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ABSTRACT: Selenotetrelate compounds Na,TtSe, (Tt = Si, Ge,
Sn) were synthesized by solid-state reactions. A new modification
of Na,SiSe, (Na,SiSe,-cP72), which crystallizes in the cubic space
group P43n (no. 218) with a = 12.130(1) A and V = 1784.453(5)
A3, and a new modification of Na,SnSe, (Na,SnSe,-t1216), which
crystallizes in the tetragonal space group I4;/acd (no. 142) with a
= 14.4053(4) A, ¢ = 28.5751(8) A and V = 5929.7(3) A3, were
discovered. All of the title compounds exhibit moderate to good
sodium ion conductivities, as revealed by electrochemical
impedance spectroscopy. The formation reaction of Na,SiSe, was
further investigated by high-temperature X-ray powder diffraction
of the ball-milled reaction mixture. Density functional-based
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quantum chemical calculations were performed to compare the different modifications of Na,SiSe, and Na,SnSe, energetically.
Further modifications of Na,SiSe, and Na,GeSe, seem plausible, as revealed by density functional theory modeling. The stability of
the hypothetic modifications was examined by phonon dispersion calculations.

Bl INTRODUCTION

All-solid-state-batteries (ASSBs) became promising options for
battery systems."”> One of the key components in ASSBs is the
solid electrolyte, which must exhibit high ionic conductivities.
After concentrating on lithium-based systems for a long time,
research focused on solid sodium ion conductors recently.* >
In particular, for stationary applications, sodium-based
batteries are a valuable alternative to lithium-based systems.
Due to the higher abundance of sodium, the costs for battery
systems can be significantly lowered.

Some of the highest sodium ion conductivities were found in
sulfides such as the thiophosphate Na;PS,.*” By substitution of
S with Se, the ionic conductivity could be further
increased."™"" Furthermore, the charge carrier density and
therefore also the ionic conductivity can be increased by the
incorporation of tetrels, for example, in Na,,SnP,S,,."' ™"
Despite that, ternary sodium selenotetrelates are less
investigated regarding their sodium ion conductivity.

A variety of structure types including different anions exist
among ternary alkali metal, tetrel (Tt = Si, Ge, Sn) and
chalcogenide (Q = S, Se, Te) containing materials. Most of
them consist of TtQ, tetrahedra, which are connected in
different ways. This includes isolated TtQ, tetrahedra,'*~>°
dimers Tt,Q, from corner-sharing tetrahedra,”" infinite chains
Tt,Qs of tetrahedra sharing two corners,”” or layers of corner-
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sharing GeSe,-tetrahedra.”> In the perselenodisilicate
NagSi)Seg, two SiSe, tetrahedra are connected by a Se—Se
bond to form Si,Ses” units.”* Adamantan-analogous units are
found in Na,Si,Se,,”> and Na,Ge,Se,,.”* Even Tt—Tt bonds
are present in h)gpoditetrelates to form ethane molecule
analogous anions.”* " Edge-sharing SiSe, tetrahedra dimers
are exclusively observed in Na,Si,Ses-tP24.” Especially the
physical and chemical characterization of sodium selenote-
trelates is very scarce in the literature. To date, the focus has
been mostly set on crystal growth and determination of crystal
structures. Minor interest arose for the phase pure synthesis
and investigation of physical properties, e.g, ion conductivity,
when these compounds were first discovered. In contrast to the
selenides, the sulfides Na,SiS,,’" Na,GeS,,”" and Na,SnS,*>**
were characterized regarding their chemical and physical
properties. All sodium thiotetrelates show sodium ion
conductivity. It can therefore be assumed that also sodium
selenotetrelates show sodium ion conductivity and should be
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examined systematically. Two selenide compounds were
already checked for the sodium ion mobility. Impedance
spectroscopy measurements reveal moderate to good ionic
conductivities for Na,Si,Ses-0P48” (1.4 X 107 S cm™' at 50
°C) and Na,SnSe,-tP18" (1.13 X 10™* S ecm™! at 20 °C).
Herein, we focus on sodium selenotetrelates with isolated
TtSe, tetrahedra (Tt = Si, Ge, and Sn). Many alkali metal
compounds containing this structural motif are already known
(Table 1). Most of the selenotetrelates described in the

Table 1. Compounds and Structure Types of Alkali
Selenotetrelates

structure type examples space group

Li,GeS,>* Li,GeSe,-0P36," Li,SnSe,-0P36'** Pnma (no. 62)
Na,GeSe,'° Na,GeSe,-0P72 Pnma (no. 62)
Na,SnS,** Na,SnSe,-tP18"7 P42,¢c (no. 114)
K,SnSe,” Na,SiSe,-0P36,"® K,SnSe,-0P36 Pnma (no. 62)
Ba,SiAs,"” K,GeSe,-cP72,% Cs,SiSe,-cP72*° P43n (no. 218)

“Both compounds have the same building principle and the same
space group but show minor differences in the Li substructure.

literature were synthesized by classical high-temperature solid-
state routes. Other methods, such as the use of ball mills, open
the possibility to synthesize new compounds in the already
well-established system. Besides the determination of sodium
ion conductivity in already known sodium selenotetrelates
Na,TtSe,, new modifications of Na,SiSe, and Na,SnSe, were
discovered. The two-step synthesis procedure consisting of ball
milling, followed by annealing, was examined for Na,SiSe,.
Starting from the ball-milled reaction mixture, the formation of
the two modifications of Na,SiSe, can be followed with in situ
high-temperature X-ray powder diffraction. The stability of the
new modifications was further studied by density functional
theory (DFT) modeling, including yet unknown hypothetical
modifications. Ionic conductivities were determined for all of
the title compounds.

B EXPERIMENTAL SECTION

Synthesis. All preparations and sample treatments were
performed under an Ar atmosphere.

The title compounds were synthesized from the elements. Sodium
(Sigma-Aldrich, 99.8%), silicon (silicon wafer, siltronic), tin
(ChemPur, 99+%), and selenium (ChemPur, 99.99%) were used as
received. Germanium (ChemPur, 99.99%) was purified in H,
atmosphere at 600 °C and stored in the Ar atmosphere. Syntheses
were performed in a FRITSCH pulverisette 7 premium line ball mill
with 25 mL zirconia grinding bowls and 10 zirconia grinding balls
with a diameter of 10 mm. In each case, 0.3 g of the ball-milled
mixture was transferred to silica ampules which were subsequently
evacuated, flame-sealed, and transferred to tube furnaces. In case the
reaction temperature was higher than 600 °C, silica ampules with a
graphite coating from pyrolyzed acetone were used to prevent
reactions with the glass.

Na,SiSe,-0P36 and Na,SiSe,-cP72 were synthesized by ball milling
Na, Si, and Se with a molar ratio of 4:1:4 in 12 milling cycles at a top
speed of 600 rpm for 3 min each. For Na,SiSe,-cP72, the mixture was
then heated to 375 °C with a heating rate of 1 °C min™". After 10
days, the ampule was quenched in air. Small amounts of Na,Se, (3.8%
according to Rietveld refinements) were detected as side phase. To
synthesize Na,SiSe,-0P36, the mixture was heated to 500 °C for 3
days. Both heating and cooling rates were set to 1 °C min™".

Na,GeSe,-0P72 was synthesized by ball milling Na, Ge, and Se with
a molar ratio of 4:1:4. Twelve milling cycles at a top speed of 600 rpm
were performed. The mixture was then heated to 400 °C for 7 days.

Both heating and cooling rates were set to 1 °C min .
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Na,SnSe,-tI1216 was synthesized by ball milling Na, Sn, and Se with
a molar ratio of 4.1:1:4. Three milling cycles with a top speed of 300
rpm followed by 25 milling cycles at 400 rpm were performed. The
mixture was then heated to 800 °C with a heating rate of 0.5 °C min™"
and kept at this temperature for 1 h. After cooling down slowly within
1 day, orange crystals were observed.

X-ray Powder Diffraction. Finely ground samples were filled in
quartz capillaries (2 = 0.3 mm) that were subsequently flame-sealed.
The capillaries were mounted on a STOE STADI P diffractometer
(Stoe & Cie) equipped with a Mythen 1 K detector and measured
using CuKa, radiation (4 1.5406 A). The high-temperature
diffraction experiment was performed in a graphite furnace, which was
mounted on the diffractometer. For raw data handling, the
WinXPow’’ software package (Stoe & Cie) was used. Le Bail
refinements, structure solution, and Rietveld refinements were done
with Jana2006*® and the implemented Superflip® algorithm.

Single-Crystal X-ray Diffraction. The single-crystal diffraction
experiment was performed at 296 K on a Rigaku SuperNova
diffractometer with an AtlasS2 detector using MoKa radiation (4 =
0.71073 A). For cell determination, data reduction, and absorption
correction, the CrysAlis Pro software® was used. The structure was
solved using the Superflip®” algorithm which is implemented in
Jana2006.%* Structure refinement was also performed with Jana2006.

Differential Thermal Analysis. For differential thermal analysis
(DTA) measurements, a SETARAM TG-DTA 92.16.18 was used.
Samples were transferred into quartz tubes (¢ = 2 mm) which were
evacuated and flame-sealed. Thermal properties were investigated up
to 800 °C.

Impedance Spectroscopy. Electrochemical impedance spectros-
copy (EIS) was performed with a Zahner Zennium impedance
analyzer coupled to a homemade furnace. The complete setup was
installed in a glovebox under an Ar atmosphere to prevent reactions of
the samples with air or moisture during the measurements. Because of
this setup, no measurements below 50 °C were possible. Powder
samples were cold-pressed and contacted with gold electrodes. Pellets
had a density of 96% (Na,SiSe,-0P36), 86% (Na,SiSe,-cP72), 96%
(Na,GeSe,), and 90% (Na,SnSe,-t1216). In each case, two temper-
ature cycles in the frequency range from 1 MHz to 100 mHz were
recorded. For the different compounds, different temperature ranges
and temperature steps were used. Na,SiSe,-0P36, Na,SiSe,-cP72, and
Na,GeSe, were analyzed in the temperature range from 50 to 200 °C
in steps of 25° and Na,SnSe,-tI216 from 50 to 200 °C in steps of 20
°C. The excitation voltage was set to S0 mV in each case. Ionic
conductivities were determined from the second heating and cooling
cycles since the contact between pellets and electrodes is much better.
For data processing and fitting, the Zahner Analysis software*' was
used. Nyquist plots were fitted by different equivalent circuits (see
Figure S14). The so-determined resistance R was corrected by
including the density of the pellet to calculate the specific conductivity
Oypec- Activation energies E, were determined from the slopes in the
Arrhenius plots. For Na,SiSe,-0P36, the evaluation of the ionic
conductivity at 50 °C was not possible due to the bad quality of the
measured data. After the measurements, all samples were checked for
decomposition or phase transitions by X-ray powder diffraction. Apart
from the expected peak broadening, all samples were identical to the
starting material, which is especially important for the cubic
modification.

DFT Modeling. All quantum chemical calculations were
performed using the CRYSTAL17 code.*>** Basis sets (Na,** Si,*
Ge,46 Sn,*” and Se48) were taken from the literature. The outer shells
of all of the basis sets were additionally adjusted to minimize the
calculated energy. Full structure optimizations within the given space
groups were performed with the hybrid HSE06***° using a k mesh
sampling of 6 X 6 X 6. The convergence criterion for the energy was
set to 10 X 107 au. Geometries were optimized using experimentally
determined structure data as starting point. For calculation of
electronic energy E vs volume per formula unit V curves, constant
volume optimizations were performed using the GGA functional
PBE*' Data was fitted with the Birch—Murnaghan equation of
state.>>™>* For electronic band structure calculations, the hybrid

https://doi.org/10.1021/acs.chemmater.4c00670
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Figure 1. X-ray powder diffraction pattern of Na,SiSe,-cP72 with difference plot from Rietveld refinement. The side phase was determined to be

Na,Se,** (3.8%).

HSEOQ6 was used. k paths were determined using the SeeK-path online
tool.>> Phonon frequencies including LO-TO splitting were
calculated, as implemented in CRYSTAL17.°*"” Because of the
high computational effort, calculations were performed on the PBE
level with a 2 X 2 X 2 super cell and a k mesh sampling of 4 X 4 X 4.
To increase accuracy for phonon frequency calculation, the SCF
convergence criterion was set to 10 X 1071 au.

B RESULTS AND DISCUSSION

Crystal Structure of Na,SiSe,-cP72. The new modifica-
tion Na,SiSe,-cP72 crystallizes in the cubic space group P43n
(no. 218) with a = 12.1295(1) A and V = 1784.543(5) A% Z =
8. The crystal structure was determined by powder X-ray
diffraction via Superflip and the Rietveld method (Figure 1).
Further crystallographic data and structure determination
details can be found in Table 2 and in Supporting Information
(Tables S1 and S2).

The main structural features are the isolated SiSe,
tetrahedra, which are also found in the second modification
Na,SiSe,-0P36.'% The unit cell with all isolated SiSe,
tetrahedra is shown in Figure 2. Na,SiSe,-cP72 adopts the
Ba,SiAs, structure type,'” which is described in detail by
Eisenmann et al. The crystal structure can be derived from the
NaCl structure type, with Se*” forming a distorted face-
centered cubic lattice where Na* occupies all octahedral voids.

Additionally, Si*" occupies % of all tetrahedral voids in an

ordered manner.

There are two crystallographically different SiSe, tetrahedra
with distances d(Si—Se) of 2.248(2) A for Sil and 2.2543(9) A
for Si2. Angles deviate only slightly from ideal tetrahedra
angles (109.47(6)° for Sil; 107.27(4)° and 113.97(3)° for
Si2). Nal and Na2 are both coordinated octahedrally with
distances d(Na—Se) varying from 2.933(4) to 3.245(4) A. All
interatomic distances are in the expected range. A comparison
of distances and angles in both modifications of Na,SiSe, is
given in Table S3. Crystal structures of both modifications can
be derived from space group Fm3m (no. 225), but there is no
direct group—subgroup relation.

Crystal Structure of Na,SnSe,-t/216. The new mod-
ification Na,SnSe,-tI216 crystallizes in the tetragonal space
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Table 2. Crystallographic Data and Structure Determination
Details for Na,TtSe, with Tt = Si, Sn”

compound Na,SiSe,-cP72
P43n (no. 218)

435.9

Na,SnSe,-t1216
I4,/acd (no. 142)
526.5

space group

formula
weight/g mol™!

shape, color powder, brown

block, yellow

T/K 296 296
a/A 12.1295(1) 14.4053(4)
c/A 28.5751(8)
V/A3 1784.543(5) 5929.7(3)
Z 8 24
radiation Cu Ka; (A4 = 1.5406 A) MoKa )
(4 =0.71073 A)
Ry 0.0295
profile R indexes Rp = 0.0490, R,,;= 0.0681, R,
= 0.0430
goodness of fit 1.58 1.22
final R indexes R, = 0.0376, wR, = 0.0452 R, = 0.0187,
[I>306(D)] wR; = 0.0422
final R indexes [all R, = 0.0398, wR, = 0.0456 R, = 0.0274,
data] wR, = 0.0451
APy Apma/eA™> =079, 0.85 —1.29, 0.75

“Note that Na,SiSe,-cP72 was determined from powder data, and
Na,SnSe,-t1216 from a single crystal.

group I4;/acd (no. 142) with lattice parameters a
14.4098(4) A, ¢ = 28.5851(8) A and V = 5935.5(3) A3 with
V4 24. Further crystallographic data and structure
determination details can be found in Table 2 and Supporting
Information (Tables S6 and S7).

The structure type is already known from Na,SnTe,-t1216.”
As a detailed structure discussion for Na,SnS,, which
crystallizes in the same structure type, is already given by
Hartmann et al,* only the primary features will be mentioned
in the following. The main structural motifs are isolated SnSe,
tetrahedra (Figure 3). There are two distinct Sn positions with
a tetrahedral coordination with distances d(Sn—Se) from
2.5106(2) to 2.5286(2) A. Nal, Na2, and Na3 are coordinated
octahedrally with distances d(Na—Se) varying from 2.8319(2)
to 3.3821(8) A. Na4 is surrounded tetrahedrally with distances

https://doi.org/10.1021/acs.chemmater.4c00670
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Figure 2. Unit cell of Na,SiSe,-cP72 with Na and Si coordination
polyhedra.

Figure 3. Unit cell of Na,SnSe,-t1216 with isolated SnSe, tetrahedra
and Na coordination polyhedra.

d(Na4—Se) of 2.9449(7) and 2.990(1) A. Na5 has a distorted
trigonal bipyramidal coordination with distances d(NaS—Se)
varying from 2.9625(9) to 3.358(1) A. A further Se at a
distance d(NaS—Se) of 3.9255(9) A completes the coordina-
tion environment to a strongly distorted octahedron. Na—Se
polyhedra form a 3D network with nearly linear and zigzag
chains in the c-direction and in the ab-plane. All interatomic
distances are in the expected range. A comparison of distances
and angles in both modifications of Na,SnSe, is given in Table
S8.

Formation, Stability, and Electronic Structures of
Na,TtSe,. Na,SiSe,. To further study the polymorphism, high-
temperature X-ray powder diffraction was performed starting
from the ball-milled reaction mixture. Thereby, the formation
process of both modifications from binary Na,Se, and Si can
be followed by slowly heating the sample (Figure 4). Below
200 °C, only Na,Se, (101, 20 = 23.4°) and Si (111, 20 =
28.5°) are present. With increasing temperature, at 250 °C,
new reflections occur which can be assigned to Na,SiSe,-0P36
(102, 20 = 25.8°). At 350 °C, the formation of Na,SiSe,-cP72
(222, 20 = 25.2°% 004, 20 = 29.1°) can be observed. The
cubic modification is stable only in a small temperature range
(350 to 400 °C). At higher temperature, only Na,SiSe,-0P36 is
observed. Even upon cooling to room temperature, the
transformation to Na,SiSe,-cP72 cannot be detected again.
Because of the reaction of Na with the quartz capillary, X-ray
powder diffraction measurements at temperatures higher than
500 °C were not possible. A comparison of the total electronic
energy shows that Na,SiSe,-cP72 is more stable by 8.5 kJ
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Figure 4. X-ray powder diffraction patterns of the ball-milled reaction
mixture of “Na,SiSe,”. Up to 200 °C, Na,Se, and Si are present. With
further heating, Na,SiSe,-0P36 forms. At 350 to 400 °C, Na,SiSe,-
cP72 is present.

mol™" (Figure 5) relative to Na,SiSe,-0P36. According to
Ostwald’s rule, the metastable modification, Na,SiSe,-0P36,
should crystallize before the stable modification. This was
confirmed by high-temperature X-ray powder diffraction. It is
remarkable that the cubic modification disappears at temper-
atures higher than 400 °C. Probably different thermodynamic
and kinetic effects play a role here. Nevertheless, the high-
temperature powder X-ray diffraction experiment helps to
determine the reaction conditions for the synthesis of new
modifications even if they are stable only in a small
temperature range. In accordance with the measurement,
samples of Na,SiSe,-cP72 containing less than 5% of Na,Se, as
a side phase can be obtained by heating up to 375 °C for 10
days.

To examine also higher temperatures, DTA of the ball-
milled reaction mixture was performed (heating/ cooling rate 5
°C min~") (Figure S6). Formation peaks of Na,SiSe,-cP72 and
Na,SiSe,-0P36, which are expected at approximately 300 and
400 °C, are not visible. We assume that the formation reaction
of the products is too slow in a relatively wide temperature
range to be detectable via DTA. Peaks at 553 °C in the first
cooling cycle and 548 °C in the second cooling cycle can be
assigned to the crystallization temperature of Na,SiSe;-0P36.
Samples of the ball-milled reaction mixture as well as Na,SiSe,-
0P36 were heated to 800 °C, subsequently cooled to 570 and
500 °C (5 °C min™), and quenched in water. All of these
synthesis attempts resulted in only Na,SiSe,-0P36, so the DTA
peaks probably stem from a recrystallization of Na,SiSe,-0P36.
Quenching in water from 700 °C results in an amorphous
product. DTA measurements of Na,SiSe,-0P36 and Na,SiSe,
cP72 are shown in the Supporting Information (Figures S7 and
S8).

As mentioned before, equation of state calculations show
that Na,SiSe,-cP72 is more stable by 8.5 kJ mol™" relative to
Na,SiSe,-0P36 (Figure Sa). DFT modeling of Na,SiSe, in
different hypothetical structure types, which are known from
Na,GeSe, and Na,SnSe,, reveals only small energy differences.
Hypothetical Na,SiSe, in the Na,SnS, structure type
(Na,SiSe,-tP18, Figure 5d) is 1.9 kJ] mol™" lower in energy
than Na,SiSe,-cP72. Hypothetical Na,SiSe,-t1216 (Na,SnTe,-
#1216 structure type) and Na,SiSe,-0P72 (Na,GeSe, structure
type) are 3.0 and 8.1 kJ mol ™" higher in energy. Na,SiSe,-0P36,
which was the first discovered modification, is 10.0 k] mol™
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Figure 5. Calculated E vs V curves for different (hypothetic) modifications of (a) Na,SiSe,, (b) Na,GeSe,, and (c) Na,SnSe,. Hypothetical
compounds are written in gray, whereas the experimentally detected modifications are written in black. According to the E vs V plots, no pressure-
dependent phase transition of the investigated compounds is expected. (d) Unit cell of the Na,TtSe,-tP18 structure with isolated TtSe,-tetrahedra.

higher in energy relative to Na,SiSe,-tP18. As all considered
structure types are relatively close in energy, the existence of
further modifications of Na,SiSe, seems plausible.

To check for the stability of the most stable hypothetical
modification of Na,SiSe,, the tP18 modification was addition-
ally probed by calculation of phonon frequencies (Figure S13).
No physically relevant imaginary frequencies were obtained,
thus indicating a dynamically stable structure.

Na,GeSe,. Even though no further modification of
Na,GeSe, except the already known one Na,GeSe,-0P72
could be experimentally detected, DFT modeling of Na,GeSe,
in different possible structure types was performed. Calculated
E—V-curves (Figure Sb) show that there are three possible
modifications that are lower in energy than the experimentally
observed one. Na,GeSe,-tP18 (Na,SnS, structure type) and
Na,GeSe,-t1216 (Na,SnTe, structure type) are 12.2 and 11.2
k] mol™" lower in energy with respect to Na,GeSe,-0P72.
Na,GeSe,-cP72 (Ba,SiAs, structure type) is 0.03 kJ mol™*
lower in energy. Phonon frequencies were calculated for
Na,GeSe, in the Na,SnS, structure type (Figure S13). As no
physically relevant imaginary frequencies were obtained, the
existence of this modification seems plausible.

Na,SnSe,. DFT calculations reveal Na,SnSe,-t[216 to be
metastable as it is 2.5 k] mol™" higher in energy relative to that
of Na,SnSe,-tP18.
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In contrast to Na,SiSe,, for Na,SnSe, both experimentally
observed modifications are lower in energy than all of the other
investigated structure types. Na,SnSe,-t[216 is 2.5 kJ mol™!
higher in energy relative to Na,SnSe,-tP18. Na,SnSe, in the
Na,GeSe, structure type is 24.1 kJ mol™" higher in energy.
Na,SnSe,-0P36 (K,SnSe, structure type) and Na,SnSe,-cP72
(Ba,SiAs, structure type) are 29.6 and 37.7 kJ mol ™" higher in
energy, respectively. The existence of further modifications of
Na,SnSe, in the other mentioned structure types seems
implausible.

Band Structures. Electronic band structures of all title
compounds were calculated within the DFT framework using
hybrid HSE06 and are shown in the Supporting Information
(Figure S11). Na,SiSe,-0P36 and Na,SiSe,-cP72 show direct
band gaps of 4.01 and 4.28 eV, respectively. Na,GeSe, exhibits
an indirect band gap of 3.25 eV. Na,SnSe,-tP18 shows a direct
band gap of 2.75 eV, whereas Na,SnSe,-t1216 has a direct band
gap of 2.50 eV. Experiments reveal two band gaps for
Na,SnSe,-tP18 where the larger one corresponds to the
calculated value (2.86 ¢V).%° The band gap decreases on going
from Si to the higher homologues Ge and Sn. This is also in
line with the observed colors of the synthesized powder
samples and matches the chemical expectation. Powder
samples of both modifications of Na,SiSe, are light brown to
white, Na,GeSe, appears light yellow, and both modifications
of Na,SnSe, look yellow to orange.
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Figure 6. (a) Temperature-dependent specific ionic conductivity of Na,SiSe,-0P36, Na,SiSe,-cP72, and Na,SnSe,-t[216 with linear fit (solid line).

(b) Nyquist plot for Na,SiSe,-cP72 at 200 °C with fit.

Impedance Spectroscopy. Samples of Na,SiSe,-cP72,
Na,SiSe,-0P36, Na,GeSe, and Na,SnSe,-tI216 were analyzed
by impedance spectroscopy to check for Na ion conductivity.
The size of the band gaps (DFT calculations and color of the
samples) indicates that the measured conductivities are
predominantly based on ion transport. This is also in line
with the Nyquist plots and fitted impedance spectra (Figure 6).

Na,GeSe,-0P72 shows the highest conductivity with 6. =
6.6x107° Q™' em™ at 50 °C and 6, = 2.4 X 107° Q™' cm ™"
at 200 °C. The activation energy of 0.52 eV was extracted from
the Arrhenius plot of the fitted impedance data at different
temperatures (Figure 6a). The other examined compounds
showed slightly lower ionic conductivities. The temperature-
dependent specific ionic conductivities of all compounds are
shown in Figure 6a. As there is no deviation from the linear
behavior, phase transitions during the measurement can be
excluded. In Figure 6b, a representative Nyquist plot of
Na,SiSe,-cP72 is shown. Further Nyquist plots can be found in
the Supporting Information (Figure S14). Selected ionic
conductivities and activation energies of all compounds are
listed in Table 3. It has to be taken into account that
conductivity measurements differing by less than 1 order of
magnitude are not significantly different. Despite structural
differences of the investigated materials, there is no obvious
rule to explain the trend in ionic conductivities of Na,TtSe,. A
clear influence of the Na coordination on the ion conductivity
is not visible. Generally speaking, a higher versatility in the Na

Table 3. Selected Ionic Conductivites and Activation
Energies for Na,SiSe,-0P36, Na,SiSe,-cP72, Na,GeSe,-0P72,
and Na,SnSe,-t1216 Determined by Impedance
Spectroscopy

compound 0pec(50°C)/Q7  em™  0,,.(200°C)/Q 7' em™  E,/eV
Na,SiSe,-0P36 1.0 X 1077 7.7 X 107° 0.41
Na,SiSe,-cP72 1.1x 1078 4.4 x 1076 0.53
Na,GeSe,-0P72 6.6 X 1078 2.4 %1078 0.52
Na,SnSe,-t1216 2.5 x 1078 5.7 X 107 0.47
“At 75 °C.
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coordination environment and the resulting flatter energy
surface should enhance Na ion migration.’” In comparison to
the other investigated materials, the Na coordination environ-
ment in Na,SiSe,-cP72 is the least distorted. This corresponds
to the lowest ion conductivity.

Other selenotetrelates like Na,SnSe,-tP18 and Na,Si,Ses-
0P48 show similar ionic conductivities (0spec =1.13x 1078 Q™!
em™! at 20 °C** and Ogpec = 1.4 X 10°° Q' em™ at 50 °C*).

B CONCLUSIONS

Sodium selenotetrelate compounds Na,TtSe, (Tt = Si, Ge, Sn)
were synthesized by two-step solid-state reactions. The
preparation of two new compounds was possible via a two-
step synthesis procedure consisting of mechanochemical
homogenization of the elements, followed by annealing of
the reaction mixture. The new modification of Na,SiSe,,
Na,SiSe,-cP72, crystallizes in the cubic space group P43n (no.
218) in the Ba,SiAs, structure type and has a calculated band
gap of 4.28 eV. The formation of both modifications from the
ball-milled reaction mixture was investigated by in situ high-
temperature X-ray powder diffraction. According to Ostwald’s
rule, at first a metastable modification, Na,SiSe,-0P36, is
formed. By heating further, Na,SiSe,-cP72 is observed, which is
stable up to 400 °C. At even higher temperatures, the cubic
modification retransforms to Na,SiSe,-0P36. DFT calculations
confirm Na,SiSe,-cP72 to be the more stable modification (AE
8.6 k] mol™). DFT modeling of further hypothetical
structure types for the 4:1:4 composition revealed only small
energy differences. Hypothetical Na,SiSe,-tP18 (Na,SnS,
structure type) is 1.9 kJ mol™' lower in energy than
Na,SiSe,-cP72, which was experimentally observed. Phonon
dispersion calculations for Na,SiSe,-tP18 showed no imaginary
frequencies. Therefore, the existence of this compound seems
conceivable.

Also for Na,SnSe,, a new modification had been synthesized.
The crystal structure was determined by single-crystal X-ray
diffraction. Na,SnSe,-tI216 crystallizes in the tetragonal space
group I4,/acd (no. 142) in the Na,SnTe,-t1216 structure type
with a calculated band gap of 2.50 eV. DFT calculations reveal
Na,SnSe,-tI216 to be metastable. The already known
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modification, Na,SnSe,-tP18, is more stable by 2.5 kJ mol ™.
The phase transition was not examined in detail.

Calculations of E—V-curves for Na,GeSe, in different
hypothetic structure types show that there are three different
structure types that are lower in energy with respect to the
experimentally observed Na,GeSe,-0P72. The existence of
further modifications of Na,GeSe, seems plausible. Phonon
dispersion calculations for Na,GeSe, in the Na,SnS, structure
type show no imaginary frequencies and, therefore, indicate
dynamic stability.

Impedance spectroscopy measurements were performed for
all of the title compounds. All materials showed moderate
sodium ijon conductivity. The best ion conductivity was
determined for Na,GeSe, (G = 6.6 X 1078S ecm™ at 50 °C).
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