SnS, tetrahedra observed
in the chains of Il is not clear. But notably, | and Il apparently
exhibit a topotaxial relationship (cf. Figure S7) with lattice
parameters being a(ll)~1/3xc(l), b(ll) ~4/3xb(l), and c(ll) =4/
5xaf(l). One may speculate that during the transformation one
of the Sn-Sy44.-SN bonds is opened and adjacent polyhedra are
joined by a common S~ anion. From a mechanistic point of
view, Sn—S bond breakage in the [Sn,S,*" anion results in two
scenarios: i) only one of the Sn—S—Sn bridges is opened leaving
behind two different fragments (formally SnS;s; and SnS,;)
which are still joined by one S*~ anion; ii) both Sn—S-Sn bridges
are opened and two SnS; moieties are formed. Option i) seems
to be unlikely and scenario ii) is more probable. For generation
of a linear chain the SnS; fragments must slightly rotate and
move some A before Sn—S bond formation can be realized. In
addition, a pronounced restructuring occurs around the Na*
cations involving Na—O bond breakage, Na—S bond formation
and some movement of the cations.

The [Sn,S¢]*" anion has the D,, symmetry and a vibrational
analysis yields Equation (1).>”

T,”" =4 Ay(Ra) + 2 Byg(Ra) + 2 By (Ra)+
1 B34(Ra) + 1 A(inactive) + 3 By, (IR)+ (1)
2 By, (IR) + 3 B,y (IR)

If the symmetry is reduced to C; due to the interactions with
the Na™ cations vibrations according to Equation (2) can be
expected.””

Ty =9 A (Ra) +9 A,(IR) )

In the Raman spectrum, the typical Sn—S modes of the
[Sn,Se]*” anion are observed between 450 and 50 cm™' (Fig-
ure 5). The Sn-S,.,, resonance occurs at 377 cm™', while the
Sn—S—Sn bands are observed at 342 (v,) and at 304 cm™' (v,).
The Sn,S, ring vibration is located at 284 cm™". The deformation
and lattice vibrations are between 200 and 50 cm™, but no
reasonable assignment can be performed in this region.

MAS NMR spectroscopy was performed to gain deeper
insight into the atomic environments of '"°Sn and *Na in the
new compound Na,Sn,S¢ and the results are shown in Figure 6
(for full spectral range see Figure S8). Besides rotational side
bands, only a single isotropic peak at 63.6 ppm is observed in
the ""Sn MAS NMR spectrum (Figure 6a) representing Sn**
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Figure 5. Raman spectrum for Na,Sn,Sq (II).
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Figure 6. Experimental a) '®Sn and b) *Na MAS NMR and calculated
spectrum for Na,Sn,S, (Il). Rotational sidebands are marked with crosses.

cations in tetrahedral coordination by S*~ and being in line with
the observation of solely one independent crystallographic site
for Sn by PXRD. The chemical shift is similar to values reported
for SnS, tetrahedra in the solid compounds Na,SnS,"”
NasSn,S,*? and for [SnS,]*~ units in the liquid state.®*** In the
Na MAS NMR spectrum (Figure 6b), again a single contribution
is visible. This contribution has a quadrupolar line shape
characterized by an isotropic shift d,,=20.9 ppm, quadrupolar
coupling constant C,=2.78 MHz, and anisotropy parameter
7q=0.15. The spectrum reveals that only a single crystallo-
graphic Na site is present in the crystal structure with
asymmetric environment around this site, consistent with the
distorted square pyramidal S*~ coordination detected by XRD.
Both the narrow line shape observed for ''Sn (nuclear spin /=
1/2) and the clear quadrupolar line shape observed for 2?Na (/=
3/2) hint at a high crystallinity of this sample.

The Na*® cation motion properties of Na,Sn,S, were
investigated by electrochemical impedance spectroscopy (EIS)
between 0 to 70°C. A representative Nyquist plot recorded at
RT is shown in Figure 7 (spectra at different temperatures see
Figure S9). All AC impedance spectra were fitted with an
equivalent circuit as shown in Figure 7: one resistor (R) in
parallel with a constant phase element (CPE) represents the
averaged bulk and grain boundary (GB) resistance (single
depressed semicircle) and another CPE in series contributes for
the blocking electrode behavior (sloping line) at small

Eur. J. Inorg. Chem. 2023, 26, 202200687 (4 of 6)
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Figure 7. Nyquist plot recorded at 25 °C for Na,Sn,S, (Il) and equivalent
circuit; AC impedance spectra for the Arrhenius plot (top, inset) was
recorded from 0 to 70°C (cf. Table 1).

frequencies.**** The Na™ cation conductivities o and capaci-
tances C at different temperatures are summarized in Table 1.
Values for C correspond to averaged bulk and GB transport
behavior if compared to empirical characteristics reported in
Ref. [56] (C,u=1 pF, Cez~4 nF). The EIS experiments demon-
strate decent Na* cation motion properties with ¢ covering
several orders of magnitude between 0 and 70°C. For example,
Ogr=3.1x10"*mScm™" is found for Na,Sn,S,, which is compara-
ble to values reported for Na,SnS, or Na,SnSe, (see introduc-
tion). Using the temperature-dependent data, E, was calculated
by Equation (3):

o xT=Axexp[—E,/(ks x T)] 3)

Here, A is the pre-exponential factor, k; the Boltzmann constant,
and T the absolute temperature. ¢ of Na,Sn,S¢ follows the
Arrhenius law (Figure 7, inset) in the whole temperature regime
and a large E,=0.75 eV indicates that the Na* cation motion is
highly temperature-driven in this new thiostannate.

Table 1. lonic conductivities ¢ and capacitances C; recorded at various
temperatures for Na,Sn,Sg (11).

7/°C o/pScm™! C/pF
0 0.02 65
10 0.06 57
20 0.19 56
25 0.31 62
30 0.49 62
40 117 60
50 2.52 59
60 5.01 60
70 10.2 53
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Conclusion

We demonstrated that the directed thermal removal of crystal
water molecules from Na,Sn,S¢-5H,0 yields the new compound
Na,Sn,S. The removal of H,0 is accompanied by large structural
rearrangements and the [Sn,S,]*" anion is transformed into a
linear {Sn,S¢},*~ chain anion which is composed of corner-
sharing SnS, tetrahedra, a structural feature never reported
before in thiostannate chemistry. In the crystal water containing
thiostannate the Na™ cations are in an octahedral (NaO,S;) and
a trigonal-bipyramidal (NaO,S;) geometry, while in Na,Sn,S, the
Na* cation is in a distorted rectangular-pyramidal (NaSs)
environment, which again requires pronounced structural
changes. Nevertheless, the crystallinity of the dehydrated
samples was good enough for a structure solution and structure
refinement from PXRD. The '°Sn and *Na MAS NMR spectra
show only one signal in accordance with the presence of only
one unique Sn and one independent Na atom in the crystal
structure. EIS results demonstrate moderate Na* ion conductiv-
ity for Na,Sn,Ss comparable to values previously reported for
different ternary sodium thiostannates such as Na,SnS,. The
presented synthesis route and results now encourage further
research to tailor the sodium conduction properties of the new
thiostannate by chemical engineering, for example, by cation
and anion doping.

Experimental Section

Synthesis of Na,Sn,S¢-5H,0 () 0.750g  (1.27 mmol)
Na,SnS,- 14H,0 was dispersed in 4 mL MeOH and heated for 20 min
at 90°C. The white solid of Na,Sn,S¢-5H,0 was filtrated, washed
with MeOH and dried in air at room temperature (yield~40%
based on Sn).

Synthesis of Na,Sn,S¢ (IlI): About 1.0 g (1.6 mmol) Na,Sn,Ss-5H,0
was placed in an inert gas tube furnace, flushed with dry N, gas for
5min and then heated at a rate of 4 Kmin~' and N, gas flow of
about 1Lmin™". At a temperature of 300°C, the product was
quenched to RT in Ar atmosphere and directly transferred into an
Ar-filled glovebox without contact to air atmosphere.

Powder X-Ray Diffraction (PXRD): The PXRD patterns were
measured with a STOE Stadi-P diffractometer equipped with a
MYTHEN 1 K detector (DECTRIS) in transmission geometry using
monochromatized Cu—Ka, radiation (1=1.540598 A). For that,
compound Il was loaded into a glass capillary (Hilgenberg,
Germany), which was sealed with beeswax. The in situ (time-
dependent) PXRD experiment was performed in Bragg-Brentanto
geometry on a PANalytical Empyrean diffractometer equipped with
a PIXcel 1D detector using Cu—Ka radiation and a zero-background
sample holder. The sample holder was filled with compound Il in
an Ar-filled glovebox, then transferred to the diffractometer in inert
gas atmosphere, finally exposed to air atmosphere the moment the
first measurement started and PXRD patterns were collected within
30 min each for 68 h.

Structure Determination: The PXRD pattern of Il could be indexed
using TOPAS Academics®” yielding three different space groups
with comparable quality criteria: the non-centrosymmetric mono-
clinic space group C2 and the non-centrosymmetric orthorhombic
space groups Amm2 and Ama2. The positions of the heavy atoms
Sn, S and Na atoms could be determined using direct methods as
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implemented in Expo 2009.°® The initial structure models were
refined by the Rietveld method in all three cases using a
Thompson-Cox-Hastings profile function and a 12* order polyno-
mial background function. Residual electron density was identified
by Fourier synthesis and attributed to oxygen atoms representing
water molecules coordinated to the sodium atoms. The positions of
all atoms were freely refined without any restrains. The isotropic
displacement factors were refined element specifically. At the end
of the refinements the results were checked with the ADDSYM
subroutine implemented in the PLATON software suite. According
to the check the most probable space group is Ama2 and therefore
we decided to report the structural and crystallographic data in this
space group. CSD-2208659 (I)*? contains the supplementary
crystallographic data for this paper.

Deposition Number(s) 2208659 (ll) contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Thermogravimetry (TG) and Differential Thermal Analysis (DTA):
TG and DTA were performed using a Linseis STA PT1600 instru-
ment. The samples were heated in a nitrogen atmosphere with a
heating rate of 1 and 4 Kmin™", respectively.

Magic-angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy: >Na and '"Sn MAS NMR spectroscopy was
performed with a Bruker Avance 500 MHz spectrometer at a
magnetic field of 11.7 T, corresponding to resonance frequencies of
132.3 and 186.5 MHz, respectively. Spinning was performed in
2.5 mm rotors at 30 kHz. ®Na NMR spectra were acquired with a
Hahn-echo pulse sequence, a m/2 pulse length of 2.65 ps, and a
recycle delay of 30 s. "'°Sn NMR spectra were measured with a one-
pulse sequence, a /2 pulse length of 1.2 ps, and a recycle delay of
30s. 2Na NMR spectra were referenced to an aqueous 1 m NaCl
solution at 0 ppm and '"°Sn NMR spectra were referenced to well
crystalline SnO, at —604.3 ppm.*”

Electrochemical impedance spectroscopy (EIS): EIS was performed
using a VSP Essential (Bioogic) and a test cell for solids ASC—A
(Sphere™) with stainless steel pistons as blocking electrodes.
Powder of Na,Sn,S, was pressed into pellets (d=8.0 mm, h=
0.62 mm) at RT and applying a pressure of pa~ 120 MPa. The cell
was heated to 70°C in a climate chamber MKO056 (Binder) and
tested at various temperature steps during cooling to 0°C. At each
temperature, three alternating current (AC) impedance spectra
were recorded with an amplitude of 100 mV in a frequency range
from 1 MHz to 1 Hz after temperature acclimatization for 3.5 h. The
ionic conductivities were determined as average for each temper-
ature applying fits according to the equivalent circuit shown in
Figure 7 using EC-Lab® v11.33.

Supporting Information

The Supporting Information provides further PXRD patterns,
MAS NMR and EIS spectra, TG-DTA results as well as additional
information about the crystal structures of I and II.
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