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Abstract: The compounds AELi2Ge (AE = Ca, Sr and Ba) were synthesized and their structures were 8 

determined as a part of the exploratory work in the Li-rich regions of the respective ternary sys-9 

tems. The three compounds are isostructural and their crystal structure is the analogous with the 10 

orthorhombic structure of BaLi2Si and KLi2As (space group Pmmn). The atomic arrangement can be 11 

viewed as an intergrowth of corrugated AEGe layers, alternated with slabs of Li atoms, suggestive 12 

of the possible application of these phase as electrode materials for lithium-ion batteries. Both ex-13 

perimental electronic density and calculated electronic structure suggest that the valence electrons 14 

can be partitioned as (AE2+)(Li+)2(Ge4–), i.e., the title compounds are valence precise Zintl phases. 15 

The band structure calculations for BaLi2Ge show that a bona-fide energy gas in the band structure 16 

does not exist, and that the expected poor metallic behavior is originated from the AEGe layer and 17 

related to hybridization of Ba5d and Ge3p states. In addition, electrochemical measurements indi-18 

cate that Li atoms can be intercalated into CaGe with a maximum capacity of 446 mAh/g, and re-19 

veal the possibility of the hitherto unknown CaLiGe to exist as a metastable phase. 20 

Keywords: crystal structure; germanium, lithium; X-ray diffraction, Zintl phases 21 

 22 

 23 

1. Introduction 24 

Despite the huge investment and extensive studies in the technology 25 

of Lithium-ion batteries (LIB), the development of LIB still lags far behind 26 

the requirement of many electric devices. Most popular electrodes are still 27 

based on materials proposed many years ago [1–3], like LiCoO2 for cath-28 

ode and graphite for anode. Many current investigations are still focused 29 

on improving the properties of these materials [4–6]. One of the main 30 

reasons for this is the lack of an effective guideline/way for the discovery 31 

of new materials as high-performance electrodes and many break-32 

throughs are serendipitous. Modern developments for materials discov-33 

ery call for the use of density functional theory (DFT) calculations, which 34 

predict mainly the most stable structure in the systems [7,8]. Such calcu-35 

lations generally take huge amounts of time and may have difficulties 36 

identifying structures with energy of local minimum. Another drawback 37 

is the fact that the routine calculation does not take into the account the 38 

required compositions and functions. Another complication is arising 39 
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from the fact that many Li-containing compounds are sensitive to air 40 

and/or moisture, greatly hindering the experimental work. As rule, the 41 

lower the concentration of Li in a compound, the more stable the com-42 

pound is with respect to oxidation by air [9,10]. Thus, it is difficult to ex-43 

plore phase space for Li-rich compounds. 44 

Since the subjects of this paper are germanides, we can make a case in 45 

point by recapping some oddities in the Li–Ge system [11]. For example, 46 

years ago, there was a reported “Li3Ge” phase that even today is not rec-47 

onciled with the crystallograhically characterized Li5Ge2 (or the nearby 48 

Li7Ge2, re-assigned as Li13Ge4 and Li9Ge4, the structures of which are not 49 

well established to date [12,13]). The previously reported “Li4Ge” turns 50 

out to be compositionally closest to the compound Li4.1Ge [14], and not 51 

Li15Ge4 [15] or Li17Ge4 [14] (the latter has also been referred to as Li21Ge5 or 52 

Li22Ge5 in the older literature [16]). When considering ternary systems, a 53 

multitude of Li germanides is reported, but very few of them are Li-rich 54 

[17,18]. It is also the case in ternary systems containing Li and elements of 55 

group 15 [19,20]. It is already realized that many compounds containing 56 

group 14 or 15 elements and metallic elements especially alkali and alka-57 

line-earth metals are Zintl phases [21–23]. In Zintl phases, there exists a 58 

well-defined relationship between chemical and electronic structures [24]. 59 

Therefore, using the Zintl concept as a guideline, it should be possible to 60 

accelerate the discovery of new materials. 61 

With this paper we report on the compounds AELi2Ge (AE = Ca, Sr 62 

and Ba), which were obtained via our exploratory work in the Li-rich re-63 

gions of the respective ternary systems. While this research was ongoing, 64 

another team published the structures of CaLi2Ge and BaLi2Ge [25], leav-65 

ing SrLi2Ge as the only new compound covered in this report. We still 66 

report the refinements of the structures of CaLi2Ge and BaLi2Ge because 67 

our crystallographic analysis is not done at ambient temperature and 68 

comparing the metrics of the three structure can be instructive. 69 

2. Materials and Methods 70 

2.1. Synthesis  71 

Handling of the starting materials [pure elements from Alfa or Al-72 

drich (>99.9 wt%)] was performed inside an argon-filled glovebox or un-73 

der vacuum. Ba and Ge are used as received. The surface of Li metal had 74 

to be carefully cleaned with a blade every time the metal rod was cut. In a 75 

typical experiment, a mixture of constituent elements with stoichiometric 76 

compositions were loaded into a Nb tube, which was then sealed by 77 

arc-welding under an Ar atmosphere. The welded tube was transfered 78 

into a high-frequency induction melter and the containing materials were 79 

melted at ca. 1000 °C for 3 minutes. Subsequently the Nb tube with the 80 

melt inside was cooled, taken out and placed inside a fused silica tube, 81 

which was then sealed under vacuum. The assembly was heated in a 82 

muffle furnace to temperature of 800 °C (rate of 1 °/min) and equilibrated 83 
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for 7 days, followed by air cooling to room temperature. The synthesized 84 

samples are air sensitive and the colour changes from silver to light brown 85 

in hours upon exposure to ambient atmosphere. 86 

 87 

2.2. Crystallographic analysis  88 

Powder X-ray diffraction data were collected at room temperature 89 

using a Rigaku MiniFlex powder diffractometer (Cu K radiation) which 90 

was enclosed and operated inside a nitrogen-filled glovebox to measure 91 

air sensitive samples. The main reflections cannot be matched with known 92 

compounds involved in the systems and their oxides, indicating the for-93 

mation of a new phase. Indexing on the main reflections yield a primitive 94 

orthorhombic unit cell.  95 

 96 

Table 1. Selected Crystallographic Data for AELi2Ge (AE=Ca, Sr, Ba). 97 

CCDC number 2314734 2314735 2314736 

Empirical formula CaLi2Ge SrLi2Ge BaLi2Ge 

Formula weight 126.55 174.09 223.81 

Temperature 200(2) K 

Radiation, λ Mo K, 0.71073 Å 

Space group Pmmn (no. 59), Z = 2 

Lattice constants    

a/ Å 4.650(2) 4.6818(7) 4.7092(9) 

b/ Å 5.766(3) 6.2829(6) 6.7593(9) 

c/ Å 6.364(3) 6.2800(7) 6.2923(7) 

V/ Å 3 170.65(13) 184.81(4) 200.3(1) 

/ g·cm–3 2.46 3.13 3.60 

/ cm–1 101.7 222. 8 170.1 

R1 (I>2(I)) 1 0.0266 0.009 0.0104 

wR2 (I>2(I)) 1 0.0544 0.0209 0.0201 

R1 (all data) 1 0.0332 0.0094 0.0114 

wR2 (all data) 1 0.0566 0.021 0.0268 

Largest diff. peak/hole 0.55/–0.67 0.38/–0.32 0.41/–0.51 
1 R1 = ∑||Fo| – |Fc||/∑|Fo|; wR2 = [∑[w(Fo2 – Fc2)2]/∑[w(Fo2)2]]1/2, where w = 1/[2Fo2 + (AP)2 + (BP)], 98 

and P = (Fo2 + 2Fc2)/3; A and B are the respective weight coefficients. 99 

 100 

Single crystals of AELi2Ge were selected from the reaction products 101 

after breaking the annealed ingots and mounted on the top of glass fibers 102 

using Paratone N oil. Intensity data sets were collected at 200 K on a 103 

Bruker SMART CCD-diffractometer quipped with monochromated Mo 104 

K radiation ( = 0.71073 Å). The data collection routine in SMART [26] 105 

with scans at different angles allowed for full coverage of the reciprocal 106 

space up to 2 ≈ 57-58°. The collected frames were integrated using the 107 

SAINT package [27]. Semiempirical absorption correction was applied 108 
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using SADABS [28]. The structures were solved by direct methods and 109 

refined on F2 with the aid of the SHELXTL package [29].  The final dif-110 

ference Fourier maps were flat with highest maxima and minima not 111 

larger than 0.5–0.7 e/Å3. This, together with the excellent crystallographic 112 

parameters (Tables 1 and 2), is suggestive of the fact that all structures are 113 

devoid of disorder. The experimental electron density was reconstructed 114 

by maximum-entropy method (MEM) using a Dysnomia program [30] 115 

and visualized with the VESTA 3 program [31]. 116 

 117 

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters (Ueq)1 of AELi2Ge 118 

(AE = Ca, Sr, Ba). 119 

Atom Site x y z Ueq (Å) 

CaLi2Ge 

Ca 2b 1/4 1/4 0.0678(3) 0.0135(4) 

Ge 2b 1/4 3/4 0.2582(2) 0.0123(3) 

Li 4e 0 0.0251(15) 0.6018(15) 0.023(2) 

SrLi2Ge 

Sr 2b 1/4 1/4 0.0885(1) 0.0108(2) 

Ge 2b 1/4 3/4 0.2793(1) 0.0102(2) 

Li 4e 0 0.0369(7) 0.5991(6) 0.0169(8) 

BaLi2Ge 

Ba 2b 1/4 1/4 0.0981(1) 0.0126(2) 

Ge 2b 1/4 3/4 0.3027(2) 0.0110(2) 

Li 4e 0 0.0483(8) 0.5935(8) 0.016(1) 
1 Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. 120 

 121 

2.3. Elemental Analysis  122 

Picked single crystals were mounted on to carbon tape and placed in a 123 

JEOL 7400 F electron microscope equipped with an INCA-Oxford ener-124 

gy-dispersive spectrometer. The microscope was operated at 10 μA bean 125 

current at 15 kV accelerating potential. Data were acquired for several 126 

spots on the same crystal and average. The obtained results are in good 127 

agreement with the refined compositions (e.g. Ca:Ge ≈ 1:1) and the ele-128 

mental-mapping confirms the homogeneity of the samples. The Li con-129 

tents were measured using a Spectro Ciros ICP_OES radia view instru-130 

ment. Generally 5 mg of product powders were dissolved using a dilute 131 

nitric acid (5 mL). All results gave Li contents close to 50%. 132 

 133 

2.4. Electronic Structure Calculations  134 

To optimize the geometry of the tetrahedral chains carved out from 135 

the BaLi2Ge structure, see the structure description in section 3), a triclinic 136 

unit cell containing only one such unit was constructed first. One direction 137 

of the unit cell is chosen to be along the propogation of the chains with a 138 
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lattice constant equivalent to the Ba—Ba distance in one cluster, while in 139 

other directions the initial lattice constants are 1 nm to ensure the isolation 140 

of the individual chains. Structural optimizations were performed were 141 

performed with the first-principles pseudopotential based density func-142 

tional theory as implemented in SIESTA [32,33], which employs a local-143 

ized orbital basis in the representation of wave functions. We use soft 144 

norm-conserving pseudopotential and the Perdew-Berke-Emzerhof ex-145 

change correlation energy within the generalized gradient approximation 146 

[34,35]. The optimizations are deemed to have sufficiently converged 147 

when the residual forces on any atoms are smaller than 0.001 eV/Å. 148 

Electronic structure calculations were carried out on the optimized 149 

and experimentally determined structures using the projector augmented 150 

wave method (APW) with spin orbit coupling (SOC) [36,37]. The Kinetic 151 

energy cur-off for the plane waves was 500 eV. Exchange and correlations 152 

were treated in the local density approximation (LDA) [38]. For these 153 

calculations, an 81212 k-point Monkhorst-pack grid was used. 154 

 155 

2.5. Electrochemical Measurements 156 

The fine powders of AELi2Ge compounds are very air sensitive and 157 

can be used directly for electrodes. Instead, CaGe fine powders (see the 158 

appendix for details on the preparation) were used for electrochemical 159 

measurements, because that CaLi2Ge was expected to be the product from 160 

lithiation of CaGe. The CaGe electrodes were prepared by coating slurries 161 

containing the active materials (70 wt%), super P carbon conductive 162 

agents (20 wt%), and a binder (polyvinylidenedifluoride, 10 wt%), dis-163 

solved in N-Mehyl-2-pyrrolidone. The resulting slurries were cast onto a 164 

cupper foil current collector and then dried in a vacuum oven at 120 °C for 165 

5 hours. After drying, the electrodes were punched into a coin shape of 12 166 

mm diameter. The electrochemical performance was evaluated using 167 

CR2032 coin-type cells assembled in an Ar-filled glovebox. Li metal foil 168 

was used as a counter electrode and a 1 M solution in EC/DEC (1:1, v/v) 169 

was employed as an electrolyte. 170 

 171 

3. Results and Discusion 172 

3.1. Crystal Structure 173 

During the process of electrochemical tests and manuscript prepara-174 

tion, CaLi2Ge and BaLi2Ge were synthesized from Li flux, and their 175 

structures were reported by another research team [25]. The structure re-176 

finements at 200 K we provide here (Table 1) are in excellent agreement 177 

with the reported ones [25]. Comparing structural parameters reported at 178 

ambient temperature with the present results show that the CaLi2Ge 179 

crystal exhibits a very small thermal expansion: a and c are almost con-180 

stant from 200 K to room temperature (4.650(2) Å vs 4.6498(3) Å and 181 
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6.364(3) Å vs 6.3683(4) Å), while in BaLi2Ge the thermal expansion is rela-182 

tively larger along a axis (4.7092(9) Å vs 4.7141(2) Å) and smaller or non-183 

existent along b and c axes, respectively (6.7593(9) Å vs 6.7655(3) Å, and 184 

6.2923(7) Å vs 6.3042(3) Å). 185 

 186 

 187 

Figure 1. Schematic representation of the orthorhombic AELi2Ge structure, viewed along the crys-188 

tallographic a-axis (left) and b-axis (right). AE atoms are represented as blue spheres, Ge atoms are 189 

drawn as green spheres, and Li atoms are shown with the red spheres. The “Ba2Li2Ge tetrahedral 190 

chains” are shown with atom connected by sticks; the inter-chain interactions are illustrated by the 191 

dash lines, and the Li—Li interactions are depicted with the thin red lines. The unit cell is outlined 192 

by the blue frame in both projections. 193 

 194 

The crystal structure of AELi2Ge (AE = Ca, Sr, Ba) is schematically il-195 

lustrated in Figure 1. The structure is formally assigned as belonging to 196 

the BaLi2Si type (Pearson symbol oP8) with space group Pmmn (no. 59). 197 

One way to look at the structure of AELi2Ge is to consider tetrahedral 198 

chains forming along a axis; the construction of these chains requires 199 

drawing bonds between Li and AE to nearest Ge atoms. Such chains are 200 

also coupled with two neighboring chains along b axis through Li—Li and 201 

Ge—Li interactions, which as judged by the interatomic distances must 202 

have appreciable covalent character. Taking into an account only these 203 

linked chains yields a layered structure, while including the various 204 

AE—Ge or AE—Li interactions between neighboring layers results into a 205 

3D-like formation, depending on the nature of AE. According to the re-206 

fined distances listed in Table 3, the Ca—Ge distance (3.1162(17) Å) is 207 

shorter than Ca—Li distance (3.2367(9) Å) and the Ba—Ge distance 208 

(3.4503(4) Å) between nearest neighbors is longer than the contact Ba—Li 209 

(3.4023(3) Å).  210 

 211 

Table 3. Selected Interatomic Distances in AELi2Ge (AE = Ca, Sr, Ba). 212 

Atomic pair  Distance (Å) Atomic pair  Distance (Å) Atomic pair  Distance (Å) 

CaLi2Ge SrLi2Ge BaLi2Ge 
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Ge—Ca (2) 3.117(2) Ge—Sr (2) 3.2891(4) Ge—Ba (2) 3.4503(4) 

Ge—Ca (2) 3.127(2) Ge—Sr (2) 3.3623(3) Ge—Ba (2) 3.6166(4) 

Ge—Li (2) 2.701(9) Ge—Li (2) 2.700(4) Ge—Li (2) 2.7228(2) 

Ge—Li (4) 2.808(2) Ge—Li (4) 2.803(2) Ge—Li (2) 2.7981(2) 

Li—Li (1) 2.59(1) Li—Li (1) 2.677(8) Li—Li (2) 2.7120(2) 

Li—Li (2) 2.678(9) Li—Li (2) 2.692(3) Li—Li (1) 3.7267(4) 

Ca—Li (2) 3.237(9) Sr—Li (2) 3.353(4) Ba—Li (2) 3.4023(3) 

 213 

 214 

The structure under consideration can also be characterized as the in-215 

tergrowth of two slabs: 1) “AEGe” (PbO-like motif) and 2) “Li” slab, as 216 

shown in Figure 2. The slab “Li” is just a cutout from the hexagonal-217 

ly-close-packed structure of Li metal. This allows the present structure to 218 

be regarded as a “Li-intercalated” AEGe phase, although in reality, the 219 

structures of the alkaline-earth monogermanides are different. Nonethe-220 

less, this analogy can useful if AEGe are to be treated as electrodes in LIB. 221 

 222 

 223 

Figure 2. Schematic representation of AELi2Ge, viewed approximately along the crystallographic 224 

b-axis and the projection of the crystal structure of AELi2Ge on the (001) planes: (a) AEGe layer and 225 

(b) Li layer. AE atoms are represented as blue spheres, Ge atoms are drawn as green spheres, and Li 226 

atoms are shown with the red spheres. Both layers can be considered as the distortion of the cor-227 

responding simple compounds: (a) PbO-type AEGe and (b) hexagonal Li. 228 

 229 

In the BaLi2Ge structure, the shortest Ba—Ge distance is 3.4505(6) Å, 230 

close to the values seen in other Ba-Ge and Ba-Li-Ge compounds: BaGe2 231 

(3.42 Å) [39], BaLiGe2 (3.37) Å) [40], Ba2LiGe3 (3.42 Å) [41,42], Ba8Li5Ge41 232 

(3.42 Å) [43], while the second shortest Ba—Ge distance 3.62 Å is larger 233 
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than these typical values, indicative of the weaker interactions between 234 

layers. In contrast, the shortest Li—Ge distance (2.72 Å) is close to the 235 

second shortest Li—Ge distance (2.80 Å). Both Li—Ge distances are longer 236 

than those in many ternary compounds: BaLiGe2 (2.70 Å) [40], Ba2LiGe3 237 

(2.58 Å) [41,42], RE3Li4Ge4 (2.62 – 2.69 Å) [44] and RE2Li2Ge3 (2.56 – 2.62) Å) 238 

[44], but close to the values reported for some ternary compounds such as 239 

LiZnGe (2.78 Å) [45]. Such longer Li—Ge distances suggest enhanced 240 

metallic characters compared with the reported alkaline-earth metal lith-241 

ium germanides and rare-earth metal lithium germanides. The implied 242 

lesser covalency allows the valence electrons to be shared in multi-center 243 

interactions to stabilize the structure. 244 

To better understand the nature of the Li—Ge bonding in BaLi2Ge, the 245 

electronic density (r) maps were obtained by maximum enthropy 246 

method (MEM) analysis using the refined structure factors. As shown in 247 

Figure 3a, there are still electrons between Ge and the nearest Li and both 248 

atoms are elongated towards each other, indicating the strong covalent 249 

character and electron transfer. However, the shared or transferred elec-250 

trons are not distributed exactly along the Li—Ge bond path, but curved 251 

toward to the second nearest Li atom to the Ge atom, suggestive of ap-252 

preciable Li—Li bond/interactions to exist. 253 

 254 

 255 

Figure 3. Electron density distributions obtained by MEM (a) and its Laplacian transformation (b). 256 

The inset crystallographic structure in (a) shows the crystal planes containing only Ge (green 257 

spheres) and Li (red spheres) atoms corresponding to the electron density distributions. The unit 258 

for the electronic density is e/Å3. The logarithmic contour lines show 8 levels from minimum to the 259 

maximum. 260 
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 261 

Compared with the (r) map, its Laplacian function L(r) =(r)is 262 

more sensitive to the bond formation. When a chemical bond is formed, 263 

the L(r) distribution is no longer spherical and its properties are widely 264 

used for characterizing atomic interactions, since the Laplacian enhances 265 

the features of charge distribution and of electron pair localization. The 266 

Li—Li bonding character is more evident in the Laplacian of the electron 267 

density, as shown by the distortion towards each other in Figure 3b. 268 

 269 

3.2. Electronic Structure 270 

Computations based on the density functional theory were carried out 271 

for BaLi2Ge with experimentally determined structural data. The Brillouin 272 

zone (BZ) is schematically illustrated in Figure 4 (the left side) with high 273 

symmetric K points to generate the band structure. The band structure and 274 

corresponding electronic density of states (DOS) are given in the middle 275 

and right of Figure 4. There are 8 energy bands in the range –10 eV to 276 

Fermi level (EF) for valence electrons. Except two flat bands between –8 eV 277 

and –7 eV, six curved bands are in an energy range from –5 eV to the EF, 278 

and these bands are degenerated into 3 energy levels in most zones of the 279 

BZ zone. These characters indicate the strong hybridization in the struc-280 

ture. The charge balance suggests the compound as a Zintl phase, but the 281 

hybridization in the –Z zone elevates the energy of the filled band just 282 

below the Fermi level and reduces the energy of the empty band just 283 

above the Fermi level. As a result, the overlap of two bands leads to the 284 

DOS at Fermi level. The Fermi level located at the bottom of the valley in 285 

the total DOS, suggestive of an overall electronic structure stability (and 286 

likely poor metallic behavior). It is evident from the band structure that 287 

the DOS at Fermi level is mainly from the –Z zone around Z (0, 0, kz/2) 288 

point. It corresponds to the crystal planes parallel to (001) in the real space 289 

and suggests the metallic behaviors from delocalized electrons inside 290 

layers. 291 

 292 

 293 
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Figure 4. Band structure (middle) and DOS (right) of BaLi2Ge, together with the schematically de-294 

picted Brillouin zone (left). The Fermi level is shown as the dash line. The red line in the band 295 

structure represents the main conductive band.  296 

 297 

According to the partial DOS in Figure 5, strong hybridization of 298 

Ba-5d and Ge-3p states dominate the conduction band in the vicinity of the 299 

Fermi level EF; this is inferred by their high DOS and similar distributions. 300 

Together with the band structure and total DOS in Figure 4, it can be in-301 

ferred that the metallic behavior is associated the hybridization in BaGe 302 

layers. The DOS integration on the conduction band indicates the electron 303 

transfer of ca. 0.9 e from Li to Ge per unit cell. Together with the inter-304 

growth conceptual description we gave earlier, the dominant bonding in-305 

teractions can be summarized as follows: strong Ba—Ge interactions 306 

(5d–3p hybridization) favor the formation of Ba—Ge layer, while the in-307 

teraction between Li and layer show more ionic characters, like Li inter-308 

calated graphite in rechargeable lithium ion battery [1,2]. 309 

 310 

 311 

Figure 5. Partial DOS (black lines) for Ba, Li and Ge in BaLi2Ge. Contributions from s-, p-, d- bands 312 

are shown by the blue, red and pink lines respectively. The dotted lines indicate the Fermi level. 313 

Around 0.9 electrons are transferred from Li to Ge (in one unit cell with two formula units).  314 

 315 

3.3. Electrochemical Properties 316 
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According to the above discussion, the presented AELi2Ge (AE = Ca, 317 

Sr, Ba) compounds can suggested as potential electrodes for rechargeable 318 

LIB, following the delithiation/lithiation mechanism: 319 

 320 

AELi2Ge → 2Li + 2e- + AEGe 321 

 322 

The theoretical capacity (Ctheor) can be estimated using the following 323 

equation [46]: 324 

 325 

Ctheor = nF/3.6M  326 

 327 

where n is the maximum number of charges of the compound can 328 

accept (or give up), F is Faraday’s constant, and M is the formula weight of 329 

the compound in g/mol. From the above, CaGe has a Ctheor of ca. 480 330 

mAh/g. 331 

Because of air sensitivity of finely ground powders of CaLi2Ge, the 332 

electrochemical measurements were performed on CaGe electrodes, and 333 

the CaLi2Ge is the expected product of full lithiation. The cycling proper-334 

ties were measured in a current density of 50 mA/g, and shown in Figure 335 

6. The initial discharge capacity (lithiation) is 446 mAh/g, close to the the-336 

oretical value, and the charge capacity in the first cycle is 225 mAh/g, 337 

which increases up to ca. 245 mAh/g in the following cycles. No visible 338 

capacity fading and high Coulombic efficiency up to 99% in the following 339 

20 cycles suggest the intercalation nature of the electrochemical reaction. 340 

 341 

 342 

Figure 6. The electrochemical performance of polycrystalline CaGe. Panel (a) shows the specific 343 

capacity and panel (b) depicts the Coulombic efficiency. 344 

 345 

The discharge capacity close to the theoretical value in the first cycle 346 

indicates the formation of CaLi2Ge via electrochemical intercalation. The 347 

charge capacity has only a half of the theoretical values suggests only one 348 

Li delithiated out from CaLi2Ge. Thus the electrochemical reaction after 349 

the first cycle is likely CaLi2Ge → Li + e- + CaLiGe. To confirm it, the ex situ 350 

PXRD was collected on the electrodes after 1st discharge-charge cycle. As 351 
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shown in Figure S1, after the 1st cycle, the main phase in the electrode is 352 

not CaGe but an unknown phase, except the Cu collector. Due to poor 353 

crystallinity, it is impossible to index the PXRD pattern. However, based 354 

on the electrochemical behaviors, it can be inferred that the phase has a 355 

formula CaLiGe or close to it, but the structure and existence of this phase 356 

remains to be confirmed in future works. 357 

 358 
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Appendix A 376 

 377 

 378 

 379 

Figure A1. Powder X-ray diffraction patterns of as-made CaGe [CaGe powders were prepared via 380 

high energy ball milling using Ca (Aldrich, >99.9%) and Ge powders (Aldrich, >99.9%). The molar 381 

ratio of Ca and Ge was 1:1 with the total weight of 2 g. Stainless steel balls of 40 g were used and the 382 

ball milling was carried out under an Ar atmosphere for 3 hours] and CaGe electrodes after the first 383 

discharge-charge cycle, together with simulated patterns of CaGe and CaLi2Ge. A small sharp peak 384 

appears at ca. 30º n the pattern of CaGe electrode after the first cycle, and it does not match a 385 

known phase. 386 

 387 

 388 

 389 
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