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ABSTRACT: In view of the search for and understanding of new materials for energy storage,
the Li—Ag—Ge phase diagram has been investigated. High-temperature syntheses of Li with
reguli of premelted Ag and Ge led to the two new compounds Li,AgGe and Li, go_,AgGe, (x =
0.27). The compounds were characterized by single-crystal X-ray diffraction. Both compounds D GED. aEb.¢
show diamond-polytype-like polyanionic substructures with tetrahedrally coordinated Ag and LiAgGe %YYN%
a9 q g I A
Ge atoms. The Li ions are located in the channels provided by the network. The compound Ge
Li,AgGe crystallizes in the space group R3m (No. 166) with lattice parameters of a
4.4424(6) A and ¢ = 42.7104(6) A. All atomic positions are fully occupied and ordered. Li, go_,AgGe, crystallizes in the space
group I14,/a (No. 88) with lattice parameters of a = 9.7606(2) A and ¢ = 18.4399(8) A. The Ge substructure consists of unique
! [Geyo] chains that are interconnected by Ag atoms to build a three-dimensional network. In the channels of this diamond-like
network, not all of the possible positions are occupied by Li ions. Li atoms in the neighborhood of the vacancies show
considerably enlarged displacement vectors. The occurrence of the vacancy is traced back to short Li—Li distances in the case of
the occupation of the vacancy with Li. Both compounds are not electron-precise Zintl phases. The density of states, band
structure, and crystal orbital Hamilton population analyses of Li, g,_,AgGe, reveal metallic properties, whereas a full occupation
of all Li sites leads to an electron-precise Zintl compound within a rigid-band model. Li,AgGe reveals metallic character in the ab

Li,.,AgGe, i\‘j}g;\l{%

plane and is a semiconductor with a small band gap along the ¢ direction.

B INTRODUCTION

The need for energy storage has played a decisive role in many
fields of research in the past decade. In the attempt to produce
more and more efficient and powerful batteries, Li as the anode
material has been replaced by Li-inserting compounds. In this
context, compounds containing group 14 elements (Tt) play an
important role. Graphite-based electrodes are the state-of-the-
art, but Si- and Ge-containing compounds are discussed as
alternatives because of the the high specific capacity of Si-
containing compounds"” and the high lithium diffusivity in Ge-
containing compounds.>* Even the element Sn with its much
higher mass and thus lower capacity by weight has been
considered and investigated for this purpose.”~’ The addition
of a transition metal (T) to binary Li—Tt phases can lead to the
formation of two- or three-dimensional polyanionic networks.
These networks can act as a stable framework for the Li ions,
which are capable of moving in the channels provided by the
network. Because there has been much effort to examine
ternary Li—T—Si compounds, we also focused on the
investigation of Ge-containing phases and report here on our
investigations of the phase diagram Li—Ag—Ge. This system
has been studied before by the group of Bodak et al., who found
the compounds LiAg,Ge, Li;Ag;Ge,, and Li;Ag,Ge;.® Prior to
this work, the existence of a Lirich compound with the
composition LigAg;Ges was reported.” This compound was
investigated by powder X-ray diffraction (XRD) methods, but
the atomic parameters have not been reported. According to ref
8, LigAg;Ge; corresponds to the structure of Li;Ag,Ge; having,
however, a different composition because of several mixed-
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occupied sites. All known compounds in this system can be
described as polar intermetallics without Ge—Ge bonds or
polyanionic Ge substructures. This is also found for all known
compounds in the systems Li—Cu—Ge and Li—Au—Ge.
Li,CuGe and Li,AuGe crystallize in cubic space groups as a
typical Heusler phase and a less-ordered lithiated sphalerite-
type phase, respectively.'® Ternary compounds containing Ag,
Ge, and an alkali metal heavier than Li are not known.

In this paper, we present the results of our investigations in
the Li—Ag—Ge phase diagram with the two new compounds
Li,AgGe and Li,g_,AgGe, (x 0.27). Both compounds
feature a three-dimensional diamond-like polyanionic Ag—Ge
network with intercalated Li ions. All positions in both
networks are fully ordered.

B EXPERIMENTAL SECTION

Synthesis. All materials were handled in an Ar-filled glovebox
(MBraun 20 G, argon purity 99.996%). The starting materials were Li
rods (99.9%, Sigma-Aldrich), Ag wire (99.9%, Sigma-Aldrich), and Ge
pieces (99.999%, ChemPur). Ag and Ge were premelted in an arc
furnace (Mini Arc Melting System, MAM-1, Johanna Otto GmbH) to
obtain a regulus with the expected binary stoichiometry. For the
synthesis of Li,AgGe, 278 mg (2.57 mmol) of Ag and 187 mg (2.57
mmol) of Ge were used, and for the synthesis of Li, ;;AgGe,, 199 mg
(1.84 mmol) Ag and 268 mg (3.69 mmol) Ge were used; 36 mg (5.14
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Table 1. Crystal Data and Structure Refinement for Li,AgGe

and Li, ;3AgGe,

formula
fw (g mol™")
space group
V4
unit cell parameters
a(A)
¢ (A)
volume (A%)
Deyeq (g em™)
abs coeff (mm™")
F(000)
crystal shape/color

temperature (K)

0 range (deg)
range in hkl

reflns collected
data/param

GOF on F*

Ry, wR, [I > 26()]
R;, wR, (all data)

Li)AgGe

194.36

R3m (No. 166)
12

4.4417(1)

42.7104(6)

729.73(4)

5.31

20.0

1020

block/metallic light
pink

150

2.86—39.17

7, 6,75

11488

613/26

1.225

0.0210, 0.0451

0.0254. 0.0458

largest diff peak and hole (e A™) 2.28 and —1.41

Li, 53A8Ge,
271.14

I4,/a (No. 88)
20

9.7606(2)
18.4399(8)
1756.76(9)
5.13

222

2376
block/silver

120
2.95-32.49

14, 14, 27
34366

1587/61

1.427

0.0403, 0.0802
0.0504, 0.0818
1.07 and —1.02

mmol) for Li,AgGe and 33 mg of Li (4.79 mmol) for Li,s_,AgGe,
were added to the corresponding binary reguli in a Nb ampule. The
ampules were sealed by arc-welding and transferred into a silica tube.
The silica tube was evacuated and put into a vertical-resistance tube
furnace. The samples were heated to 800 °C and tempered for 24 h.
Afterward they were slowly cooled to room temperature with a rate of
0.1 °C min~". After the ampules were opened, the products were
obtained as silver-metallic (Li,g,_,AgGe,) and metallic light-pink
(Li,AgGe) powders, which were sensitive to air and moisture.
Powder and Single-Crystal XRD and Structural Refinement.
For powder XRD analyses, the samples were finely ground to a
powder, sealed in glass capillaries, and measured at room temperature

using a STOE Stadi P powder diffractometer with Cu Ka, radiation [4
= 1.54056 A, Ge(111) monochromator] and a position-sensitive
detector (Mythen 1K). The STOE WINXPOW program package was
used for phase analyses.'' The powder XRD pattern of the sample
Li,AgGe (Figure S-1 in the Supporting Information, SI) showed only
the presence of the respective phase. No additional reflections are
visible. The powder XRD pattern of the sample Li, go_,AgGe, (Figure
S-2 in the SI) showed the presence of elemental Ge and Ag besides the
respective main phase.

For the structure determination, single crystals were mounted on
the tip of a glass capillary using perfluoropolyalkyl ether. The data
collection was carried out on an Oxford Xcalibur3 diffractometer
system (Sapphire3 CCD detector; Mo Ka radiation, 4 = 0.71073 A,
graphite monochromator, sealed-tube X-ray source) with crystal
cooling in a 150 and 120 K cold N stream for Li,AgGe and
Li,5_,AgGe,, respectively. For data processing, the Oxford CrysAlis
RED software'” was used. An empirical absorption correction was
performed using the STOE X-RED/X-SHAPE software.!¥1* X—Prep15
was used for space group determination and data merging (identical
indices only). For structure solution (direct methods) and refinement,
the programs SHELXS'® and SHELXL'’ were used. Selected
crystallographic data are given in Tables 1 and 2. Interatomic
distances and anisotropic displacement parameters are given in the SI
(Tables S-1 and S-2).

For Li,AgGe, all positions are fully occupied and ordered. No Ag/
Ge mixed occupancies were observed in the Li,AgGe and Li, s, AgGe,
compounds as well. One Li position in Li,z ,AgGe, is not fully
occupied, and the occupancy factor refines to approximately '/s.
Consequently, no anisotropic models were applied for defective Lil
and neighboring Li4 because of physically unreasonable displacement
parameters.

Energy-Dispersive X-ray (EDX) Measurements. EDX analysis
was carried out on single crystals of the title compounds Li,AgGe and
Li, s3AgGe, using a JEOL S5900LV scanning electron microscope
equipped with an Oxford Instruments Inc. EDX microanalysis system.
The unit cells of the measured crystals were previously determined by
single-crystal XRD to confirm their affiliation to the corresponding
phase. Quantitative analysis for both compounds showed the presence
of the elements Ag and Ge with no other elements heavier than Na
detectable.

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters for Li,AgGe and Li, s;AgGe,

Li,AgGe

atom Wyckoff site # y % U, /A

Gel 6¢c /s /s 0.61648 0.006(1)

Ge2 6¢ 0 0 0.52957 0.005(1)

Agl 6¢ A /s 0.63195 0.009(1)

Ag2 6¢ A s 0.55294 0.008(1)

Lil 6¢ 0 0 0.59294 0.011(2)

Li2 6¢c A /s 0.57046 0.015(2)

Li3 6¢ /s /5 0.49187 0.016(2)

Li4 6¢ /s /5 0.67840 0.015(2)

Li, 5;AgGe,
atom Wyckoff site 5 y z (Uso/Usg) /A?
Gel 8e 0 4 0.45338(4) 0.010(1)
Ge2 16f 0.10022(6) 0.06345(7) 0.36977(4) 0.011(1)
Ge3 16f 0.09598(6) 0.05069(6) 0.04169(4) 0.012(1)
Agl 4a 0 s s 0.012(1)
Ag2 16f 0.11604(5) 0.55813(4) 0.28830(3) 0.013(1)
Li1? 8e 0 4 0.288(2) 0.009(12)*
Li2 16f 0.0823(10) 0.0769(12) 0.5561(6) 0.017(2)
Li3 16f 0.0886(10) 0.0545(11) 0.2148(7) 0.016(2)
Li4 16f 0.3047(11) 0.1506(11) 0.1318(6) 0.016(2)¢
“Isotropically refined. “The occupancy parameter of Lil is 32(6)%.
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Differential Thermal Analysis (DTA). Investigations of the
thermal behavior of Li,AgGe were carried out in order to check
whether the crystal structure changes to a cubic space group at higher
temperatures, which is typical of compounds with the composition of
Li,TTt."® The DTA experiment was carried out using a Netzsch DSC
404 Pegasus apparatus. In an Ar-filled glovebox, a cylindrical Nb
crucible was loaded with 65 mg of crystallographically phase-pure
Li,AgGe. The ampule was closed by crimping and then sealed by arc-
welding inside the glovebox. Then it was transferred to a Netzsch DSC
404 Pegasus apparatus. A sealed Nb crucible without the sample was
used as a reference. During the experiment, the sample was heated in
an Ar flow with a heating/cooling rate of 10 K min~!. The sample was
recovered in an Ar-filled glovebox. For data processing, the program
Proteus Thermal Analysis' was used. Both recorded cycles are almost
identical. In the course of heating, one exothermic effect is visible. This
effect at an onset temperature of 679.9 °C (peaks at 692.8 and 693.9
°C, respectively) is strong and indicates the congruent melting point of
the compound. In the course of cooling, only one endothermic effect is
visible at 673.3 and 674.0 °C, respectively, which indicates the
crystallization point of the compound. No signs of any changes in the
crystal structure at higher temperatures are visible (see the SI, Figure
S-3).

Electronic Structure Calculations. The electronic structures
were calculated by employing the linear muffin-tin orbital (LMTO)
method in the atomic sphere approximation in the tight-binding (TB)
program.”® The exchange-correlation term was calculated within the
local density approximation and parametrized according to von Barth
and Hedin.*! The radii of the muffin-tin and empty spheres were
determined according to Jepsen and Andersen.*> The Brillouin zone
integrations were performed with a 16 X 16 X 16 special k-point grid.
The basis set of short-ranged*® atom-centered TB-LMTOs contained
s—p valence functions for Li, s—f valence functions for Ag, and s—d
valence functions for Ge. Li 2p, Ag 4f, and Ge 3d orbitals were
included using a downfolding technique. In order to handle the
defects, we applied a rigid band model: The band-structure
calculations for the composition Li,3AgGe, were carried out with
fully occupied Li positions (LiysAg;oGe,,, 218 valence electrons), and
the values were calculated with respect to the electron count of the
crystallographically determined composition Li, 53(1)AgGe,
(Liys3Ag10Gey, 215.3 valence electrons) as well as of the electron-
precise Zintl phase “Li;AgGe,” (LizpAg;Ge,, 220 valence electrons).
Analysis of the chemical bonding is based on theoretical partial and
total density of states (DOS) curves and plots of the crystal orbital
Hamilton populations (COHPs).>*

B RESULTS

The title compounds were synthesized in high-temperature
reactions with Li and a binary Ag/Ge alloy. Both compounds
feature diamond-like polyanionic substructures of four-con-
nected Ag and Ge atoms, which are stuffed with Li atoms.
Structure of Li,AgGe. The compound Li,AgGe cr%rstallizes
as an ordered variant of the Li;;AgSig structure type™ in the
space group R3m (No. 166). This is rather unusual because
compounds with the typical composition of Heusler phases
Li, TTt tend to adopt cubic symmetry, with Li,ZnSi and
Li,MnSn crystallizing in hexa%onal and tetragonal symmetry,
respectively, as exceptions.”®”” The structure of Li,AgGe
contains a 12¢ diamond-polytype-like polyanionic network,
which, in contrast to that of Li ;AgsSi, is fully ordered on all
atomic positions. The network consists of puckered layers of
six-membered rings that are formed alternately by Ge and Ag
atoms. The layers extend in the ab direction and are stacked in
the ¢ direction, with the sequence ABCDA'B'C'D’A’'B”’C"'D"’
forming the very long ¢ axis (Figure 1a). The stacking type of
these layers leads to heteroatomic contacts, as in sphalerite, but
also to homoatomic Ag—Ag and Ge—Ge contacts between the
layers. The Ag—Ge distances in these layers are 2.751(1) and
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Figure 1. (a) Top view on one representative layer of Li,AgGe. (b)
Stacking sequence of the layers along the ¢ direction. Li, Ag, and Ge
are represented in gray, white, and black spheres, respectively.
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Figure 2. Coordination environment of the (a) Lil and (b) Li4 atoms.
The Li, Ag, and Ge atoms are shown as ellipsoids at the 90%
probability level in gray, white, and black, respectively. Ag—Ge
contacts are represented as thick black lines, Ag—Ag contacts as thin
light-gray lines, and Li—Li contacts as thin dark-gray lines.

2.752(1) A. The heteroatomic contacts between the layers are
slightly shorter at 2.739(1) A, which is equivalent to the Ag—
Ge bond length observed in cubic LiAg,Ge® and slightly longer
than the sum of the covalent radii of Ag and Ge (2.65 A)2® The
Ge—Ge contacts between the layers are 2.537(1) A and thus
slightly longer than in a-Ge (2.445 A)* but shorter than in the
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Figure 3. Crystal structure of Li, 3AgGe,: (a) layer of puckered six-membered rings of Ag and Ge atoms emphasizing the substructure of eight
connected Ge atoms in one layer; (b) expanded unit cell; (c) stacking sequence of the layers. A layer as shown in part (a) is emphasized with red
bonds. Li, Ag, and Ge are drawn as gray, white, and black spheres, respectively.

Figure 4. (a) Expanded unit cell of the substructure of ' [Ge,o]
chains propagating in the a and b directions. (b) Part of the chain
highlighted in part (a) with red atoms with a view along the a direction
showing also the coordination to Ag atoms to complete six-membered
rings. Ge and Ag are drawn as black and white spheres, respectively;
one [Ge,y] unit is shown with orange spheres.

dumbbells in Li;;Ge, (2.62 A).** In contrast to the simple cubic
sphalerite structure type, also Ag—Ag bonds are formed
between the layers. The corresponding distance of 2.965(1)
A is longer than that of the Ag—Ag contacts in the elemental
structure (2.889 A)*! but shorter than the Ag—Ag contacts in
Lij;AgSis.

The structure can also be described as consisting of layers of
Ge*™ anions that envelop layers of Ge,*” dumbbells, with all
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free positions in the tetrahedral coordination sphere being
occupied by Ag atoms. In this description, it becomes obvious
that (Ge)*™ and (Ge)®>™ occur in a ratio of 1:1, which shows
that the compound Li,AgGe is not a Zintl phase, assuming Li
and Ag each donate one electron to Ge, being charged Li* and
Ag?*, respectively. Thus, the compound is better characterized as
a polar intermetallic compound. Electronic structure calcu-
lations reveal metallic character in the ab plane and a
semiconductor with a small band gap along the ¢ direction
(see the SI, Figure S-8). The substructure of the Li cations
forms a distorted diamond-like network, which occupies the
positions in the hexagonal tunnels provided by the polyanionic
substructure. The structure of Li,AgGe consists of inter-
penetrating diamond-type nets, and thus a distorted Heusler-
type structure results, which is typical of compounds of the
composition X,YZ (X, Y = alkali metal, alkali earth metal,
transition metal; Z = element of groups 13—15). The Li—Li
distances range from 2.648 to 2.753 A, which is much shorter
than that in body-centered-cubic Li with 3.05 A.** This is due
to the highly ionic character of the Li atoms, and no bonds
should be considered. The Li—Li distances lie in the range of
that of other polar intermetallic compounds like Li;Ag,Ge; with
a distance of 2.678 A.® The coordination sphere of each Li
position consists of two distorted tetrahedra of Li and Ge,
respectively, as well as of an octahedron of Ag atoms (see the
S1, Figure S-4).
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a)

d)

Figure S. Coordination polyhedra of (a—c) fully occupied Li atoms, (d) the partially occupied position Lil, and (e) the vacancy. Li, Ag, and Ge are
shown as ellipsoids at the 90% probability level in gray, white, and black, respectively. Ag—Ge and Ge—Ge contacts are drawn as black lines and Li—

Li contacts as thin gray lines.
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Figure 6. (a) Total, partial, and integrated DOSs. (b) Combined
COHP and integrated COHP curves for the four shorter Ge—Ge
bonds within the —Ge—Ge— chain calculated for the “Li,sAgGe,”
structure model with fully occupied Li positions. The dashed lines
correspond to the Fermi level of the experimentally determined
composition Li, s31)AgGe, (Liys3Ag10Gey, 215.3 valence electrons)
and the electron-precise Zintl compound “Li;AgGe,” (LizAg;Geyo
220 valence electrons).

Structure of Li,g,_,AgGe, (x = 0.27). The compound
Li, 5;AgGe, crystallizes in its own structure type in the space
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group I4,/a (No. 88). All atomic positions are completely
occupied and fully ordered, except for Lil, which is only
partially occupied (Figure 2). As in Li,AgGe, a diamond-like
polyanionic substructure with tetrahedrally coordinated Ag and
Ge atoms that form puckered layers occurs (Figure 3a). The
layers consist of six-membered rings, with one, two, or three
positions being occupied by Ag atoms. All other positions are
occupied by Ge atoms with a Ag:Ge ratio of 1:2. The layers are
stacked along the [111] direction with Ag—Ge and Ge—Ge
bonds between the layers. There are no neighboring Ag
positions within or between the layers (Figure 3b,c). The Ag—
Ge distances range from 2.650(1) to 2.850(1) A similar to
those of the above-mentioned compounds Li,AgGe and
LiAg,Ge. The Ge atoms form spiral chains of two-bonded Ge
atoms with Ge—Ge distances between 2.579(1) and 2.618(1)
A, which are longer than those in a-Ge (2.44S A)* but are in
the range of the Ge—Ge distances observed in the ', [Ge,]
zigzag chains in CaGe (2.592 A).» The distances are
significantly shorter than the sum of the van der Waals radii
(422 A)>* Along these ' ,[Geyo] chains, a coiled structure
becomes evident, which in the projection is shaped like the
number “eight”. According to the tetragonal symmetry, the
chains propagate along the a and b directions (Figure 4a).
The Ag atoms occupy the two free positions in the
tetrahedral coordination sphere of each Ge atom connecting
the Ge chains into a three-dimensional network. The
polyanionic network adopts a 6c diamond-polytype-like
structure although stronger distorted as in Li,AgGe. All Li
atoms are intercalated between the Ag—Ge layers occupying
16f and 8e positions (Figure 3). The Li—Li distances range
from 2.492(23) to 3.019(15) A. The Li atoms form a second
interpenetrating diamond-type network with one Li position
(Li1) partially occupied and one position not occupied (Figure
S). Interestingly, Li2 (in the neighborhood of the vacancy)
shows large anisotropic displacement parameters. The defect
on the 4b position correlates with rather short distances of
2.261(11) A to the neighboring Li2 atoms (Figure Se) and
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indicates that occupation of the vacancy is not favorable. The
same applies for the not fully occupied Lil position with
nearest Li atoms Li3 and Li4 at 2.492(23) and 2.600(24) A,
respectively. In comparison, the shortest Li—Li distance of fully
occupied Li positions is 2.770(15) A between Li2 and Li3.

Regarding the formal charge of 2— of the Ge atoms in the
! o[Ge] chains and 1+ for each Li and Ag atoms, Li, s;AgGe, is
not an electron-precise Zintl phase. The ratio of the positive
and negative formal charges is 1:1.14 and thus rather close to
that of Li,AgGe (1:1.17). If all partially and nonoccupied
positions would be occupied with Li atoms, thus forming a
diamond-type Li network, the compound with the hypothetical
composition Li;AgGe, would be an electron-precise Zintl
compound.

In order to analyze the electronic structure of Li, s .AgGe,,
the band structure and total and partial DOSs (see the SI,
Figures S-S, and Figure 6a) were calculated. The low-lying
bands between —12.0 and —7.9 eV are predominantly Ge 4s
states, whereas the Ag 3d states are located between —6.7 eV up
to the Fermi level and hybridize strongly with the Ge 4p and Li
2s,p orbitals. No band gap is observed at the Fermi level of the
crystallographically determined composition Li, s;AgGe, with
defective Li positions, indicating metallic behavior. However, a
pseudogap is situated close to the Fermi level of the
corresponding electron-precise composition “Li;AgGe,”. Inter-
estingly, there occurs a rather flat DOS at low values between
the Fermi levels of the experimentally determined and electron-
precise composition. For a more quantitative bond analysis, we
calculated the COHPs, which provide a quantitative measure of
the strength of the bonding. In the presented COHP curves,
positive values are bonding, and negative values are antibonding
(see the SI, Figures S-6 and S-7, and Figure 6b). The COHP
and integrated COHP curves are maximized for the shortest
Ag—Ge bonds just above the Fermi level with the maximum
reached for an electron number corresponding to the electron-
precise composition “Li;AgGe,” (see the SI, Figure S-6),
whereas the Ge—Ge bonds within the Ge chains are nearly
optimized at a composition corresponding to the experimen-
tally observed composition Li, ;AgGe, (see the SI, Figure S-7,
and Figure 6). The addition of further electrons in order to
approach the electron count for a Zintl compound leads to the
filling of antibonding Ge—Ge states.

H CONCLUSION

Our investigation of the system Li—Ag—Ge led to the discovery
of the two new polar intermetallic compounds, Li,AgGe and
Liyg_,AgGe, (x = 027). These compounds are the first
representatives in the systems A—T—Ge with a polyanionic
substructure that provides tunnels for the alkali metal. The
compounds also bear other interesting structural properties
such as the very long c axis in Li,AgGe, which is untypical for
Li,TTt compounds, or the unique ',,[Ge,o] chains and voids in
the Li partial structure in Li,g_,AgGe, (x = 0.27). Most
interestingly, Li,go_.AgGe, (x 0.27) contains not fully
occupied Li positions and vacancies, which is a prerequisite for
Li mobility within a tetravalent framework. Currently, we are

working on a pure-phase synthesis of the compound in order to
be able to measure the Li-ion conductivity.
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