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 An improvement of lithium-ion batteries with regard to their reversible 
capacity, cycling stability, rate performance, and safety under repetitive charge 
and discharge still requires considerable research activity. However, graphite 
has remained the unexcelled material for the anode so far. Here, it is shown 
that two novel quaternary lithium-chalcogenidometalate phases, Li 4 MnGe 2 S 7  
( 1 ) and Li 4 MnSn 2 Se 7  ( 2 ), represent very promising new anode materials 
for lithium-ion cells in that they achieve specifi c lithium storage capacities 
higher than that of the commercially used graphite, and display an excellent 
stability during cycling. These properties are based on the structural peculiari-
ties of the phases, which adopt Wurtzite-related topologies and provide high 
structural fl exibility of the metal sulfi de or selenide bonds as advantageous 
pre-requisitions for a large ion accessible volume. 
  1. Introduction 

 Over the last decades, compounds with high lithium ion uptake 
capability have attracted attention among solid state and mate-
rial chemists and physicists, due to their potential application 
as electrodes in lithium ion secondary batteries. Before 1985, 
only lithium metal and lithium alloys were used as anode mate-
rials. But regarding the safety problems of lithium metal, other 
substitutes have been extensively investigated. Graphite, with a 
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theoretical capacity of 372 mAh/g, has so 
far been the standard anode material in 
commercial lithium batteries. [  1  ]  

 However, there is still much research 
activity in improving the reversible 
capacity, cycling stability, rate perfor-
mance, and safety under repetitive charge 
and discharge. For this, several alterna-
tive anode materials have been exam-
ined. [  2–4  ]  A variety of materials—mostly 
tin or silicon compounds—belong to the 
most interesting candidates. Especially 
silicon has shown to be very attractive, 
due to a very high theoretical capacity of 
approximately 4000 mAh/g, with a max-
imum uptake of 4.4 equivalents of Li per 
Si atom in Li  Si  . The main challenge 
for the implementation of these composite anodes is the large 
volume change during lithium insertion and extraction. This 
amounts to up to 300% which in many cases leads to pulveri-
zation of the active particles and poor cycle stability. [  4  ,  5  ]  Beside 
well-known compounds that are capable of lithium intercala-
tion, like TiS 2 , MoS 2  or WS 2 , for instance, [  6–12  ]  a diversity of tin 
based materials, such as nanostructured carbonaceous matrix 
compounds or tin composite oxide (TCO) containing Sn(II)O 
as the active center for lithium, were reported but none of 
them were superior to the currently used graphite due to their 
capacity fading. [  13–18  ]  

 In the course of our studies, we succeeded to synthesize a 
completely new class of compounds with anionic networks, 
which show promising capability to lithium ion uptake. 
Extending our research on chalcogenidotetralates and chalco-
genidometalates, [  19–21  ]  we are currently focusing on related ter-
nary and quaternary lithium salts of the general type Li m [T x E z ] 
and Li m [M x T y E z ] (T  =  Ge, Sn; E  =  S, Se; M  =  transition metal 
atom) with Li  +   conduction or storage properties. [  22  ,  23  ]  Regarding 
lithium uptake, compounds with anionic network structure and 
lithium ions located in the holes of the network seemed to be 
promising candidates, since (a) the spatial preconditions are 
advantageous owing to relatively large T − E and M − E distances, 
and (b) the interaction of the entering hard lithium ions with 
the soft hosting chalcogenide anions should not be too strong. 

 Herein we present the fi rst results in the fi eld of lithium-
uptaking quaternary chalcogenidometalate networks with the two 
novel phases Li 4 MnGe 2 S 7  ( 1 ) and Li 4 MnSn 2 Se 7  ( 2 ), which indeed 
combine excellent electrode material properties such as high spe-
cifi c capacity and cycle stability, thus making the networks very 
interesting as anode materials for lithium-ion batteries. 
5693wileyonlinelibrary.com
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     Figure  1 .     Crystal structure of 1. a) Unit cell of  1  viewed approximately down the b axis. b) View 
of a layer fragment of the structure of  1  perpendicular to the [102] direction. c) Addition of a 
second layer to form the 3D network. Color code: Ge, grey; Li, blue; S, yellow; Mn, black.  
   2. Results and Discussion 

  2.1. Syntheses and Crystal Structures 

 Li 4 MnGe 2 S 7  ( 1 ) and Li 4 MnSn 2 Se 7  ( 2 ) were obtained by fusion 
of a stoichiometric amount of Li 2 E, Mn, T ( =  Ge or Sn, respec-
tively) and E ( =  S or Se, respectively). The compounds are 
obtained in reasonable yields, but have to be purifi ed by separa-
tion from by-products prior to any measurements. Fortunately, 
the only by-products are either water-soluble ternary Li/T/E 
salts or elemental chalcogens. The fi rst can be easily extracted 
with water, thereby not diminishing the yield of the insoluble 
products; the chalcogens are conveniently removed by sublima-
tion under reduced pressure. The crystal structures of  1  and  2  
were determined by means of single-crystal X-ray diffraction, 
and the phase purity was confi rmed by powder X-ray diffraction 
(see the Supporting Information). 

 Both compounds crystallize in the monoclinic space group  Cc  
(no. 9) with four formula units per unit cell, and both represent 
three-dimensional (3D) networks with interatomic connectivities 
analogous to that of the hexagonal diamond topology. [  24  ]  Hence, 
all atoms are four-coordinate, within slightly distorted [ME 4 ] and 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
[EM 4 ]  pseudo- tetrahedra (M  =  Li, Mn, Ge/
Sn; E  =  S/Se). The unit cells are shown in 
 Figures    1  a and  Figure    2  a. Naturally, the pres-
ence of four different types of atoms leads to 
a dramatic reduction of the crystallographic 
symmetry as compared with the hexagonal dia-
mond. In contrast to binary ME derivatives like 
Wurtzite ZnS with strictly alternating M and 
E positions, or ternary MM’E 2  derivatives like 
CuFeS 2  or LiAlSe 2 , the number of variants with 
different regular distributions of the diverse 
metal atom types among the sites in the struc-
ture is naturally much higher. [  25–28  ]  Indeed, 
compounds  1  and  2  exhibit different patterns 
of their metal atom distributions and thus their 
crystal structures within the invariant matrix 
of E atoms that occupy every second atomic 
site. This is clearly visible by comparing layer 
sections of the structure perpendicular to the 
[102] direction. As illustrated in Figure  1 b, the 
respective layer in  1  contains zig-zag chains of 
corner-linked [GeS 4 ] and [MnS 4 ] units along 
the  b  axis. These are separated from each other 
by zig-zag chains of [LiS 4 ] tetrahedra, wich 
extend in parallel fashion, and by [GeS 4 ] tetra-
hedra between the latter. The next layer in the 
[102] direction is generated through a glide 
mirror plain symmetry operation (Figure  1 c) 
and gives rise to a 3D network.   

 In  2 , two [SnSe 4 ] units and one [MnSe 4 ] 
unit form trimeric blocks by corner-sharing 
of the tetrahedra parallel to [10 − 2] (Figure  2 b). 
These blocks are separated from each other 
by a grid of ([LiS 4 ] 4 ) blocks that also extend 
along [10 − 2]. Again, a glide mirror plain adds 
the next layer in the [102] direction to form 
the 3D network (Figure  2 c).   

 2.2. Microstructure   

 Figure 3   shows the SEM images of the new anode materials. A 
view of the microstructure of Li 4 MnGe 2 S 7  ( 1 ) and Li 4 MnSn 2 Se 7  ( 2 ) 
after pulverization of single crystals is given in Figure  3 a,c, respec-
tively, indicating particles in the range of 20–80  μ m. Embedding 
of the particles of  1  and  2  on the as-prepared electrode surfaces 
(see Methods) is illustrated in Figure  3 b,d, respectively. After ball 
milling the particle size of the active material is reduced, aver-
aging at 2–10  μ m. No aggregation of the particles takes place, and 
the conductive agent is well dispersed between the active material 
particles. Both samples show similar microstructures, such that 
different infl uences of the size and distribution of the particles on 
the electrochemical behavior are not expected.    

 2.3. Electrochemical Properties 

 The cyclic voltammograms of Li 4 MnGe 2 S 7  ( 1 ) and Li 4 MnSn 2 Se 7  
( 2 ) with a three-electrode setup, involving lithium metal both 
nheim Adv. Funct. Mater. 2013, 23, 5693–5699
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     Figure  2 .     Crystal structure of 2. a) Unit cell of  2  viewed approximately down the b axis. b) View 
of a layer fragment of the structure of  2  perpendicular to the [102] direction. c) Addition of a 
second layer to form the 3D network. Color code: Sn, grey; Li, blue; Se, red; Mn, black.  
as counter electrode and reference electrode, are given in 
 Figure    4  . The cyclic voltammogram of  1  (Figure  4 a) indicates a 
signifi cant difference between the fi rst and the following cycles. 
Several peaks are visible only in the fi rst cycle and represent 
irreversible reactions. Although the electrochemical activity 
of  1  is reduced in the next cycle, indicating the compound as 
being not completely stable, step-wise take-up of Li  +   can be 
assumed, according to the following reaction for the x  +  1 st  step 
( Equation 1 ; x  ≥  0):

 
Li4 + xMnGe2S7+ Li+ + e− Char ge

�
Dis char ge

“Li4 + x + 1MnGe2S7”
  

(1)
     

 The cyclic voltammogram of  2  (Figure  4 b) shows similar fea-
tures, including several reduction peaks, which correspond with 
irreversible reactions, such as solvent decomposition and forma-
tion of a passivating fi lm on the electrode surface or structural 
changes upon the fi rst charge (see also below). Introduction of 
Li  +   into the material is observed at 1.3 V and between 0.3 and 
0.01 V, whereas Li  +   extraction potentials are found at 0.6 V, 1.2 V 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeiAdv. Funct. Mater. 2013, 23, 5693–5699
and 1.7 V. Several peaks that remain stable 
during cycling indicate a step-wise take-up of 
lithium ions, similar to the process sketched 
in  Equation 1 . Figure  4 c shows the two fi rst 
charge and discharge curves of compound 
 1 , cycled at a current density of 100 mA/g 
between 3.0 and 0.01 V. As can be seen, the 
plateaus in Figure  4 c are in accordance with 
the fi ndings for  1  in the cyclic voltammogram 
(Figure  4 a). Distinct plateaus from the lithia-
tion can be observed in the fi rst cycle at 2.0, 
1.6, 1.0 and 0.8 V, whereas the delithiation 
shows signifi cant plateaus at 1.9 and 2.3 V. 
 1  obtains an specifi c delithiation capacity of 
1257 mAh/g in the fi rst cycle, which is 
reduced to 1051 mAh/g after the second 
cycle. The initial charge and discharge curves 
of  2  can be seen in Figure  4 d. They are also in 
accordance with the fi ndings of the cyclovol-
tammogram of  2  (Figure  4 b). Lithiation pla-
teaus are found at 1.8, 1.5, 1.3 and 0.7 V, while 
delithiation is observed at 0.6, 1.2 and 1.7 V. 
Common for the charge/discharge curves is 
the slight change in voltage of the plateaus 
in the second cycle, indicating some irrevers-
ible reactions in the fi rst cycle and structure 
change of the material (see below). Further 
cycling behavior of compounds  1  and  2  is dis-
played in  Figure    5   as the discharge capacity 
and the coulombic effi ciency as a function of 
the cycle number. The capacities after 5 initial 
cyclovoltammogram cycles are observed at 
585 mAh/g ( 1 ) or 725 mAh/g ( 2 ), respectively. 
Despite a small decrease of the maximum dis-
charge capacity of  1 , it still remains at more 
than 450 mAh/g after 50 cycles. The capacity 
and its retention are even higher in the case 
of  2 : the maximum value of 725 mAh/g 
remains nearly unchanged over the cycles to 
be 660 after 50 cycles. The coulombic effi ciency of compound 
 1  reaches a value of 96% after the fi rst 20 cycles, whereas for 
compound  2  a coulombic effi ciency of 98% is obtained. The 
discrepancy between the specifi c discharge capacities found in 
the initial cycles (Figure  4 ) and the in the further cycling behav-
iour (Figure  5 ) can be explained through a structural change 
upon cycling and initial irreversible capacities. However, both 
materials achieve a stable specifi c capacity higher than that of 
the commercially used graphite, thus indicating the promising 
quality of this new class of potential anode materials based on 
chalcogenidometalate networks with diamond topology.    

 2.4. Simulation of the Charging Process 

 Since the fi rst cycle in the cyclic voltammogram strongly devi-
ates from the subsequent cycles, irreversible changes in the 
structure of compounds  1  and  2  are likely to occur. Moreover, 
a simple estimate of the maximal capacity of  2  under the 
assumption of a pure intercalation process that does not alter 
5695wileyonlinelibrary.comnheim
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     Figure  3 .     SEM images of the anode materials. a) Pulverized sample of Li 4 MnGe 2 S 7  ( 1 ). 
b) As-prepared electrode surface embedding  1 . c) Pulverized sample of Li 4 MnSn 2 Se 7  ( 2 ). 
d) As-prepared electrode surface embedding  2 .  
the original network of  2  yields a value of only 430 mAh/g, well 
below the measured maximal capacity of 725 mAh/g. For the 
estimate, it has been assumed that all 7 tetrahedral and 7 octa-
hedral interstitial sites per formula unit of  2  are each occupied 
by one lithium ion. In order to resolve the discrepancy between 
96 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

     Figure  4 .     Electrochemical characterizations of the title compounds. Cyclic voltammetry of a) Li
cycled between 3.0–0.01 V with a scan rate of 0.1 mV/s. The fi rst two charge and discharge cur
The fi rst cycles indicate preliminary, irreversible processes whereas the following cycles show st
measured and estimated maximal capacities 
and to investigate the distinct behavior of 
the fi rst cycle with respect to the subsequent 
cycles, density functional theory (DFT) within 
the local spin density approximation has 
been used to simulate the charging process 
of material  2  during the fi rst cycle. Starting 
from the primitive unit cell of  2  with two 
formula units, the number of lithium ions 
in the unit cell was successively increased 
and the binding energies of the additional 
lithium ions were determined as a function 
of lithium content. The simulation was car-
ried out until 46 additional lithium ions 
were incorporated into the original unit cell, 
corresponding to a capacity of 705 mAh/g. 
A detailed description of the simulation is 
given in the Methods section.   

 Figure 6   shows the binding energy vs. Li 0  
of each additional lithium ion as a function 
of lithium content. Due to the small unit cell 
in the simulation, the potential is subject 
to large fl uctuations. Hence, the curve was 
smoothened by averaging over three neigh-
boring values.  
 The potential curve shows a strong dip at a capacity around 
320 mAh/g preceded by a potential plateau ranging from 
140 mAh/g to 275 mAh/g. This hints at a structural change of 
the host material. This picture is supported by comparing the 
host matrix structure corresponding to lithium contents just 
nheim

 4 MnGe 2 S 7  ( 1 ) b) Li 4 MnSn 2 Se 7  ( 2 ). The samples were 
ves at a current density of 100 mA/g of c)  1  and d)  2 . 
abilization.  

Adv. Funct. Mater. 2013, 23, 5693–5699
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     Figure  5 .     Cyclic behavior of the title compounds. Discharge capacity 
(solid lines) and coulombic effi ciency (dashed lines) as a function of cycle 
number (after 5 initial cycles with cyclic voltammetry). The cells were 
cycled between 3.0–0.01 V with a constant current of 100 mA/g.  
before, at and beyond the plateau. At 107 mAh/g, the original 
structure of  2  is still present with the additional lithium ions 
occupying interstitial positions (except for two lithium ions that 
have exchanged positions with tin ions). However, after the 
onset of the plateau, the host matrix starts to deviate more and 
more from the original structure and fi nally becomes strongly 
disordered, as shown in  Figure    7  .  

 In agreement with the simulation, powder diffraction data of 
 2  after the fi rst charging cycle did not provide any structural 
information, thus suggesting the formation of a phase without 
long-range order. Thus, both simulation and experiment sug-
gest that compound  2  undergoes an irreversible phase change 
during the fi rst charging process leading to an amorphous, 
highly cyclable and high capacity phase of  2  observed in the 
subsequent charge/discharge cycles. 

 Furthermore, we have analyzed the structural evolution 
during the fi rst charging by monitoring the coordination of 
© 2013 WILEY-VCH Verlag G

     Figure  6 .     Calculated potential versus capacity of  2 . Triangles show the 
lithium binding energy vs. Li 0  versus lithium content while circles show 
a smoothened curve. Horizontal lines indicate the potential of the reduc-
tion peaks of the fi rst charging at 1.0 V, 0.7 V and the Li/Li  +   potential 
respectively. A vertical line indicates the maximal capacity. Lines between 
simulated data points merely serve as a guide to the eye.  

Adv. Funct. Mater. 2013, 23, 5693–5699
lithium ions by selenium. We fi nd that at the beginning of 
the charging cycle all lithium ions have at least four sele-
nium neighbors, as expected from a pure intercalation into 
the network of  2 . However, starting from a lithium content of 
150 mAh/g, the fraction of lithium ions with less than four 
selenium neighbors increases continuously until fi nally even 
a lithium fraction evolves that has no direct selenium coordi-
nation, see Supporting Information Figure S3. Hence, a pure 
metal phase forms alongside with a selenium-rich phase. 

 Since the simulation does not account for any side reactions, 
a direct comparison between the experimental and simulated 
potential curves of the fi rst charging cycle is not feasible. How-
ever, because it excludes the side reactions, it can be used as a 
model to explain the observed discharge capacity of the mate-
rial. Indeed, the capacity obtained from the simulation has a 
value of 600 mAh/g, matching the capacity after 50 cycles in 
Figure  3 c well. The slightly lower value from the simulation is 
likely explained by the fact that the simulation does not nec-
essarily fi nd the global energy minimum, slightly shifting the 
curve in Figure  6  upwards.    

 3. Conclusions 

 Two novel chalcogenidometalate networks, Li 4 MnGe 2 S 7  ( 1 ) 
and Li 4 MnSn 2 Se 7  ( 2 ), were synthesized by application of poly-
chalcogenide fl ux techniques as phase pure single-crystalline 
products. Both compounds show promising electrochem-
ical properties for application as anode materials in lithium 
ion batteries. The specifi c capacities of 585 mAh/g ( 1 ) and 
725 mAh/g ( 2 ), exceed the value of the commercially used 
graphite with a theoretical capacity of 372 mAh/g. In addition, 
compounds  1  and  2  show an excellent cycling stability with 
more than 450 mAh/g after 50 cycles for  1  and 660 mAh/g 
after 50 cycles for  2 . DFT simulations were in the position to 
describe the charging/de-charging processes, thereby identi-
fying an irreversible phase change during the fi rst charging 
process, which leads to the highly cyclable, high capacity, 
amorphous phase.   

 4. Experimental Section  
 General : All reaction steps were performed with strong exclusion of air 

and external moisture under Ar atmosphere at a high-vacuum, double-
manifold Schlenk line or N 2  atmosphere in a glove box (MBraun). 
Elements were purchased from Sigma-Aldrich (Sn, Li) and Riedel de 
Haën (Se) and used without further purifi cation. Li 2 S and Li 2 Se were 
prepared according to literature procedures. [  29  ]  Water was degassed by 
applying dynamic vacuum (10  − 6  Pa) for several hours.  

 Synthesis of Li 4 MnGe 2 S 7  ( 1 )/ Li 4 MnSn 2 Se 7  ( 2 ) : A stoichiometric 
mixture of Li 2 S (0.706 g, 15.36 mmol) or Li 2 Se (0.686 g, 15.36 mmol), 
Ge (1.114 g, 15.36 mmol) or Sn (0.877 g (7.39 mmol), S (1.969 g, 
61.41 mmol) or Se (2.335 g, 29.57 mmol), and Mn (0.211 g, 3.84 mmol 
or 0.102 g, 1.85 mmol), respectively, was melted together in a furnace 
with a defi nite temperature program: heating up to 650  ° C, with a 
heating rate of 18  ° C/h, keeping for 24 h at 650  ° C, cooling down to 
room temperature, with a rate of 6  ° C/h. The product was obtained 
as single-crystalline phase beside diverse ternary Li/Ge/S (Li/Sn/Se) 
phases like Li 4 GeS 4  (Li 4 SnSe 4 ) and excess of sulfur (selenium). [  30  ]  To 
obtain the phase-pure product, the mixture was washed with water to 
remove the soluble by-products, and the surplus of sulfur or selenium 
5697wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Calculated structural evolution of  2  during fi rst charging. The fi gures show the atoms within the irreducible unit cell of  2  for different lithium 
contents. The original diamond structure of uncharged  2  is displayed as a wire model for comparison.  
was removed via sublimation at 320  ° C (500  ° C) and reduced pressure 
of  ≈ 10  − 6  Pa. Yield: 1.653 g (3.66 mmol, 95.2% based on Mn) for  1  and 
1.497 g (1.715 mmol, 92.7% based on Mn) for  2 .  

 X-Ray Structural Analyses : Single-crystal X-ray diffraction data were 
collected on a diffractometer equipped with a STOE imaging plate 
detector system IPDS2T, using graphite-monochromized Mo-K  α   
radiation (  λ    =  0.71073 Å) at  T   =  100 K. Structure solution and refi nement 
were performed by direct methods and full-matrix least-squares on  F  2 , 
respectively, using ShelxTL software. [  31–33  ]  Crystal data for Li 4 MnGe 2 S 7  
( 1 ): 452.3 g ⋅ mol  − 1 , monoclinic, space group  Cc , light pink block crystal, 
0.13  ×  0.12  ×  0.08 mm 3 ,  a   =  16.833(3) Å,  b   =  6.7092(13) Å,  c   =  10.121(2) 
Å,   β    =  94.76(3) ° ,  V   =  1139.1(4) Å 3 ,  Z   =  4,   ρ  (calc.)  =  2.637 g ⋅ cm  − 3 , 
2  θ    =  5–51 ° , 2835 refl ections collected, 1817 independent refl ections 
[ R  int   =  0.1601], 1638 with  I   >  2  θ  ( I );   μ  (Mo K    α   )  =  7.555,  GOF   =  1.100, 
 R  1   =  0.0561,  wR  2   =  0.1773 for  I   >  2  σ  ( I ). Crystal data for Li 4 MnSn 2 Se 7  
( 2 ): 872.8 g ⋅ mol  − 1 , monoclinic, space group  Cc , orange block crystal, 
0.20  ×  0.16  ×  0.09 mm 3 ,  a   =  18.126(4) Å,  b   =  7.2209(14) Å,  c   =  10.740(2) 
Å,   β    =  93.43(3)  ° ,  V   =  1403.2(5) Å 3 ,  Z   =  4,   ρ  (calc.)  =  4.132 g ⋅ cm  − 3 , 
2  θ    =  5–53 ° , 5620 refl ections collected, 2881 independent refl ections [ R  int  
 =  0.0942], 2740 with  I   >  2  θ  ( I );   μ  (Mo K    α   )  =  22.526,  GOF   =  1.088,  R  1   =  
0.0466,  wR  2   =  0.1277 for  I   >  2  σ  ( I ). Further details of the crystal structure 
investigation(s) may be obtained from the Fachinformationszentrum 
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on quoting 
the depository numbers CSD-425763 and -425764. For additional 
information and details of the refi nement, see the Supporting 
Information.  

 Electrochemical Properties : Cyclic voltammograms and cycle behavior 
curves were measured with three-electrode Swagelok-type cells where 
lithium metal was used as both counter electrode and reference 
electrode. The electrolyte used was a 1  M  LiClO 4  in a 1:1 mixture of 
ethylene carbonate (EC) and ethylmethyl carbonate (EMC). One layer 
Celgard 2325 as well as one layer Freudenberg FS2019 were used as 
cell separators. Both Li 4 MnSn 2 Se 7  and Li 4 MnGe 2 S 7  were prepared as 
composite electrodes of anode material (60%), carbon black (28%) and 
polyvinylidene fl uoride (PVDF) binder (12%), homogeneously mixed in 
 N -methyl pyrrolidone (NMP) solvent. The components were mixed in 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
a planetary micro mill (Fritsch) and coated uniformly on a copper foil. 
After drying at room temperature in a glove box (MBraun) under argon 
atmosphere, the electrodes were punched into a wanted disk shape and 
further dried under vacuum at 80  ° C for 5 h. The assembly of the cells 
was conducted under argon-fi lled atmosphere. The cyclic voltammetry 
was performed with a potentiostat (Solartron CellTest® System 1470) 
and the scans were recorded from 3.0 to 0.01 V with a scan rate of 0.1 
mV/s. The measurements recording the cyclic behavior were performed 
on a Maccor 4000 battery tester, the cells cycled between 3.0 to 0.01 V at 
room temperature with a current density of 100 mA/g.  

 Simulations : The fi rst charging cycle of  2  was simulated within the 
DFT framework. The starting point of the charging simulation was the 
primitive unit cell of  2  with two formula units. Using the Monte Carlo 
algorithm described in the Supporting Information, the interstitial 
sites of the initial structure were fi lled with additional lithium ions and 
all confi gurations with a single additional lithium ion were extracted. 
The different confi gurations were then relaxed using the SIESTA DFT 
code. [  34  ]  From the relaxed confi gurations the one with the lowest energy 
was chosen. For this minimal energy confi guration, again, all interstitial 
sites were occupied by lithium and the resulting confi gurations now with 
two additional lithium ions were relaxed and the corresponding new 
minimal energy confi guration was determined. This was then continued 
until inserting more lithium no longer was favorable in energy. The 
obtained minimal energy confi gurations for each lithium content were 
further relaxed using the Vienna ab initio simulation package (VASP) 
(see Ref. [   35   ] and references therein) to obtain basis set independent 
high-accuracy results. Thereby some of the structures still relaxed 
considerably. The detailed parameters of the DFT calculations are given 
below.  

 DFT Parameters SIESTA : Exchange and correlation are described 
within the spin-polarized local density approximation (LSDA). [  36  ]  The 
effects of the core electrons are taken into account by the use of norm-
conserving pseudo-potentials. [  37–39  ]  A double zeta plus polarization 
(DZP) basis is employed for the wavefunction expansion. [  40  ]  The radial 
cutoff of the basis orbitals is determined by an energy shift of 0.02 Ry in 
the radial part of the pseudo-atom Schrödinger equation. [  34  ]  The spacing 
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of the real-space integration grid is determined by a mesh cutoff energy 
of 100 Ry. Forces have been relaxed to values smaller than 0.04 eV/Å.  

 DFT Parameters VASP : LSDA calculations with the PAW method and 
pseudopotentials were performed with the “Accurate” presets in VASP 
5.2 and with a plane-wave cutoff of 351 eV. [  41  ,  42  ]  

 For both DFT packages, the Monkhorst-Pack scheme was used 
to sample the Brillouin-zone using 4 k-points in each direction. [  43  ]  
For SIESTA and VASP we used Fermi-Dirac and Gaussian smearing, 
respectively, with a width of 0.1 eV.   
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