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ABSTRACT: Lithium chalcogenide materials have been studied less
than other alkali metal analogs and are of interest as ion conductors
and semiconductors capable of thermal neutron detection. Herein, we
describe the structural, thermal, magnetic, electronic, and ionic
properties of a new family of cubic lithium thiospinels Li,MSn,Sg (M
= Mg, Fe, Mn, Ni, Co) and Li, 4CuSn;;;Sg. All compounds crystallize
in the Fd3m space group and exhibit site occupancy disorder with Sn
and M on the octahedral site for M = Mg, Fe, Mn, Ni, Co. The 2 3 4
Li, 4¢CuSn;33Sy compound also exhibits occupancy disorder on the Energy (eV)
tetrahedral sites between Li and Cu, as well as on the octahedral sites . . o

between Li and Sn. We demonstrate the ability to tune the physical Cubic Spinels: LI2MSH388
properties of the compounds by changing their composition. By

tuning the identity of the transition metal in the structure, the optical band gaps can vary between 0.91(2) and 2.19(2) eV, and
electrical resistivities between 2.8 X 10° Q-cm and 2.2 X 10’Q-cm can be achieved. Density functional theory calculations for
Li,MgSn;S; and Li, 4CuSn; 335 suggest that both materials have indirect band gaps and significantly dispersive conduction bands. A
bandwidth dispersion of 0.75 and 0.70 eV along the I' — M direction in the conduction band are predicted for Li,MgSn;Sg and
Li, 4¢CuSn; 35S, respectively, with an electron effective mass of 0.49 and 0.55 m, at the I' point. The hole effective mass in the
valence band is calculated to be 1.25 m, at the M point and 0.75 m, at the L point for Li,MgSn;Sg and Li, 44CuSn; 335y, respectively.
The ionic/electronic conductivity of each compound was determined using AC electrochemical impedance spectroscopy.

Bl INTRODUCTION in chalcospinels thus serves as motivation to expand this family

The spinel family of compounds is well-known for both the by adding new membefrsi Futhermoce, Whﬂe .there are serecal
diversity of properties observed in them and the wide range of no?ablem_fzzl(r)nm es of hthmmuchalcogemdgg_zlzl du@g argyr-
composition that are stable in this structure type. The general odlte.s, ﬂ:;;"LISIISO{\IS’ hmalltl ddot}:;rs ch Siic nﬁl?ers
formula for this family of cubic compounds is AB,X,, and they are i general, reauvely ed- suct, new ‘UM
crystallize in the space group Fd3m.! In this structure, the A chalFog.emdgs coul.d yield materials with potentlalﬁfor
atom is tetrahedrally coordinated by four X atoms and sits in applications in special areas swch as neutron detectons™ or

. solid state electrolytes.”**?
c.l'lanne1§ created by edge-shanng ‘BX“ octahedra. The.A and B Another motivat)i’:)n for studying lithium chalcogenides is to
site cations can be both transition metals and main groulz learn more about the fundamental chemistry that governs the

. . . P 02—
hmaelit:iliss Gw;tsh wt:}le a)s( ;’I:r(:nsco:;e;;;gx a?'li o'n:h:ll;ﬁge;sudé;’]_ - dimensionality of metal chalcogenide frameworks in relation to
When 3( is a chalcogen (S, Se, or Te), the cé) mpounds foun-a their charge-balancing counterion, especially for lithium. The

P ! dimensionality of materials can be classified by the differences

s‘tltbdtm:s known tas hfzsal::}(l)spmeils. c;hese }:avil:ig?l gi‘,ov:tnng in bond strength in different directions.” The ability to predict
attenfion as poten ermoetectric materia’s, attery and tune the dimensionality of continuous networks in

12—14 .
cathodes, . ;:?'(ll(iplatforms for studying afpectss of condgnse(} materials has been of interest to chemists for many years. In
matter physics. The compounds CuTisS,,  Cu,CoTisS,, anionic networks of a given stoichiometry charge-balanced by

10 _ 11
CuCr?S@ and ZnM?S4 M = Al’, Ga, In) have ) beelxg alkali or alkaline earth counterions, such as in the class of alkali
investigated as less toxic thermoelectric materials. Mg, Ti,S,,

MgM,Q, (M = In, Y, S;; Q = S, Se),'” and MgCr,S,"* have
recently been used as promising cathode materials for Mg ion
batteries. Of more fundamental interest are compounds, such
as Culr,S,,"> which have a metal—insulator transition,
FeCrZS,,,'(’ with an orbital glass state at low temperature, and
CuRh,Q, (Q = S, Se),"” both of which exhibit super-
conductivity. The increasing variety of phenomena observed
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metal chalcogenides, a robust chemical principle has been
pointed out: The smaller the size of the counterion, the higher
the network dimensionality tends to be.’** This has been
successfully used to predict and rationalize the dimensionality
of many isostoichiometric compounds of various alkali
metals.’™*> When changes in the counterion size are not
sufficiently large for a given anionic framework, they may not
induce a dimensional response, as seen in the AMO, (A = Li,
Na, Rb, Cs; M = Nb, Sm, Sc) family, where their two-
dimensional (2D) structure is maintained throughout sub-
stitution.**™*” In this study, we investigated the effect of small
alkali cation substitution on the dimensionality of the so-called
KMS family A,[M,Sn; ,Ss] (M = Mn, Mg, In etc; A= Na, K,
Rb, Cs,). In this family, all known members are layered with no
apparent size effect on the dimensionality of the covalent
[M,Sn;_,Ss]* framework from Na* to Cs*. For this reason, we
chose to investigate the smallest alkali metal, the lithium ion, in
corresponding compositions, and study its effects. We observe
a striking change in the dimensionality of the framework to the
three-dimensional (3D) motif of the spinel structure type.

Herein, we describe the synthesis process, crystal structure,
and properties of six lithium thiostannates with the formulas
Li; 66CuSn;33Sg and Li,MSn;Sg (M = Mg, Fe, Mn, Ni, Co).
They all exhibit 3D cubic spinel structures in contrast to the
2D structures adopted by the A,[M,Sn;_,Ss] compounds.*’~**
The Li,MSn;Sg structure (M = Mg, Fe, Mn, Ni, Co) exhibits
mixed site occupancy disorder at the octahedral sites between
M and Sn. Li; 4CuSn;33Sg also exhibits occupational disorder
at the tetrahedral sites between Li and Cu as well as at the
octahedral sites between Li and Sn. Across the different
elements, electrical resistivities range between 2.8 X 10? for Fe
and 2.2 X 107 Q-cm for the Mg analog, and the optical band
gaps range between 0.91(2) and 2.19(2) eV. Density
functional theory (DFT) calculations predict that both
Li,MgSn,S, and Li, ,,CuSn, ,,S; have indirect gaps as well as
high energy dispersity in their conduction band widths with
small electron carrier effective masses.

B EXPERIMENTAL METHODS
The synthetic procedures for all compounds differ only in the

identities and amounts used for all reagents but are otherwise
identical. As such, we describe the general synthesis used to prepare
both crystals and powder for each compound and provide the
reagents and amounts used in the Supporting Information.

Reagents and Synthesis. All starting elements were used as
obtained: Sn powder (99.999% American Elements, Los Angeles,
CA), sulfur buttons S (99.99%, SN Plus Inc., Saint-Laurent, Quebec,
Canada), Li sticks (99.9% Sigma-Aldrich), Mn —325 mesh powder
(99% Sigma-Aldrich), Fe powder spherical <10 um (99.9% Alfa
Aesar), Mg powder (99% Sigma-Aldrich), V powder —100 mesh
(99.9% Sigma-Aldrich), Ni powder <50 um (99.7% Sigma-Aldrich),
Co powder 2 um (99.8% Sigma-Aldrich), Cu powder —100 mesh
(99% Alfa Aesar). Li,S was prepared using condensed ammonia as
reported previously.“

Single-Crystal Synthesis of Li,MSns;Sg (M = Co, Mg, Fe, Mn, Ni)
and Li; gCuSn; 3554 Single crystals of Li,MgSn,Sg were prepared as
follows: stoichiometric amounts of Sn powder, Mg powder, S buttons,
and Li,S powder were combined in a nitrogen double glovebox and
ground in an agate mortar and pestle. The powder was then added to
a glassy carbon crucible and loaded into a fused silica tube with an
inner diameter of 16 mm and an outer diameter of 18 mm. The tube
was then evacuated to a pressure of ~4 X 10~ mbar and flame-sealed
with a tube of length ~5 in. The sealed tube was placed into a vertical
tube furnace and heated to 900 °C at a rate of 50 °C/h, soaked for 6
h, after which the furnace was turned off, and the tube was cooled to
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room temperature. The synthesis yielded octahedral shaped crystals
for all compounds with ~70—80% yields. For Li,MgSn,;S; and
Li, 44CuSny 35S, the crystals appeared red and dark red, respectively,
the color for all other compounds was black.

Phase-Pure Powder Preparation. Stoichiometric amounts of Sn
powder, Mg powder, S buttons, and Li,S powder were combined in a
double glovebox filled with nitrogen and ground in an agate mortar
and pestle. The homogenized powder was then loaded into a
stainless-steel die and pressed into a 6 mm pellet utilizing a vise to
apply the force. The pressed pellet was then placed into a glassy
carbon crucible, which was then placed into a fused silica tube of
outer diameter of 18 mm and inner diameter of 16 mm. Note, because
glassy carbon is inert toward reactions with Li, we utilized
stoichiometries in ratios identical with the target compounds, should
other noninert containers be used care should be taken in adding
extra Li to compensate for parasitic side reactions. The fused silica
tube, containing the pellet and crucible, was evacuated to ~4 X 1073
mbar and flame-sealed so that the final length of the tube was ~5 in.
The sealed tube was then loaded into a vertical tube furnace, such that
the top of the tube was below the middle of the furnace and the tip of
the thermocouple was at the same depth as the crucible. The tube was
then heated to 600 °C at a rate of 50 °C/h, soaked at 600 °C for 8 h,
and then cooled to room temperature by turning the furnace off. After
heating, the pellet had noticeably increased to ~2—3X in size and
decreased in density. The sealed tube was then placed in a double
glovebox filled with nitrogen, the tube opened, and the pellet ground
in an agate mortar and pestle. The reground powder was then pressed
into a 6 mm pellet and placed into the same glassy carbon crucible.
The crucible was then loaded into a fused silica tube of outer diameter
of 18 mm and inner diameter of 16 mm, evacuated to ~4 X 1073
mbar, and flame-sealed. The sealed tube was then placed in a vertical
tube furnace, heated to 600 °C at a rate of 100 °C, soaked at 600 °C
for 8 h, after which the furnace was turned off and the tube was cooled
to room temperature. For Li,MgSn,S,, the synthesized powder was a
mustard yellow color after grinding, for all other compounds the
powder appeared black.

Magnetic Susceptibility. Magnetic susceptibility measurements
were carried out using a magnetic property measurement system
(Quantum Design MPMS). Both field-cooled (FC) and zero-field-
cooled (ZFC) magnetic susceptibility measurements were made from
to 1.8—300 K with an applied magnetic field of S00 Oe.

Density Functional Theory (DFT). DFT calculations were
performed for the relaxed structures and total energies, within the
framework of the generalized gradient approximation (GGA) of
Perdew—Burke—Ernzerhof. The projector augmented wave potentials
are used for the exchange correlation functional."* The periodic
boundary conditions and plane wave basis sets are applied as
implemented in the Vienna ab initio simulation package.*® The cutoff
energy was set to 500 eV for the plane wave basis set. Using a very
dense k-mesh corresponding to 4000 k-points per reciprocal atom in
the Brillouin zone and a small energy convergence of approximately 3
meV/cation guarantee calculation accuracy. For Li,MgSn,Sg, with
experimentally determined mixed occupancy at an individual site, we
first identified the lowest energy configuration from many geometri-
cally distinct Sn/Mg configuration possibilities and then performed
band structure calculations for the most favorable configuration.
Simply speaking, we enumerated all structural possibilities within a
S6-atom cell and ranked their electrostatic energies. For the five
structures with the lowest electrostatic energies, we performed further
DFT calculations to determine the most favorable (lowest energy)
structure and perform band structure calculations. For structures with
fully occupied single-atom sites, we did not need to perform any extra
procedures related to partial occupancy. Coordinates for the
optimized structures used for calculations are provided in the
Supporting Information.

Electrical Conductivity and Impedance Spectroscopy.
Samples were prepared for transport measurements by pressing the
ground powders into pellets using a 6 mm cylindrical die and applying
a force of 1 t. The pellets were placed into glassy carbon crucibles,
which were then flame-sealed in an evacuated silica tube. The sealed
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Table 1. Crystal Data and Structure Refinement Details for Li,MSn,S; (M = Co, Mg, Fe)

empirical formula
formula weight
temperature
wavelength

crystal system
space group

unit cell dimensions

volume

Z

density (calculated)
absorption coefficient
F(000)

crystal size

6 range for data collection

index ranges

reflections collected
independent reflections

completeness to
6 =25242°

refinement method
data/restraints/parameters
goodness-of-fit

final R indices” [I > 26(1)]
R indices” [all data]
extinction coefficient

largest diff. peak and hole

Li,CoSn,Sg

685.14

293(2) K

0.71073 A

cubic

Fd3m

a =10.4683(12) A, a = 90°
b = 10.4683(12) A, # = 90°
c=10.4683(12) A, y = 90°
1147.2(4) A®

4

3.968 g/cm’

9.275 mm™'

1244

02 X 03 X 02 mm?
3.371-29.928°

“14<h<14,-14 <k < 14,
-14<i<13

2757
104 [Ry, = 0.0878]
98.6%

Full-matrix least-squares on F*
104/6/7

1129

Ry, = 0.0358, wR , = 0.0834
Ry, = 0.0390, wR, = 0.0870
N/A

0.803 and —1.830 ¢ A™*

Li,MgSn;Sg

650.84

293(2) K

071073 A

cubic

Fd3m

a =10.5720(12) A, a = 90°
b = 10.5720(12) A, = 90°
¢ =10.5720(12) A, y = 9%0°
1181.6(4) A®

4

3.658 g/cm3

7.703 mm~'

1184

0.5 X 0.3 X 04 mm?®
3.338—27.365°

“13<h<13-13<k<13
-13<1<13

2282
87 [Ryy = 0.0571]
100%

full-matrix least-squares on [*
87/0/8

1456

Ry, = 0.0329, wR, = 0.0762
Ry, = 0.0396, wR, = 0.0780
0.0017(3)

1.170 and —0.755 ¢ A

LiFeSn,Sg

682.06

293(2) K

071073 A

cubic

Fd3m

a=10.4971(12) A, a = 90°
b =10.4971(12) A, § = 90°
c=10.4971(12) A, y = 90°
1156.7(4) A®

4

3918 g/cm3

9.019 mm™!

1240

03 X 02 X 04 mm?
3.362—34.716°

—16<h<16,-16<k <15,
-16<1<16

4085
148 [Ry, = 0.0351]
98.6%

full-matrix least-squares on >
148/0/7

1.305

Ry, = 0.0308, wRy,, = 0.0791
Ry, = 0.0345, wR, = 0.0811
N/A

0724 and —2483 ¢ A

“R = YIE,| — IFI/ZIE,), wR = {E[w(IF > — IE.2)2])/2[w(E )]}, and w = 1/[062(F,2) + (0.0154P)* + 141.3500P] where P = (F.> + 2F2)/3.

tubes were annealed at 500 °C for 4 h and then cooled to room
temperature before opening. Pellets for electrical conductivity
measurements were prepared by applying colloidal carbon paste to
each face of the pellet and attaching copper wire leads to the sides.

Ionic conductivity was determined by alternating current (AC)
impedance spectroscopy using a Gamry Analyzer Reference 600+.
Indium foils were pressed onto the surfaces of the pellets to serve as
blocking electrodes, and the pellets were placed in a custom-built
cylindrical cell. Impedance measurements were conducted at room
temperature (~21 °C) over a frequency range of S MHz to 1 Hz with
an applied voltage of 10 mV.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structures. Generally, solid-state
reactions involve powders of starting materials, grinding them
together, and heating the mixtures to high temperatures for
extended periods of time to reach a pure compound, often in
an iterative manner. When this reaction route does not
proceed through a molten state, it becomes diffusion-limited,
and as such, it is typical for reaction times to extend to several
hours, or even several days.*® The synthetic procedures used to
prepare the compounds reported herein involve direct solid-
state reactions but are relatively quick as all compounds can be
prepared in little more than a day. We attribute this in part to
the small size of Li, which allows for fast rates of diffusion even
well below the melting temperature as evidenced by the
existence of several solid state Li ion conductors.”

The differential thermal analysis (DTA) of all the
chalcospinel compounds was a challenge to carry out as the
measurements show thermal events near 800 °C with several
other thermal events occurring at lower temperatures (see
Supporting Information for DTA of Li,MnSn;Sg). These
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events most likely correspond to reactions of the starting
materials with the protective carbon coating™ on the inner
surface of the fused silica ampules in addition to with the silica
itself as evidenced by glass attack after heating. In one instance,
these side reactions resulted in the explosion of an ampule
during measurement, which severely damaged an outer
crucible used to hold the ampule requiring replacement. As
such thorough characterization of the thermal behavior of all
compounds was forgone as the quality of the carbon coatings
in the inner surfaces of the silica ampules used for
measurement was too inconsistent to ensure the safety of the
equipment. This parasitic reaction removes lithium from the
material, resulting in the formation of at least one or more
secondary phases that have yet to be identified. In fact, the
lithium thiospinel compounds most likely melt congruently, as
shown by heating phase-pure material until molten in glassy
carbon crucibles (that have been flame-sealed in vacuum),
whereupon the same phase is fully recovered on cooling with
no secondary phases.

All the compounds crystallize in the spinel structure with the
cubic space group Fd3m, with the general formula AB,S, (see
Tables 1 and 2). The compounds have the general formulas
Li,_,MSn;S; (M = Mg, Fe, Mn, Ni, Co) or Li, 44CuSn; 33Ss.
Energy-dispersive X-ray spectroscopy (EDS) data (see
Supporting Information) show approximate agreement with
our crystallographically refined compositions. Their structure
can be described as a face-centered cubic (FCC) lattice of S
anions, where the B cations are octahedrally coordinated by S
anions occupying half of the octahedral sites, see Figure le,
and the A cations are tetrahedrally coordinated by S anions
occupying an eighth of the tetrahedral sites,' see Figure 1f. The

https://dxdoi.org/10.1021/acs.chemmater.0c0465 1
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Table 2. Crystal Data and Structure Refinement Details for Li, (CuSn, 3;Ss and Li,MSn;S; (M = Mn, Ni)

empirical formula
formula weight
temperature
wavelength

crystal system
space group

unit cell dimensions

volume

Z

density (calculated)
Absorption coefficient
F(000)

crystal size

6 range for data collection
index ranges

reflections collected
independent reflections

completeness to
0 =25242°

refinement method
data/restraints/parameters
goodness-of-fit

final R indices” [I > 26(1)]
R indices” [all data]
extinction coefficient

largest diff. peak and hole

“R = YIIF| — IENI/SIE,), wR = {E[w(IF,? —

CuLi 65n3335g

726.62

293(2) K

0.71073 A

cubic

Fd3m

a =10.4920(12) A, a = 90°
b = 10.4920(12) A, # = 90°
c=10.4920(12) A, y = 90°
1155.0(4) A3

4

4.180 g/x:m3

10.316 mm™'

1314

0.5 X 0.5 X 0.3 mm?®
3.363—28.931°

“14<h<14,-14 <k < 14,

—-14<1< 14
2560
95 [Ry, = 0.0209]
95.7%

full-matrix least-squares on I*
95/0/8

L153

Ry = 0.0430, wR,, = 0.0942
Ry = 0.0441, wR ; = 0.0949
N/A

3.089 and —2.197 ¢ A

Li;MnSn;Sg

681.15

293(2) K

071073 A

cubic

Fd3m

a =10.5233(12) A, a = 90°
b =10.5233(12) A, § = 90°
c=10.5233(12) A, y = 90°
1183.9(4) A®

4

3.823 g/c:m3

8.791 mm™'

1236

04 X 03 X 04 mm®
3.353-28.837°

—14<h <14, -12<k< 14,

-14<1<14
2605
98 [R;, = 0.0909]
100%

full-matrix least-squares on [*
98/0/7

1.192

Ry = 0.0463, wR,, = 0.1198
Ry = 0.0481, wR ; = 0.1220
N/A

1.086 and —2.483 ¢ A™*

Li,NiSn;Sg

684.59

300.15 K

071073 A

cubic

Fd3m

a =10.4750(12) A, a = 90°
b =10.4750(12) A, = 90°
¢ =10.4750(12) A, y = 90°
1149.4(4) A3

4

3959 g/cm’

9.452 mm™!

1248

03 X 04 X 0.5 mm?
3.369-29.907°

“14<h<11,-14<k < 14,
-14<i<14

3471
104 [Ry, = 0.0422]
98.6%

full-matrix least-squares on >
104/0/7

1243

Ry, = 0.0487, wRy, = 0.1085
R, = 0.0494, wR, = 0.1089
N/A

6.177 and —0982 ¢ A™*

IF 2 /2[w(IE,)]}/? and w = 1/[6*(F.2) + (0.0154P)* + 141.3500P] where P = (E.> + 2F2)/3.

(b) 08@80
0
ovoogggoogo ox%gxg&(o
%30 HLOZ0 &P
o - Sqe)
* O@OUO OUO@O . %
A 0008 8000 L., O‘Qgﬂoo"o

(e) (f)

(M/Sn)-S
2.540-2.571A

Li-S
2.354-2.417A

Figure 1. Crystal structure viewed along the (a) [110], (b) [111], and (c) [001] directions of Li, ,MSn,Sg (M = Mg, Fe, Mn, Ni, Co) and the (d)
[110] direction of Li, ssCuSn; 33Sg. Local coordination of (e) M/Sn atoms to sulfur and (f) lithium to sulfur.

Table 3. Selected Bond Lengths for Li,_ MSn,S; (M = Mg, Fe, Mn, Ni, Co; x = 0,1) and Li, (CuSn;;;Sg

bond LiyFeSn,Sg Li;CoSnySg Li;MnSn;Sg Li;NiSn;Sg Li,MgSn,Sg Li; 56CuSny33Sg
Sn/M—-S (A) 2.5487(9) 2.545(1) 2.567(2) 2.548(2) 2.571(2) 2.566(2)
Li—S (A) 2.407(2) 2.395(2) 2.393(3) 2.393(3) 2417(4) 2373(3)

Li occupies the A site with Li—S bond lengths ranging from
2.373(3) to 2.407(2) A, as shown in Table 1. In compounds
where M = Mg, Fe, Mn, Nj, and Co, Sn and M occupy the
same B sites and are present in a 3:1 ratio, as shown in Figure
la—c. In the Cu analogue, site occupancy disorder is observed

at both the A and B sites, with Li and Cu having a ratio of 1:1
on the A sites and Li and Sn having a ratio of ~1:5 on the B
sites, as shown in Figure 1d.

The (Sn/M)—S bond lengths for all compounds were
between 2.540(1) and 2.571(2) A, see Table 3, which is close
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Figure 2. UV—vis absorbance spectra (derived via Kubelka—Munk equation, F(R) = (1 — R)*/2R, from diffuse reflectance measurements) of (a)
Li, 4CuSn,Sg, (b) Li,MnSn,Sg, (c) Li,CoSn,Sg, (d) Li,FeSn,Sg, (e) Li,MgSn,Sg, and (f) Li,NiSn,S,. Red lines are included to show the baseline

and linear extrapolation used to determine the band gap.
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Figure 3. Electronic band structure of (a) Li,MgSn,Sq and (b) Li, ;CuSn,Sg with calculated PDOS (c and d), respectively.

to the Sn—S bond length in SnS, of 2.56(2) A." When the
lattice parameters of the title thiospinel compounds were
compared to those for Cu,MSn;Sg (M = Mn, Fe, Co, Ni), we
observe that they were larger by 0.1966 A for Ni and 0.1073 A
for Mn.*’ Although tetrahedrally coordinated Li* has nearly
the same ionic radius, 0.590 A, as Cu*, 0.60 A,*' the difference
in size can be attributed to the covalent Cu—S bond being
shorter/stronger than the ionic Li—S bond. The silver analogs,
Ag,MSn;Sg (M = Fe, Mn), have larger unit cells than the Li
compounds at 10.6984 for Fe and 10.5723 A for Mn, which is
consistent with the much larger size of Ag* (1.00 A) compared
to Li*. 553

The chemical stability of the compounds under ambient
laboratory conditions and in direct contact with H,O is
excellent over a period of several weeks, showing no observable
changes in their powder X-ray diffraction patterns. More
surprising is that powders submerged in water for ~12 h and
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then reanalyzed via powder X-ray diffraction (PXRD) showed
no change. This is a remarkable result as lithium chalcogenides
are generally quite moisture-sensitive’*™>® mainly because of
the strong hydration of lithium ions. The exceptional stability
observed here is due to the fact that the lithium ions are well
protected from hydration by the 3D spinel structure.

The fact that the layered structure of the A,[M,Sn,_.S;] (M
= Mg, Mn)"’ KMS compounds is not observed when A = Li
can be rationalized by the so-called counterion effect. This
effect has been well documented in the study of metal
polychalcogenide salts and states that an increase in the
dimensionality of an anionic framework occurs when the size
of the counter-cations becomes small enough for it to
happen.”” The KMS family adopts an intercalated CdlI,-type
structure with SnS,-type [M,Sn;_,S] layers of edge-sharing
(Sn/M)S¢®~ octahedral, which is charge-balanced by A"
cations. Our results show that lithium analogs of these
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Figure 4. Inverse susceptibility with Curie—Weiss fit of (a) Li,FeSn,;S,, (b) Li,MnSn,Sy, (c) Li,NiSn,S,, and (e) Li,CoSn,Sg. (f) Field-dependent

magnetization of Li,CoSn,Sg (inset shows full measured range).

materials adopt spinel structures as the most stable form
described above. This 2D to 3D transition can be understood
as a chemical pressure exerted on the layered framework when
Li is used, which forces the structure to seek a smaller overall
volume, thus causing linking across the third direction.’®*? In
the present system, as the ionic radius of Li* (0.76 A) is smaller
than that of Na*, 1.02 A, and K, 1.38 A, it can bring the
[MSn,Ss] layers closer together. If this chemical pressure
causes the [MSn,S,] layers to come too close to each other,
this could result in the adoption of a more stable arrangement
with a smaller overall volume, as would be expected in a 3D
structure. Altogether, this implies that lower-dimensional
structures containing alkali metal atoms have the potential to
be converted to higher-dimensional structures via substitution
of smaller alkali metals for larger ones. The M atoms on the
other hand are observed to have no effect in determining the
dimensionality as these are an integral part of the covalent
chalcogenide framework.

Optical Properties and Electronic Structure Calcu-
lations. The materials show behavior typical of semi-
conductors, and the band gaps of Li,MgSn;Sg, Li, 64CuSn; 33Sg,
Li,MnSn,Sg, Li,CoSn;Sg, LiFeSn;Sg, and Li,NiSn;Sg were
measured using UV—vis diffuse reflectance spectroscopy, see
Figure 2a—f. The observed band gaps are 2.19(2), 1.50(2),
1.28(2), 1.36(2), 0.91(2), and 1.35(2) eV, respectively. We
can explain the large band gap of Li,MgSn;S; relative to the
other analogs based on the fact that Mg is less electronegative
than Fe, Cu, Mn, Co, and Ni, which makes the Mg—S bond
more ionic in nature than the other metal—S bonds. This
increased ionicity results in larger energy differences between
filled S*>"-based orbitals in the valence bands and empty Mg** s
and p orbitals in the conduction bands. The small band gap of
Li,FeSn;Sg can be explained by observing that the electro-
negativity of Fe is much closer to that of elemental S than
those of Mg and V, and comparable to that of Cu, Mn, and Co.
This larger electronegativity, in turn, makes the Fe—S bond
more covalent in nature than the Mg—S bond. The higher
covalency in this bond leads to smaller energy differences
between the filled S~ orbitals in the valence band and the
empty Fe®* orbitals in the conduction band.

The calculated band structures seen in Figure 3a—d predict
indirect band gaps for both the Mg and Cu compounds with

the valence band maxima occurring at the M point for
Li,MgSn;Sg and the L point for Li; ¢CuSn;3;Sg and the
conduction band minima occurring at the I' point for both.
The calculations predict band gaps of ~1.50 and ~0.35 eV for
these compounds, respectively, as shown in Figure 3. These
numbers are far lower than the experimental values of 2.40(2)
and 1.50(2) eV, respectively, owing to the well-known
difficulty of accurately estimating band gaps using DFT.*’

Although the valence to conduction band electronic
transitions are predicted to be indirect, the experimental
absorption edges for both compounds appear relatively sharp.
The sharp increase in the absorption edge can be rationalized
by the presence of direct band gap transitions at the I" point
within a very small energy interval from the proper indirect
bandgap. In Li,MgSn;Sg, for example, the energy difference in
the valence band between the I' and M point is <0.1 eV,
whereas in Li, 44CuSn;3;S, the energy difference between the
I' point and the L point is even lower at <0.05 eV. The small
energy differences between the direct and indirect transitions
in each compound imply that the sharpness of the
experimental absorption edges is likely due to the observation
of direct I' — T transitions in both compounds. In fact, these
small energy differences suggested by the DFT calculation
results (typically done at 0 K) essentially diminish near room
temperature owing to thermally induced band broadening.

The energy dispersity in the conduction band for
Li,MgSn;S; is considerable, being ~0.75 eV along the I' —
M direction, ~0.75 eV along the I' — R, and ~0.4 eV along I"
— X. Similarly, Li; 4CuSn; 3;Sg exhibits high dispersity around
its I' point, though it is lower than that observed in
Li,MgSn;Sg; the dispersity in the I' - K and I' - L
directions are both ~0.6 eV with the dispersity in the ' = X
direction being ~0.7 eV. The broad conduction band widths of
both compounds are reflected by the small calculated electron
effective masses in each compound, with Li,MgSn;Sg having a
value of 0.49 m_ and Li, (CuSn, 4,S; 0of 0.55 m,. The predicted
hole effective masses, however, are heavier at 1.25. and 1.75
m,, respectively, because of the lower bandwidth dispersity in
their valence bands.

Magnetic Susceptibility. Li,FeSn,S;, Li,MnSn;S;, and
Li,NiSn;Sg exhibit Curie—Weiss behavior at T > 120 K as
determined by temperature-dependent magnetic susceptibility

https://dxdoi.org/10.1021/acs.chemmater.0c0465 1
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Table 4. Modified Curie—Weiss Fit Parameters for Li,MSn;S; (M = Fe, Co, Mn, Ni)

Li,FeSn,Sg
C (emu K mol™ Oe¢'") 3.8098(3)
Peir (18) 5.5207(2)
Oy (K) —9.732(2)
Zo (emu mol™ Oe'") 0.0000245

Li,CoSn;Sg Li;MnSn;Sg Li;NiSnySg
1.871(2) 3.2120(4) 0.9519(8)
3.871(2) 5.0691(9) 2.760(3)
3.868(7) —9.05(3) —90.7(4)
0.000946 0.0005 0.00001

Table 5. DC Electrical Resistivities and Room Temperature Li-Ion Conductivities for Li,_MSn;S; (M = Mg, Fe, Mn, Ni, Co)

and Li, 4sCuSn; 3,8,

Li;FeSnySg Li,CoSn,Sg Li;MnSn;Sg Li;NiSn;Sg Li;MgSn;Sq Li; 6CuSny 335g
Q (cm) 2.8 x 10° 1.65 x 10* 347 x 10° 7.48 X 10° 2.19 X 10’ 1.06 x 10°
mS (em™) 1.9x 107" 111 194 x 107" 193 x 107° 126 x 107" 255 x 10°°
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Figure 5. Room-temperature AC electrochemical impedance spectra of sintered pellets of (a) Li; ¢sCuSny3,Sg, (b) Li;MnSn,S, () Li,CoSn,S,,

(d) Li,MgSn,Sq, (e) Li,FeSn,S,, and (f) Li,NiSn,Sq.

measurements, as shown in Figure 4a—c. By fitting the
temperature-dependent susceptibility data to the Curie—Weiss
law, we see that both Li,FeSn;Sg and Li,MnSn;Sg have small
negative Weiss temperatures of approximately —9.732(2) and
—9.05(3) K, implying weak antiferromagnetic interactions as 0
< 0 (Table 4). The Curie constants for Li,FeSn,S; and
Li,MnSn,Sg are 3.8098(3) emu K mol™ Oe'~ and 3.2120(4)
emu K mol™ Oe'", respectively. The effective magnetic
moments per ion, p.g = J8C, for Li,FeSn;Sg and Li,MnSn;Sg
are 5.5207(2) and 5.0691(9) ug, respectively. These values are
close to the expected values for Fe?* and Mn** of 4.9 and 4.9
pg"' respectively. The proximity of the effective magnetic
moment for Li,MnSn;S; to that expected for Mn** suggests
that some oxidation of the material may occur, as has been
observed in the KMS-1 compounds,*' but further studies are
required to confirm this. The kink in the inverse susceptibility
of Li,MnSn;S; is attributed to a small ferromagnetic impurity,
likely Mn,0O, with T, = 49 K.** The Weiss temperature of
Li,NiSn;Sg, —90.7(4) K, is larger than that in the Mn and Fe
analogues, indicating stronger antiferromagnetic interactions.
The Curie constant and p g for Li,NiSn;Sg are 0.9519(8) emu
K mol™ Oe'™ and 2.760(3)ug, respectively. The value of the
effective magnetic moment for LiNiSn;Sg is close to the
theoretical value for Ni** of 2.83 p,.°"'

Li,CoSn,S; exhibits paramagnetic behavior at T > 150 K
(Figure 4e). A Curie—Weiss law fit of T > 275 K gives a Curie
constant of 1.871(2) K mol™ Oe'~, Weiss temperature 6.5(4)
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K, and p.g = 3.898(7) up. The determined effective magnetic
moment for Li,CoSn;S; is close to the theoretical value of 3.87
uy expected for Co*.°" The positive Weiss temperature
suggests ferromagnetic interactions, which is consistent with a
paramagnetic to ferromagnetic phase transition observed
having approximate T, = ~121 K. Field-dependent measure-
ments were performed both below and above the apparent
ferromagnetic transition at T = 2 and 130 K to further study
the ferromagnetic behavior, as shown in Figure 4f. Hysteresis is
observed at 2 K with a coercivity of ~27 Oe, indicating a soft
ferromagnetic character. At 130 K, the response to the applied
field is almost linear, indicating that we are above but still near
the T, of Li,CoSn;Sq.

Electrical Resistivity and Impedance Spectroscopy.
The electrical resistivities of all the compounds fall between
2.38 X 10* and 2.9 X 107 Q-cm, as shown in Table 5. The most
resistive compound is Li,MgSn;Sg because of its larger band
gap. Li,NiSn;Sg, Li,MnSn;Sg, and Li; sCuSn;33Sg all have
resistivities on the order of 10° Q-cm and follow the trend of
decreasing band gap as they are ordered from smallest to
largest. The two most conductive compounds are Li,CoSn;Sg
and Li,FeSn,Sg with resistivities of 3.47 X 10* and 2.8 X 10° Q-
cm, respectively. The resistivity of Li,FeSn;Sg was comparable
to that of A,FeSn;Sy (A = Ag, Cu).*”

The conductivities determined using AC impedance spec-
troscopy for Li,FeSn,S, and Li,CoSn,S,, 1.9 X 10™* and 1.11
X 107 S ecm™, respectively, are notably high and most likely
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capture contributions from electronic conduction, see Figure
Se and c. The Li-ion conductivities of Li,MgSn;Sg,
Li,MnSn;Sy, Li,NiSn;Sg, and Li, 4CuSn; 33Sg, Figure Sa, b, d,
and f, are determined to be 1.26 X 1077, 1.94 X 1077, 1.93 X
1075, and 2.55 X 107 S cm™', respectively. The low Li-ion
conductivities, suggesting limited probability of Li migration,
are consistent with the apparent moisture resistance of the
compounds, as the Li* ions are well coordinated in the lattice
and so cannot migrate. This lack of mobility limits the rate of
decomposition of this family of compounds.

H CONCLUSIONS

Seven new air-stable isostructural quaternary Li-containing 3D
thiostannate spinels with semiconducting properties were
synthesized. The origin of their stability in air and moisture
is attributed to the Li* being well-coordinated inside the
structure and, thus, largely shielded from attack. Their
structures are to be contrasted with the layered ones of the
KMS family of compounds with similar stoichiometry but
larger alkali ions. The higher dimensionality, as expressed by
the 3D cubic motif; of the lithium salts than the corresponding
heavier alkali metal thiostannates, is well rationalized by the so-
called counterion effect observed in other metal chalcogenide
salts.”” These results highlight a general approach for targeting
the dimensionality of solids using counterion size as the
controlling parameter.”” The large exploratory phase space that
exists for small cation chalcogenides thus presents an exciting
opportunity to study the role of small cations in controlling
dimensionality in these materials. The moisture resistance of
these compounds implies a lower lithium translational mobility
compared to other chalcogenides, which decompose readily in
air.
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