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Abstract 

 

Silicon and germanium are among the most promising candidates as anodes for Li-ion 

batteries, meanwhile their application in Sodium- and Potassium-ion batteries is emerging. The 

access of their entire potential requires a comprehensive understanding of their 

electrochemical mechanism. This review highlights the processes taking place during the 

alloying reaction of Si and Ge with the alkali ions. Several associated challenges, including the 

volumetric expansion, particle pulverization and uncontrolled formation of SEI layer, must be 

surmounted and different strategies, such as nanostructures and electrode formulation, have 

been implemented. Additionally, a new approach based on the use of layered Si and Ge-based 

Zintl phases is presented. The versatility of this new whole family permits the tuning of their 

physical and chemical properties for specific applications. Particularly for batteries the layered 

structure buffers the volume expansion and exhibits an enhanced electronic conductivity 

allowing high power applications.  

 

 

 

 

  



1 Introduction 
Lithium ion batteries are the first choice of energy storage devices for portable applications. 

Among all the metals Li has the smallest atomic weight and the lowest density, which 

combined with a low reduction potential makes it a suitable electrode material for battery use 

(Erreur ! Source du renvoi introuvable.).[1]The volumetric and specific capacity of sodium-ion 

batteries (NIB) are much smaller than for lithium-ion batteries (LIB) due to a bigger and heavier 

Na+ ion and an equilibrium voltage that is 0.3 V higher than the operational potential in Li+/Li 

(E°(Li+/Li)=-3.04 V and E°(Na+/Na)=-2.71 V). [2,3] In addition, the Na+ ion suffers from sluggish 

diffusion and excessive volume expansion. Nevertheless NIB can be a possible contender for 

LIB, given the lower Na metal cost, its higher abundance on earth’s crust and precisely its 

higher equilibrium potential eliminates the need of Cu current collector in the anode side, 

reducing the cost of battery manufacturing. [4] The most common anode for LIB is graphite, but 

it resulted to be inactive towards sodiation, opening a quest to find a suitable anode for NIB. [2] 

Potassium has a similar abundance in the earth crust as Na, its equilibrium potential is 0.11 V 

(E°(K+/K) =-2.92 V) slightly higher with respect Li+/Li and it is possible to use some of the 

already established materials for LIB, like graphite, which is able to store K-ions. [5] 

Furthermore, the Na+ and K+ ions have lower Lewis acidity compared to Li+, meaning that their 

energy for desolvation is lower. The larger alkali ions have weaker interactions with the 

solvents and the anions, property that could be beneficial for high power applications. [3,6]  

Table 1. Comparison critical parameters Li, Na and K-ion. Adapted from ref. [7] 

Parameter Li+ Na+ K+ 

Ionic structure 

 

 

 
Ionic (Shannon) radii (Å) 0.76 1.02 1.38 



 

Concerning the anode materials used for LIB, NIB and KIB, the group 14 and 15 elements (Si, 

Ge, Sn, P, Sb, Bi) have been investigated (Table 2). Tin is electrochemically active with all three 

alkalis, forming Li22Sn5, Na15Sn4 and KSn corresponding to a theoretical capacity of 990, 847 

and 226 mAh/g, respectively. [5,8,9] The obtained experimental capacities are lower (eg. 640, 

655, 180 mAh/g for Li, Na and K, respectively[6]). Phosphorus forms Li3P, Na3P and K3-xP all with 

a theoretical capacity of 2596 mAh/g. [4,5,7] Antimony has a theoretical capacity of 660 mAh/g 

for Li (Li3Sb), Na (Na3Sb) and K (K3Sb). [8] Silicon displays a capacity of 4200 mAh/g for Li22Si5 and 

3579 mAh/g for Li15Si4..
[10,11] Theoretical studies have predicted the reaction of Si with Na and K 

with theoretical capacities of 954 mAh/g for NaSi [12] and 995 mAh/g for KSi[5]. In both cases the 

reaction suffers from poor kinetics and experimentally the c-Si has been considered to be 

inactive or at least partially inactive towards Na and K, however a-Si appears to be a potential 

candidate. [5,13–17]. Germanium, reacts with Li to form Li22Ge5 and Li15Ge4 with capacities of 

1623[18] and 1384 mAh/g [19], respectively. The sodiation presents a theoretical capacity of 369 

mAh/g, experimental values around 350 mAh/g corresponding to the formation of NaGe have 

been found. [9] The potassium insertion in Ge has a theoretical capacity of 369 mAh/g.[20] All 

the elements in this group suffer volume variations upon alloying reaction, in general with 

increasing alkali content and cation size the highest is the volume expansion.[3,5,6,8] This 

represents a critical issue to address before these materials can achieve practical commercial 

applications. Indeed the subsequent volume changes produces particle cracking, that upon 

repetitive cycling will lead to particles pulverization and detachment from the current 

Relative atomic mass 6.94 23.00 39.10 

Abundance on earth crust 

(wt%) 

0.0017 2.6 2.4 

Atomic density (g cm-3) 0.534 0.968 0.89 

E0 versus SHE (V) -3.04 -2.71 -2.93 

Theoretical capacity (mAh g-1) 3861 1166 685 

Cost of industrial grade metal 

(US$/Ton) 

130,000 3200 14,000 



collector. In addition the crack formation expose new electrode surface to the electrolyte, 

promoting a continuous and uncontrolled formation of Solid electrolyte interphase (SEI) on the 

particles and a high coulombic unefficiency. Several strategies have been proposed in the 

literature to address these challenges, including the electrode architecturing and 

nanostructuring, electrolyte formulation, use of composite electrodes and prelithiation 

processes, choice of binder, among others. 

 

Table 2. Theoretical capacities of lithiation, sodiation and potassiation of group 14 and 15 

elements and their approximated volume expansion after alloying reaction.  

Material Alkali Stoichiometry 
final product 

Theoretical 
Capacity (mAh/g) 

Approximated 
Volume change 

(%) 

Sn[5] Li Li22Sn5 990 676 
Na Na15Sn4 847 420 
K KSn 226 180 

P[5] Li Li3P 2596 200 
Na Na3P 2596 390 
K K3-xP ≤2596 Not known 

KP 843 190 

Sb[5] Li Li3Sb 660 147 
Na Na3Sb 660 390 
K K3Sb 660 407 

Si[10–12,21,22] Li Li22Si5 4200 400 
Li15Si4 3579 270 

Na NaSi 954 114 
K KSi 995 334 

Ge[9,18–20,23] Li Li22Ge5 1623 370 

Li15Ge4 1384 250 

Na NaGe 369 225 

K KGe 369 Not known 

 

The challenges introduced by the use of Si- and Ge-based anodes for LIB, NIB and KIB require 

the understanding of the whole picture of the electrochemical processes taking place in the 

battery, which are too often neglected when designing new electrodes. In this review we begin 

by a revision of the electrochemical mechanism of Si and Ge in order to understand the 



different phenomena related with the cycling. Following a short revision of the different 

strategies used for addressing capacity fading in Si and Ge electrodes is presented before 

introducing a new family of compounds, the so-called Zintl phases, which have potential 

applications as anode for LIB, NIB and KIB. In this last section the particularities and versatility 

of this family of compounds will be discussed, featuring their potential advantages over other 

conventional battery materials 

2  Electrochemical mechanism insight  
Both silicon and germanium are known to undergo an alloying reaction with Li, Na and K 

(Equation 1) that in most cases delivers higher theoretical capacities compared to the 

conventional carbon-based anodes. ( 

Figure 1). Nonetheless, it is accompanied by a huge volume expansion and particle 

pulverization that is detrimental for the electrode.  

𝑀 + 𝑥𝐴+ + 𝑥𝑒− ↔ 𝐴𝑥𝑀    where M=metal and A= Li, Na, K  (1) 

 

Figure 1. Theoretical capacities of lithiation, sodiation and potassiation of C, Si, Ge, Sn. Adapted 

from ref. [5,24].  

Before advancing in details into the electrochemical mechanism it is important to review the 

profile of the galvanostatic cycling of Si and Ge since the information they provide is crucial for 

the understanding of all the phenomena taking place during cycling.  
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2.1 Galvanostatic cycling of Si and Ge 
 

The electrochemical behavior of silicon has been widely studied in the literature. The 

galvanostatic cycling of c-Si (Figure 2a), is characterized by a rapid decrease in the potential 

until reaching a plateau between 120 and 80 mV, then there is a change in slope close to the 

end of the discharge where the potential rapidly decreases. [25] During charge the processes 

take place at higher voltages, the potential increases rapidly until 0.4 V followed by a plateau, 

after which the slope increases upwardly suggesting a one-phase region. For the second 

discharge at least two different plateaus are observed. [25] These processes can be evidenced in 

the derivative curve (Figure 2b) by three reduction peaks and a very sharp oxidation one.  

For nano-silicon (Figure 2-c), during the first discharge, the galvanostatic profile is the same as 

in bulk silicon. The main difference appears upon charge, where instead of a rapid increase in 

the voltage to 0.4 V followed by a plateau there is a gradual increase in the voltage. In the 

second discharge two plateaus appear in nano Si at 0.25 V and 0.10 V, indicating a different 

reaction compared to the first discharge. [26] Regarding the lithiation of amorphous silicon, 

initially it occurs at a higher potential compared to c-Si, but this potential decreases as the 

lithiation proceeds. In order to keep the lithiation in the amorphous region the cutoff voltage 

must be set before the crystallization of c-Li15Si4. [27] 

For the case of germanium (Figure 3), the electrochemical response presents four main 

processes during the lithiation. From 1.0 to 0.7 V the continuous drop in potential is attributed 

to partial reduction of the electrolyte leading to the formation of the solid electrolyte 

interphase (SEI) at the surface of the electrode.[28–30] From ≈380-250 mV and ≈250-150 mV, 

two pseudo-plateaus indicate the coexistence of two phases, and are followed by a drop of the 

potential (after ca. 200 mV), corresponding to a one-phase region. Upon delithiation, the slope 

increases abruptly until approximately 350 mV, followed by the presence of two pseudo-

plateaus at 420-450 mV. The second lithiation is slightly different, the first pseudo-plateau (at 



410 mV) presents a steeper slope, whereas the second (at 250 mV) is more marked. Both 

processes, however, occur at higher potentials, suggesting the electrochemical path followed 

during the second discharge is possibly different. All the processes in the galvanostatic curves 

are well defined in the derivative curves, except for the intensities of the peak at 590 mV 

during charge and the broadening of the peak at 380 mV during the second discharge 

indicative of a change in the nature of the Ge network compared to the pristine sample. 

 

 

Figure 2. a) Galvanostatic curve of Si cycled vs Li, b) Cyclic voltammetry of Si vs Li with 0 V and 
50 mV cut-off voltage, [31]c) Galvanostatic curve of nano- and bulk-Si vs Li and their respective 
derivative curves. [26] 



 

Figure 3. Galvanostatic discharge-charge curves of the Ge electrode at a) C/5 and b) its 
corresponding derivative curve. 

According to the literature the plateau during the first discharge is associated with the 

amorphization of the c-Si (Ge) into a-LixSi (a-LiGxe) intermediates, with the crystallization of c-

Li15Si4 (Li15Ge4) at the end of discharge. These both phases are very similar, crystallize in the 

same space group I-43d and their lattice parameters differ in as little as 0.9%. [32] The 

delithiation proceeds with the amorphization of this crystalline Li15Si4 (Li15Ge4) phase and at 

the end of the process an amorphous Si (Ge) network is obtained. This last one can be affected 

by a series of factors like structure or residues of c-Si (c-Ge) in the electrode. The second and 

subsequent lithiation/delithiation of a-Si (a-Ge) are characterized by gently sloping profile 

indicating that the process occurs in the amorphous phase, then the energy differences 

between all the formed phases are smaller, the lithiation will occur preferentially on the 

previously lithiated regions. It is worth to note, that the formation of c-Li15Si4 has an impact 

over the profile of the galvanostatic and derivative curves, this is, if the cutoff voltage reaches 

values below 100 mV, the derivative curve displays a reduction peak at low voltages marked as 

C in Figure 2-b, while the delithiation is characterized by a plateau at 0.45 V and a sharp 

oxidation peak (F) in the derivative curve, the magnitude and the sharpness of the peak are 

measure of the presence of Li15Si4 at full lithiation. On the contrary, if the cell voltage is limited 



to 100 mV (avoiding the process C), there is a change in the galvanostatic profile for the first 

charge where no clear plateau can be evidenced, characteristic of processes in the amorphous 

phase, and and the delithiation will be characterized by two broad peaks (D and E) (Figure 2-b). 

[25,33] The nature of these processes is not yet well understood and could be highly dependent 

on other factors such as dopants or structure of the Si. [31,33,34] The suppression of the 

formation of Li15Si4 has been observed at high C/rates due to a kinetic limitation to achieve full 

lithiation, translated into a decrease in the capacity [35] and for films of thicknesses lower than 

500 nm. [36] Nevertheless, this last one is subject of debate, according to Obrovac [37] during the 

first 20 cycles of lithiation/delithiation of a Si thin film the profile of the derivative curve is 

similar to a-Si, but after continuous cycling the sharp peak near 0.42 V typical of the formation 

of Li15Si4 appears. Indeed, the formation of c-Li15Si4 is believed to be the responsible for the 

delamination of the Si films after certain cycles. [37] 

Despite the similarities between Si and Ge their lithiation phase formation sequences, kinetics 

and mechanical responses are different. For instance, for Silicon the lithiation of the crystalline 

phase happens in an anisotropic way and is governed by the movement a two-phase boundary 

between the inner crystalline Si core and the outer amorphous LixSi alloys. Note that this is 

only applicable for the first cycle, after which the silicon remains amorphous. [38] The lithiation 

of a-Si is isotropic and leads as well to the formation of a-LixSi intermediates. [31,32] At the end 

of discharge, the spontaneous crystallization of Li15Si4 is not common in other alloy anodes, in 

which crystalline phases are attained via a two-phase reaction that implies nucleation and 

growth processes. For instance as the x value in a-LixSi approaches 3.75, the electronic 

structure of Li3.75Si becomes very similar to the Li15Si4, the phase transformation is possibly 

driven by the similarities of the electronic structures between the amorphous and the 

crystalline phases at high Li contents. This process only takes place electrochemically and no 

composition fluctuations are observed during the crystallization. The formation energies of 

Li15Si4 must be then lower than the amorphous counterparts and other crystalline phases with 



similar composition like Li12Si7 and Li13Si4.Thus the lithiation mechanism of Si does not follow 

the thermodynamically stable phases in the phase diagram. [24,31,36]  

The lithiation of germanium is isotropic; these difference compared to Si lies in the properties 

of the crystallographic planes of unlithiated Si (Ge) crystals that adjoin the amorphous product. 

This is, the orientation dependence of interfacial mobility at the sharp boundary of the two 

phases (pristine crystal and amorphous lithiated intermediates) is expected to govern the 

lithiation anisotropy in Si, rather than the long-range transport. While Si has a preferential 

lithiation the (110) planes, Ge does not experience such phenomena and lithiates evenly in all 

the directions without the formation of cracks during lithiation. These factors influence greatly 

the final electrochemical performance and in general an isotropic expansion is favoured in 

order to extend the lifetime of the battery. [31,39] In the case of germanium compared to silicon 

the Li diffusion is about 400 times faster [40] and the electronic conductivity is two orders of 

magnitude higher. [41] In parallel with Si, the lithiation happens from the surface of the particles 

to the core, with the cracks nucleating in the particle edges and propagating inwards. [39,42] 

During its lithiation the Ge-Ge bonds gradually break to form a-Li2.26Ge and later a-Li3.5Ge (like 

in the crystalline Li7Ge2). Both phases are constituted of Ge dumbbells and isolated Ge atoms, 

since these motifs are present in several LixGe phases with similar structures and formation 

energies the transformation might not be linear and several other intermediates could be 

involved. As the lithiation proceeds, the number of isolated Ge atoms increases and the 

crystallization of 

c-Li15Ge4 is energetically favoured. [18,43] Indeed, for Ge the nature of the formed phases 

depends on particles size and morphology and cycling conditions like C-rate or electrode 

formulation, these factors affect the kinetics of phase formation. [18,44,45] 

 



2.2 Alloying mechanism 

2.2.1 Lithiation 
The understanding of the behavior of Si in a battery is crucial, but the phase diagram based on 

thermal processes does not necessarily represent the processes taking place in a battery. A 

typical phase diagram includes LiSi, Li12Si7, Li13Si4 and Li22Si5, all of them with less formation 

energy for the crystalline phases than for the amorphous one. However during lithiation no 

crystalline phases are formed despite their lower Gibbs free energy. The LixSi products are 

always amorphous with composition 0<x<3.75, at x=3.75 the crystallization of a phase takes 

place through a spontaneous process without long-distance atomic diffusion. For a long time 

this crystalline phase was presumed to be Li22Si5/Li21Si5[46,47] but in 2004 Obrovac[48] established 

it as Li15Si4 corresponding to the most lithiated phase formed electrochemically at room 

temperature while Li22Si5/Li21Si5 can only be obtained for very slow rate cycling at T°>100°C. 

[49,50] The Li15Si4 has lower formation energy than other alloys with the same Li content and it is 

metastable, decomposing rapidly into other lithiated compounds such as Li13Si4, Li7Si3 or other 

weakly crystallized phases. [31,51]  

The in situ and ex situ XRD analysis (Figure 4) of the electrochemical lithiation mechanism of Si, 

indicates a gradual decrease in the diffraction peaks of c-Si upon lithiation, corresponding to 

the amorphization of the crystalline network. Following the system shows no diffraction peaks 

indicating the presence of amorphous phases, until 100 mV where a phase corresponding to 

Li15Si4 starts to crystallize, which below 50 mV is transformed into a non-stoichiometric phase  

c-Li15+δSi4.[34] All these processes are in line with the previous description of the plateau and 

peaks in the galvanostatic and derivative curves respectively for the first discharge. During 

charge, the diffraction peaks associated with c-Li15Si4 gradually disappear, in agreement with 

the plateau and peak at around 0.4 V in the galvanostatic and derivative curve, respectively, 

indicators of the amorphization of c-Li15Si4. At the end of charge an amorphous pattern is 

recorded. [33] The presence of amorphous silicon, influences the potentials at which the 

processes take place during the second discharge with the formation of a-LixSi intermediates at 



higher potential values compared to the first discharge, while the crystallization of c-Li15Si4 

happens at a slightly lower potential. [52] [25] 

 

Figure 4. In situ XRD for a self-supported Si electrode cycled vs Li at a rate of C/5. 

Given the amorphous nature of the different lithiated intermediates in the Li-Si system, 

alternative studies such as NMR, XAS, Raman, among others, must be implemented in order to 

study the short-range order interactions and relate them with the electrochemistry 

phenomena. For instance Grey et al [41,53–55] have devoted great part of their studies to the 

identification of these intermediates, indeed the lithiation happened to be more complicated 

than previously thought and dependent on several factors. By studying the 7Li NMR, it is 

possible to identify different lithiated intermediates. The lithiation starts by the Si surface, the 

presence of Li in the Si framework eventually results in the breaking of the Si-Si bonds, with 

the loss of all the long range ordering in c-Si and the formation of small Si clusters. Given the 

large associated energy to break the crystalline Si network, once the lithiation has started and 

the small clusters are formed (stars, rings and dumbbells), it is kinetically easier to continue 

breaking these clusters than the original Si framework. Both processes compete and prevent 

the system to reach equilibrium. Due to the inhomogeneity of the processes, no single type of 



cluster is present at this stage, hindering the crystallization of any phase as it will require bond 

breakage and rearrangement involving high activation energies. The breakage of the small 

clusters continues until the formation of mainly isolated Si ions, from which the c-Li15Si4 

nucleates. The preference in the nucleation of c-Li15Si4 over Li22Si5 (a phase composed also of 

isolated Si ions), lies in the ability of the first one to accommodate defects such as the 

dumbbells that are presumed to remain at this stage. [34] Additionally the atomic arrangements 

of a-Li3.75Si and c-Li15Si4 are very similar, favoring the crystallization of this last one and no 

other phase. [36] 

These phenomena originate characteristic Li environments that are related with the degree of 

lithiation (Figure 5). This is, as the Li/Si ratio increases the chemical shift moves to lower 

frequencies and the shielding around the Li ions increases: i) signals between 16-22 ppm are 

attributed to small Si clusters like in Li12Si7 (planar Si5 rings and Si4 stars), ii) signals between 12-

14 ppm are attributed to Si dumbbells like in Li7Si3, iii) signals between 8-10 ppm describe 

lithium ions interacting with both dumbbells and isolated Si4-ions like in Li13Si4, iv) signals 

between 3-6 ppm describe Li interacting exclusively with isolated Si ions like in Li15Si4, v) signals 

between -1 to 3 ppm are attributed to Li species in the SEI layer. Finally signals with negative 

shift are attributed to the formation of the overlithiated phase Li15+δSi4. [34,56–58] This last one is 

only observed for the in situ experiments, and the negative shift suggest a more shielded 

environment. This resonance grows at the expense of the peaks with positive shifting, its 

intensity is enhanced by holding the voltages at 0 V but it rapidly disappears if the cell is 

relaxed, however no change in the macrostructure is detected at this stage. Li15Si4 is an 

electron deficient phase with high degree of defects, hence it can accommodate extra Li to 

form c-Li15+δSi4, since for the system it is more favored to further lithiate c-Li15Si4 than to 

convert the residual a-LixSi into c-Li15Si4 originating the negative shift in the NMR experiment. 

These results indicate that the lithiation process is inhomogeneous and is related to the 

different cycling conditions, defects, particle size, etc. [34,56–58] For instance an electrochemically 



formed c-Li15+δSi4 phase from a pristine Si electrode presents a different 7Li NMR shift 

compared to the one obtained from mechanically synthesized c-Li15Si4 (discharged to 0V). [34,57] 

Finally the formation of c-Li15Si4 is incomplete, in some cases there are residual unbroken Si-Si 

pairs that limit the maximum of Li atoms that can be bonded to Si, explaining the inability of 

the system to go towards higher  

x values, x=4.2 or 4.4 like in Li21Si5 and Li22Si5 .[59] 

On the other hand, if the cutoff voltage is set to 85 mV, at this stage there are more clusters 

than isolated Si ions. Hence, upon delithiation, these clusters serve as nucleation sites for the 

reconstruction of the amorphous network by the addition of isolated ions and/or the fusion of 

several small clusters. This is translated in a decrease in the signal of the 18-16 ppm peak after 

300 mV. This peak shifts to lower frequencies close to 10 ppm at around 450 mV, indicating a 

depletion of small clusters due to a preferential delithiation while the isolated Si ions are still 

present in the system (like in Li13Si4). Beyond this point the 10 ppm resonance disappears and a 

new one appears at 3 ppm nearly at the end of charge. [34] 

 

 



Figure 5. Ex Situ 7Li NMR MAS of batteries stopped at a selected potential during a) first 

discharge, b) first charge and c) second discharge. [34] 

For Ge, few information is focused on the basic lithiation mechanism. [18,30,45,60–62] Some 

studies demonstrate that the Ge particles size and morphology have a strong impact on the 

lithiation mechanism and stabilized phases.[18,30,43,45,60–64] Indeed, in analogy with the lithiation 

of silicon, the XRD findings show amorphization of c-Ge upon lithiation, followed by the 

formation of amorphous lithiated intermediates and the crystallization of c-Li15Ge4 at the end 

of discharge while the charge happens almost completely in the amorphous phase. The results 

are, however, difficult to rationalize; even if it seems clear that crystalline Li15Ge4 and Li15+δGe4 

are the end-products under electrochemical conditions, there is still no consensus on the 

different intermediated phases. Moreover, the presence of such intermediate phases depends 

strongly on the current density, revealing the importance of kinetics in the electrochemical 

mechanism.  

Table 3. Literature review of the chemical species formed during lithiation of germanium 
electrodes.  

Author 
(ref.) 

Type of electrode C/Rate Proposed 
species during 
lithiation 

Identification 
Technique 

Yoon et al. 
[63] 

Micrometric-sized c-Ge and 
Carbon-coated composite 
prepared by mechanical ball 
milling and pyrolysis. 

100 mA/g c-Li9Ge4 
c-Li7Ge2 
c-Li15Ge4 
c-Li22Ge5 

Ex situ XRD 

Baggetto et 
al [30,60] 

Evaporated/sputtered a-Ge 
thin film (50 nm thickness) 

C/20 a-LiGe 
 a-Li7Ge2  
c-Li15Ge4 

In situ XRD 
In situ XAS 

Graetz et 
al.[28] 

Evaporated/ballistically 
deposited a-Ge thin film 

C/4 c-LiGe 
c-Li7Ge2 
c-Li15Ge4 
c-Li11Ge6 
c-Li9Ge4 
c-Li22Ge5 

a-LixGe 

Ex situ XRD 

c-Ge upon 
delithiation 

Lim et al. 
[61] 

Micrometric-sized c-Ge C/15 a-Ge  
a-Li9Ge4 

Operando XRD 
and XAS 



a-LiGe 
a-Li7Ge2 
a-LixGe 
c-Li15Ge4 

Lim et al 
[45,62] 

Micrometric-sized c-Ge >C/5 a-LixGe Operando XRD 
and XAS C/5<C<C/10 a-Ge 

a-LixGe 
a-Li9Ge4 
c-Li15Ge4 

C/20 a-LixGe 
c-Li15Ge4 

Jung et 
al[18] 

Micrometric-sized c-Ge C/50 c-Li7Ge3 
a-Li7Ge2 
a-Li13Ge5 
c-Li15Ge4 
c-Li15+δGe4 

Ex situ XRD  
In situ/Ex situ 
Solid state NMR 
Pair 
Distribution 
Function 

Loaiza et al 
[44] 

Micrometric-size c-Ge C/5-C/8 a-LiGe 
a-Li7Ge3 
c-Li15Ge4 

Operando XRD, 
XAS and Raman 
Spectroscopy. 

C/14 a-LixGe 
c-Li17Ge4 

Tang et al 
[43] 

Ge Nanorods embedded in 
multiwall carbon nanotubes 

C/5 a-Li2.26Ge 
a-Li3.5Ge 
c-Li15Ge4 
c-Li15+δGe4 

In situ XRD 
In situ Solid 
State NMR 

Morris et 
al[64] 

--- --- LiGe 
 Li7Ge3 
 Li13Ge5 
Li8Ge3 
 Li15Ge4  
Li17Ge4 

Density 
Functional 
Theory 
calculations 

In analogy with Si, the information obtained by XRD is very limited and other 

characterization techniques are implemented. Table 3 shows some of the different 

intermediates and the respective characterization techniques used to identify. It is worth to 

note that Graetz et al. [28] have identified some of the lithiated intermediates by ex-situ XRD, 

this point is particularly surprising given the fact that later reports identify most of the 

intermediates to be amorphous phases, hence, the presence of crystalline phases in this study 

might be related with the sample treatment before the XRD analysis, which given the 

metastable nature of the involved phases could induce to their crystallization. The XAS 

technique has been implemented commonly for the identification of the intermediates, and 

phases such as a-LiGe, a-Li7Ge2, a-Li7Ge3 and a-Li9Ge4 have been identified. These phases 



present very similar properties and their interpretation from the results could variate 

depending on the used method. It is concluded as well that one or more of the previous 

phases coexist at the same potential, thus the lithiation process is highly inhomogeneous. 

[44,60,61,65] The solid state NMR is another powerful technique to identify the different lithiated 

intermediates which in analogy to the findings for silicon have a characteristic signal at 

different frequencies. In this sense, signals between 20-25 ppm are attributed to phases with 

Ge dumbbells like in Li7Ge3 and Li9Ge4, with the formation of Li7Ge3 being more energetically 

favored. Signals between 12-14 ppm are attributed lithium ions interacting with both 

dumbbells and isolated Ge4- ions like in Li7Ge2 and Li13Ge4. Signals between 0-10 ppm describe 

Li interacting exclusively with isolated Ge atoms like in Li15Ge4, while the ones between -24 to -

21 ppm featured a process of overlithiation of the Li15Ge4 into Li15+δGe4. This process of 

overlithiation is identified merely by means of NMR spectroscopy, where it is possible to 

observe the difference of the chemical shift of the phase due to a new Li environment that is 

more shielded. Other characterization techniques did not show any difference in the results at 

this voltage. Indeed the Li15Ge4 is an electron deficient phase and can accommodate extra 

charges without any change in the crystal structure, this is a purely electrochemical driven 

reaction that terminates once the cell is allowed to rest at OCV. [41,43] 



 

Figure 6. Stacked in situ 7Li NMR of a Ge-carbon nanotube composite obtained during the a) 
first and b) second discharge/charge cycles. [43] 

2.2.2 Sodiation.  
The sodiation of silicon has been less investigated, whether crystalline Si is electrochemically 

inactive or at least partially is subject of debate, one can find reports supporting both 

statements. This reaction is considered to be impeded by the poor Na kinetics and the positive 

binding energy during the sodiation of c-Si. [12,13,66] Some authors have reported the sodiation 

of nano-sized c-Si, which after the first sodiation is transformed in a-Si, the following cycles 

take place in the amorphous domain. Micron-sized c-Si does not experience a sodiation 

process. [14,15] On the contrary, the sodiation of amorphous Si is possible. According to the Na-

Si phase diagram the most sodiated phase has a composition 1:1, leading to a theoretical 

capacity of 954 mAh/g. [12] Recently a theoretical report showed that the maximum Na storage 

in Si is 0.76 Na, corresponding to a theoretical capacity of 725 mAh/g.[67] Experimentally it is 

not clear how many atoms of Na can be stored in Si, neither the achievable capacities or which 

dimensional scale or form (nano, micron, amorphous, crystalline) is required. [17] Reports in the 

literature have showed the feasibility of sodiation of a-Si, yet with severe transport limitations 

that can be partially improved by electrodes nanodesigning. [12,13]. 



In analogy with Si, the insertion of sodium in c-Ge is almost negligible. The major obstacle lies 

in the high diffusion barrier for Na in Ge lattice, due to its larger size the activation energy for 

migration between the interstitial sites in the lattice is higher (1.5eV for Na compared to 

0.51eV for Li). [68] Still, c-Ge can be amorphised after the first discharge/charge cycle while the 

sodiation continues in the amorphous phase. [68]. Amorphous Ge is active towards sodiation, 

[20,69] the phase diagram indicates NaGe as the most sodiated phase, but recent reports have 

shown the insertion of more than one sodium in the Ge lattice, corresponding to Na1.6Ge. [68,70] 

In addition, GeOx has shown some activity vs Na, with the formation of Na2O that serves as a 

buffer to accommodate the volume changes during cycling. [71,72] 

2.2.3 Potassiation 
The knowledge regarding alloying compounds with potassium is limited. It has been 

theoretically predicted that Si undergoes this reaction to form KSi with 955 mAh/g. This 

process is expected to happen through a series of alloys, like K12Si17, K7Si46, K8Si46 and KSi. 

Crystalline silicon is believed to be inactive towards potassiation.[5] Yet, theoretical predictions 

indicate that amorphous Si can store up to 1.1 K-ion leading to a theoretical capacity of 1049 

mAh/g, the K-ion can diffuse rapidly in the a-Si network, due to the weak electrostatic K-Si 

attraction and the formation of isolated Sin clusters during the potassiation. [22] Experimentally, 

few work has been performed, Sultana et al[5] reported the electrochemical inactivity of Si with 

K, whereas Komaba et al[6] presented in a preliminary study of the potassiation of a-Si with a 

capacity of 510 mAh/g. In the case of germanium, the crystalline phase shows no activity while 

the amorphous counterpart is expected to form KGe with a theoretical capacity of 369 mAh/g. 

Experimentally, a nanoporous Ge electrode has delivered a capacity of 120 mAh/g. [20] 

3 Challenges and limitation in Si and Ge anodes 
Whether the Si or Ge alloying reaction with alkali is anisotropic or isotropic they lead to 

volume expansion and particle pulverization. The lithiation of Silicon happens preferentially 

along the <110> direction with a swelling of ≈200% while the <111> direction experiences only 



10%. In contrast, germanium has a more flexible lattice that undergoes facile atom 

rearrangements during lithiation. As a consequence, the volume expansion happens both in 

the axial and radial direction, resulting in a more uniform and faster lithiation and in a 

reduction of particle cracking. [32,73]  For the sodiation and potassiation, given the 

inconsistencies with the maximum known values for alkali insertion in Si and Ge (NaSi[74], 

Na0.76Si[67], NaGe[69], Na1.6Ge[23]), the information regarding the nature and degree of volume 

expansion is limited, though it is known to be related with the quantity and size of inserted 

alkali. [3,5,6,8] 

Indeed this volume expansion is one of the main challenges for the implementation of Si or Ge 

in commercial applications. The full lithiated states can expand up to 300%, compromising the 

stability of the electrode morphology by the formation of cracks and change in the connections 

with the conductive network. After delithiation, the particle contracts and is unable to return 

to its pristine state. With the constant expansion/contraction the particles suffer from cracking 

and pulverization that derive in a fracture/disconnection from the conductive network. [11] The 

pulverized or disconnected particles cannot participate in the electrochemical reaction leading 

to capacity fading. [75] Another limitation is the low initial coulombic efficiency due to the 

consumption of Li+ by the SEI formation during the first cycle, which contributes to the 

irreversible capacity and depletion of the Li reservoir in the cathode (for a full cell). Moreover 

the trapping of Li increases upon cycling due to the continuous formation of fresh surfaces in 

the alloying/dealloying process. To summarize the silicon/germanium electrode failure is due  

to :[10,11,76] 

i) Large volume changes in bulky films and particles lead to high internal stress causing 

pulverization of the particles.  



ii) Pulverization leads to detachment from the current collector and conductive network, 

causing isolation of the material, meaning that they no longer contribute to the energy 

delivered by the electrode.  

iii) Unstable and uncontrollable growth of the SEI layer that increases the resistance of the 

electrode and irreversibly consumes Li. The expansion and contraction is continuously 

exposing fresh particle surface for the formation of new SEI layer.  

Since the volume change cannot be avoided, the key solution is the improvement of the 

cyclability by preventing the loss of electrical contact between the electrode and the current 

collector and by stabilizing the SEI layer. Strategies to achieve this goal are the reducing of the 

operating voltage at the expense of the capacity and the use of composites and 

nanostructures.  

3.1 Nanostructures 
Limiting the particle size has been proven to be a good strategy to improve cyclability. Indeed, 

both silicon and germanium have a critical particle size after which the cracks appear. For 

crystalline silicon this value is limited to 150 nm[4,8] while for the a-Si and c-Ge due to their 

isotropic volume expansion these values are limited to 870 [31,77] and 620 nm [33,48], 

respectively. The use of nanostructures appears then as an efficient approach to improve the 

cyclability since i) their smaller size buffers the volume expansion and their unique architecture 

minimizes the stress along a specific orientation and avoids cracking or pulverization[11], ii) 

their high surface area maximizes electrochemical reactions in the electrode but also increases 

the amount of parasitic reactions [35], their interconnected electrolyte-filled network enables 

fast ion transport and their structure offers a directional path for fast electron transport. [78] 

Each type of architecture contributes in a different way to the electrochemical performance 

but has its own limitations, from here the interest of combining them in the electrode design. 

In the following segment we will revise the characteristics of the most common 

nanostructures.   



Nanoparticles (NP): Their smaller size grants a lower associated volume expansion, higher 

specific surface area and tolerance to tensile stress and improved transport pathways for 

electrons and ions along the binders or conductive additives. All of these conditions minimize 

the electrode degradation and improve the cycling performance.[38,75,76,79] Nevertheless, the 

cycling stability is restricted by the limited space to accommodate volume changes, 

undesirable reactions and excessive formation of SEI in their surfaces. [79] In addition, with 

repeated cycling the NP tend to merge into bigger particles, leading to a decrease in the 

surface to volume ratio and eventual peeling from the current collector. [31,80]  

1D structures: They distribute the volume expansion along the radial direction, in order to 

minimize particle cracking and the abundant empty space between the structures serves as a 

buffer for volume changes. Along the length direction they provide efficient electron transport 

and intimate contact with the current collector, allowing rapid charge transfer. However their 

synthesis methods are complicated and expensive, hindering their implementation at large 

scale. [10,38,75,81,82] Examples of these type of structures are the nanowires (NW), which can be 

grown directly in the current collector eliminating the need for conductive additive or binders. 

Unfortunately, the NW still can be broken and expose surface to the formation of new SEI 

layer that will thicken with repetitive cycling limiting the Li+ transfer. [76] Hence, there is a 

critical diameter (<300 nm) in order to obtain the best performance in terms of coulombic 

efficiency and cycle life. [80,83] The nanowires can be added as active material in a composite 

containing the binder and the conductive additive, often they result in flexible and robust 

structures. [11] The nanotubes (NT) compared to NW and nanofibers usually bear much higher 

specific surface area when they possess a hollow structure. This last one helps to buffer the 

volume expansion, allowing it to be released inward and outward. [11] Since the outer and inner 

parts are exposed to the electrolyte, the diffusion paths for the ions are shorter, but an 

excessive formation of SEI layer is promoted. [81] The length, outer and inner diameters and the 



wall thickness are important parameters that determine the electrochemical performance of 

the NT. [80] 

2D structures: In order to avoid the particle rearrangement due to volume expansion the initial 

film should have enough void space (interparticle space) to accommodate the changes. [10] The 

film thickness has an impact on the electrochemical performance and in general thinner films 

perform better due to a better conductivity due to a shorter distance to the current 

collector.[11] For these factors the thin films have limited mass loading and thickness and are 

only foreseen for microbatteries.[75,80,81] Note that films with thicknesses lower than 2.5µm do 

not form Li15Si4. [80] Another 2D structures are the nanosheets (NS), due to their low 

dimensionality they provide fast kinetics for ion transport and buffer the strain generated by 

the expansion/contraction process. Their large surface area allows an effective contact 

between the electrolyte and the electrode.[81]  

Micron-sized Si(Ge). Despite the advantages of nanostructures to buffer the volumetric 

expansion, they depict complex synthesis methods, low mass loading and low coulombic 

efficiency. Hence it is practical to engineer micrometer silicon with characteristics of the nano-

sized one. [10] With this approach, the tap density can be increased and as a consequence the 

volumetric energy. [38] This strategy can be implemented either by the introduction of 

nanopores/nanograins or by the incorporation of nano/micro-meter Si(Ge) in a micrometer 

host such as graphite or other carbon frameworks. [11,82] The pores diminish particle 

pulverization, serve as buffer for volume changes and facilitate the electrolyte diffusion in the 

structure; while the composites containing carbon benefit from a better structural stability, 

enhanced conductivity and stabilization of the SEI layer. [11,75,79]  

Prelithiation: The high surface area of nanoparticles decreases the coulombic efficiency during 

the first cycle due to irreversible consumption of Li in the formation of the SEI layer, this 

process depletes the Li reservoirs in the cathode (for a full cell). With the prelithiation an 



artificial SEI layer is created that is activated upon contact with the electrolyte, reducing the 

consumption of Li during the first cycle. [38] This process can be performed in three ways; 

electrochemically by contacting lithium foil with electrolyte-wetted anodes, mechanically by 

mixing the Si(Ge) with lithium metal powder and chemically by the synthesis of LixSi (LixGe) 

nanoparticles that are mixed with the rest of the slurry. [10,82]  

Composites: Since it is challenging to tackle all of the Si(Ge) drawbacks by solely morphology 

control, the design of effective networks is vital for this purpose. The Si(Ge)/core carbon shell, 

is an interesting structure, in which the void space between the Si(Ge) core and the carbon 

shell, accommodates the volume changes without deterioration while the SEI layer is stabilized 

in the surface of the shell. A porous but rigid shell allows to keep the integrity of the 

conductive network without particle disconnection and provides an active Li+ diffusion path 

and efficient electron transport [10,38,75]. Tough, in some cases the volume expansion of the core 

affects the shell. Hence, the following factors must be considered for an effective design: i) the 

size of the core (less than 100 nm, to avoid excessive volume expansion), ii) the material of 

shell should be conductive and electrochemically stable, iii) the synthesis conditions should 

lead to an uniform, mechanically stable and conductive shell. [38] Ideally the shell should be 

thick enough to provide good mechanical and chemical stability but thin enough to avoid high 

ionic or electronic resistance. A similar structure is the Yolk-Shell in which the void space is 

engineered specifically to buffer volume expansion. [31,38,80] 



 

Figure 7. Solutions for fundamental problem of Si(Ge) anodes. Volume expansion and 
contraction of a)Core/shell, b) Yolk shell and the pomegranate assembly and c) Nanowires 
during lithiation and delithiation. The continued cycling leads to an uncontrolled growth of SEI 
layer in the core/shell and nanowires while the yolk/shell-type structures are able to stabilize a 
uniform SEI layer.  Adapted from [10,79] 

Silicon-graphite composites: This composite presents a remarkable improvement compared to 

graphite with good cycling stability and low cost of fabrication. The synergy between Si and 

graphite increases the capacity and improves the electrical conductivity and stabilizes the SEI 

layer. Note that the ratio between both components is critical in the electrode design to 

ensure the benefits from both materials. [11] 

Silicon-graphene: In this composite the Si particles are deposited in between the layers of 

graphene which can deform easily to accommodate the volume expansion. The graphene 

layers that are far away from Si particles can reconstruct the graphite network due to van der 

Waals forces.[76] This method presents good mechanical stability and prevents the Si particles 

to be disconnected from the conducting network; it allows as well the preparation of free 



standing electrodes. [11,76,79,80] However, since NP tend to aggregate, selecting the ideal matrix 

that can provide flexibility, high surface area and efficient electron and ion transport is 

important. [79]  

 

Figure 8. Schematic of a Silicon/Graphene composite. Adapted from ref.[84] 

Metal alloys: the use of metal alloys is another alternative to benefit from the desired 

properties of two or more elements. A very interesting composite is the Si-Ge alloy. Since Ge 

exhibits a series of advantages over Si, such as faster Li+ diffusion, higher electronic 

conductivity and lower volumetric expansion; the enrichment with Ge affects the rate 

capability and allows a better capacity retention.[85,86] Sn has also demonstrated to contribute 

to improve the capacity retention of a Si electrode. [87] 

It is worth to note that most of these approaches are implemented as well for NIB, but despite 

the similarities between Li and Na, certain functions used for LIB may not work for NIB, 

because of the different kinetic limitations between the two systems. [78] Certain examples 

include the c-Si core/ a-Sishell composite, in which the c-Si core improves the electronic 

conductivity whereas the sodium storage occurs in the a-Si shell. [17] A porous Si-sponge, in 

which the synergy between the porous and the amorphous character helps to alleviate the 

volume expansion and improve Na kinetics, allowing cycling at high C/rates. [12] a-Si nano-

membranes with enhanced Na+ transport kinetics is able to store Na through a 

pseudocapacitive/bulk mechanism. [66] A silicon/graphene and silicon graphite composite 

alleviates the Na transport limitation issues and improves the electronic conductivity. [88,89] Ge 



nano-columns improve Na kinetics due to their short diffusion length. [90] a-Ge NP supported in 

Ni nano-pyramids with enhanced cycling stability and rate capability, due to enough space 

between each pyramid to buffer the volume changes and the intimate contact between Ni and 

Ge that shorten the diffusion paths. [68] The use of a-Ge thin film or porous c-Ge NP in which all 

the sodiation products are amorphous. [68,91,92] Finally the Li activation of Ge NWs, induces 

amorphization and porosity in the structure, reducing the barrier for nucleation of the NaxGe 

phase and accelerates the solid state Na diffusion. [29] Indeed a-Ge NW can store up to 1.6 Na 

per Ge (Na1.6Ge) due to the high concentration of defects in a-Ge. [23] 

Table 4. Electrochemical performance of some Si anodes for LIB and NIB. Adapted from refs. 

[11,17,75,82] 

Type of Si(Ge) Cycling stability 

Specific capacity 
(mAh g-1) 

Cycle number Current/rate 

LIB 

Nanosized Si 
(Ge) 

Si Nanoparticles 1180 500 3 Ag-1 

Ge 
Nanoparticles 

1100 100 C/10 

Hollow Si 1420 700 C/2 

Porous Si 1200 600 C/2 

Si Nanowire 3500 20 C/5 

Ge Nanowire 1000 20 C/20 

Si Nanofiber 1821 1000 C/5 

Si Nanotube 2000 50 C/5 

Ge Nanotube 1002 50 C/5 

Si nanofilm 3000 1000 12C 

Micrometer Si 
(Ge) 

3D porous Si 2800 100 1C 

Pomegranate-
like Si 

1160 1000 C/2 

Si (Ge)/C 
composites 

Simple Ge/C  700 50 0.15 Ag-1 

Simple Si/C  1200 30 C/10 

Core-shell Si/C 1490 1000 C/4 

Yolk-shell Si/C 1500 1000 1C 

Si/graphene 840 300 1.4 A g-1 

Ge/graphene 
NW 

1059 200 4C 

Other 
composites 

Si/conductive 
polymer 

550 5000 6 A g-1 

Si-Ge alloy 1600 50 2C 

NIB 

Nanosized Si a-Si 270 (after 1st 100  20 mA g-1 



(Ge) Nanoparticle cycle)  (248 mAh g-1) 

a-Si thin film 600 (after 1st 
cycle) 

100  
(240 mAhg-1) 

C/10 

Si(Ge)/C 
composite 

Si/C fiber 283 (after 1st 
cycle) 

200  
(298 mAh g-1) 

50 mA g-1 

 

3.2 Electrolyte formulation and additives  
In addition to the electrode architecture and composition, other features have to be 

considered to improve the performance of Si (Ge) anodes. One of them is the electrolyte 

formulation since it is related to the formation of the SEI layer that is expected to inhibit 

further side electrochemical reactions on the surface of the electrodes and to guarantee a 

good cycle life via effective ion transport. [75] However, the alloying reaction promotes a 

continuous and excessive SEI formation due to its facile detachment from the particles surface 

during the expansion/contraction process and the particle cracking that exposes new surface 

area. This uncontrolled growth of SEI layer impedes the transport of ions and increases the 

resistance of the electrode. [75] In general the stability of the SEI layer depends on the choice of 

salts, solvents and additives. [76] The SEI layer derived from carbonate solvents is composed of 

polymeric and oligomeric organic units and it is semipermeable to the electrolyte components, 

meaning that it is continuously decomposed with little passivation effect. [11,76].  

Hence, an efficient approach to stabilize this SEI layer is the use of additives, which most of the 

times are designed to be consumed during the initial formation the SEI layer, but can serve 

also to improve the electrochemical stability window of the electrolyte, or to enhance the 

safety (flame retardants). [93] Common additives include vinyl carbonate (VC), fluoroethylene 

carbonate (FEC) or Lithium bis(oxalate)borate (LiBOB). [11,81] Both FEC and VC reduce before the 

carbonates providing an initial protective layer on the particle surface. VC decomposes into 

polycarbonates at about 1 V vs Li/Li+, the presence of double bonds in its structure rend it is 

more susceptible to reduction. [11,94] FEC decomposes at 1.3 V vs Li/Li+ into a passivating layer 

that is much more compact resulting in a lower mass transfer resistance and improved 



capacity retention. [3,11,93] FEC decomposes into polyenes and a high concentration of Li2O 

which prevents the diffusion of HF through the SEI. [93] It promotes the formation of Li-F and Si-

F (Ge-F) bonds that are much stronger and give more stability to the SEI layer, compared to Si-

C (Ge-C) or Si-O (Ge-O) bonds that are constantly decomposing and reforming if there is no 

additive. However, if FEC is used in excessive quantities, the formation of HF and LiF is 

boosted, causing cathode dissolution, consumption of Li reservoirs and increase of the 

irreversible capacity. [10,11,94] It is crucial then to optimize the additive content and to use 

mixtures (VC+FEC) with synergetic effects that impact the electrode performance. [94].  

For Sodium and potassium, given their different reactivity with the electrolyte solvents, the 

composition of the SEI layer differs from their Li analogue. For Na a lower quantity of 

oxygenated or organic species is found, being mainly composed of Na2CO3 and alkyl 

carbonates ROCO2. Since the Lewis acidity of Na is lower than Li, the coulombic interaction of 

Na+ ions with negatively charged species or lone pairs is weaker, as a result the solubility of the 

electrolyte decomposition products is higher for NIB. [3,95–97] Therefore the use of additives is 

crucial to avoid further SEI dissolution and electrolyte decomposition. [3,98] For potassium, 

certain electrolytes are suitable for the anode but not for the cathode, due to composition of 

the SEI layer on top of the K surface (for half cells). For most of the anodes the KFSI salt has 

been found to be the most stable. The carbonate based solvents allow reversible cycling 

whereas the glymes-based present systematic failure. [99] Whether the additives improve the 

performance or not is not clear yet [5]. In any case, in order to avoid undesired reactions of K 

with the electrolyte, full cell test must be implemented. [99] 

3.3 Binder 
The role of the binder is to keep all the particles together, attach them to the current collector 

and alleviate the stress induced during volume changes maintaining the mechanical stability of 

the whole electrode. Polyvinyldene fluoride (PVDF) is one of the most common binders for 

different technologies, but due to the lack of polar functional groups it only offers weak van 



der Waals interactions that are not sufficient to maintain the integrity of the electrode. [11,76,81] 

On the contrary other binders such Carboxymethyl cellulose (CMC), poly acrylic acid (PAA) or 

Sodium alginate contain polar groups that interact strongly with the hydroxide groups on the 

particle surface via hydrogen or covalent bonding, improving the adhesion. [100,101] These 

binders are soluble in water, meaning that the slurry can be prepared in aqueous media, which 

is more environmentally friendly compared to PVDF processing in N-Methyl-2-pyrrolidone 

(NMP). [11,76,80,81] Nonetheless, during the volume expansion process the integrity of the binder 

can be compromised. The polymer chains can slide, isolating the active material particles from 

the conductive network, a chain crosslinking can address this issue. [81] In this sense, the use of 

self-healing binders is of great interest since they can repair spontaneously the mechanically 

destruction of the electrode, thanks to the re-association of hydrogen bonds.[10] Another 

concept is the use of conductive binders that ensure the electrical connectivity of all the 

particles even after the particle pulverization due to volume changes. [31] (Figure 9) 

Finally, in order to improve the contact between the current collector and the active material 

to decrease the electrical resistance and improve the cycle life, a porous or rough treatment by 

sandpaper and chemical or electrochemical etching of the current collector is suggested. [81] 

For further reading about the challenges and strategies for the implementation Si and Ge 

anodes reader can be referred to [10,11,31,38,81,82] 

 

Figure 9. Schematic of a Si electrode with non-conductive binder (e.g. PVDF) and conductive 
additive (e.g. Carbon black) and with conductive polymer with dual functionality as conductor 



and binder. Adapted from ref. [102]. b) Capacity vs cycle number for a Silicon anode with 
different types of binder. [103]  

4 Zintl Phases  

This family of compounds have been known for a long time, but their applications in batteries 

are very recent. The following section comprises an extensive explanation of the nature, 

properties, versatility and application of the Zintl phases.  

4.1 The Zintl-Klemm Formalism  
The Zintl phases are named after Eduard Zintl who in 1929 studied a family of compounds in 

which one component is a highly electropositive material and the other is an element located 

in the right side of the so-called the Zintl boarder; today known as semimetals, metametals or 

metalloids. [104] (Figure 10) In Zintl phases the valence electrons are formally transferred from 

the electropositive to the more electronegative component, the anions do not achieve an 

electronic octet rule as isolated species but may rather bond to each other, forming cationic 

and anionic frameworks. The versatility of the Zintl phases arises from the characteristics and 

interactions between these frameworks, resulting in an enormous variety of crystal structures, 

ranging from cluster compounds to extended solids, in which certain physical and chemical 

properties can be tuned. [105,106]  

 

Figure 10. Periodic Table showing the Zintl border according to Zintl (red) and to Klemm 
(blue).[107] 



Zintl defined some rules in order to distinguish the Zintl phases from intermetallics. A Zintl 

phase should; [105] 

i) Contain an alkali, alkaline-earth metal or p-element that is a metal, semimetal or small 

bandgap semiconductor.  

ii) Have electrochemically balanced or closed-shell compounds, meaning that the number of 

electrons provided by the constituting elements is equal to the number of electrons needed to 

form a covalent bond. 

iii) Have a well-defined relationship between the chemical (geometrical) and the electronic 

structure. 

iv) Be semiconductors (band gap < 2eV) or poor conductors. 

v) Show diamagnetism or weak temperature dependent paramagnetism (Pauli 

paramagnetism). 

vi) Be brittle 

Since a vast number of compounds that do not follow all the Zintl rules, during the course of 

the years the definition of Zintl phases has changed and adapted. Wilhelm Klemm extended 

the Zintl concept through the pseudoatom approach in which he studied isoelectronic Zintl 

anions. This is, after receiving the electrons from the electropositive metal, the electronegative 

will behave like the isoelectronic neutral atom at its right. [105] In 1980 Von Schnering extended 

the Zintl-Klemm concept from an 8N rule to a 18 e- one, not only to allow the study of 

transition metal compounds but also to prove that in some phases both concepts can work 

simultaneously. [104] Additional extension of the Zintl Klemm formalism have been proposed by 

Miller, Mooser and Pearson [108], Corbett [109,110], Van der Lugt [111] and Nesper [104,107,112] and 

Belin [113].  

Since the discovery of the Zintl phases, several compounds have been successfully synthesized 

and characterized.  



4.2 Structural diversity of Zintl phases 
The huge structural variety of Zintl phases is determined by the size and interactions of cations 

and anions. In other words, different structures varying from 0D clusters, 1D wires to 2D layers 

can be obtained from the same anion by changing the stoichiometry or the cation size. For 

example, in layered CaSi2 each Si is bonded to other three Si atoms, giving 4 + 3 valence 

electrons and the octet rule is completed by the electron donated from the Ca. This structure 

is analogous to the 3D bulk Si, but all the bonds along the [111] direction have been replaced 

by Ca2+ cations. If the stoichiometry is changed to CaSi, then each Si is bonded to only two Si 

atoms, forming zig-zag wires, here each Si atom has 4+2 valence electrons and the octet rule is 

competed by 2 electrons from the Ca2+. If the Ca2+ is replaced by a monovalent cation, like in 

KSi, NaSi, each Si atom is bonded to other three Si atoms forming isolated [Si4]4- tetrahedra, 

this gives 4+3 valence electrons, and the octet rule is completed by one electron from the 

cation. Figure 1111 [114] This tetrahedral unit (X4)4- similar to P4 and As4 and can be found in 

alloys of Si, Ge, Sn, Pb (M) with Na, K, Rb, Cs but not for Li. This effect is related to the size of 

the cation, as the size increases the metal atoms are more separated one from each other, 

reducing their interactions, compared to a LixM mixture, and in order to decrease their mutual 

distances and bond energies, they prefer to cluster together. [111] 

Other type of Zintl phases are the cage-like clathrates, composed of tetravalent group 14 (Si, 

Ge, Sn and their mixtures) and trivalent group 13 elements as host structure. The guest atom 

(electropositive metal) is located in the cavities of the network and balances the electron 

deficiency by the formal charge transfer. The most common types of clathrate are Type I with 

the formula A8E46 and Type II with A24E136.[115] Another type of structures are the allotropes, 

composed of different arrangements of the same element that determine the specific 

properties of the material, examples are the allo-Ge and allo-Si. The first one is obtained from 

oxidation of Li7Ge12, a phase with two dimensional polyanionic [Ge12]7- separated by Li atoms. 

The second one from Li3NaSi6 which has polyanionic layers of [Si6]4- separated by Li and Na 



atoms. In both cases the alkali is extracted while preserving the anionic structure. [116] These 

structural versatility opens a field of study, since the material properties can be changed in 

function of the desired application (optoelectronics, spintronic, magnetic, catalytic activity, 

etc.)[114].  

Figure 11. Structural models for CaSi2 (layers), CaSi (wires) and NaSi (isolated tetrahedra). 

4.2.1 Binary Zintl phases 
LixM (M=Si, Ge): Lithium based Zintl phases present different characteristics compared to the 

heavier alkali metal homologues, even with the same stoichiometry they exhibit completely 

different structures. The main reason is the Li high electron affinity, strong polarizing power 

and smaller size, which condensate the Zintl anions around the Li+. [107] For example, the LiM 

(1:1) consists of infinite [X-] linkages while the Na, K, Rb, Cs analogues ideally form X4
4- 

tetrahedra. Interestingly, the lithiated compounds with group 14 elements are mostly isotypic, 

meaning that Si can be replaced by Ge up to some extent. [107] Most of the Li-Si and Li-Ge 

phases do not follow the Zintl-Klemm concept. Both Si and Ge are not electronegative enough 

to completely strip all the Li atoms of their electrons and the charge transfer is not complete. 

At low lithium contents the compounds behave like Zintl phases but as the Li ratio increases 

the standard electron counting rules fails. [107,117] Examples of compounds that do not follow 

the electron counting rules are almost all lithium silicides and germanides, Li12Si7, Li13Si4, Li21Si5, 

Li12Ge7, Li9Ge4, Li13Ge4, Li14Ge4 and Li21Ge5 except the Li7Ge12, LiGe and LiSi. The electronic 

structure of all these compounds can be understood if the concept of an additional electronic 

state corresponding to a cage orbital is used. A cage orbital corresponds to metal (Li) electronic 



state being delocalized uniformly over other Li atoms that envelops certain Zintl ions. [107,117] 

Note that the composition of several silicides and germanides have been revised in the 

literature after the first time they were reported, some of them are not included in the phase 

diagram, since there is still controversy about their true composition.[116] 

In the next segment we will revise the properties of some of the most common LixM phases. 

(Figure 12) 

LiM. Among the LiSi series several metastable phases with same composition and pressure 

dependent atomic arrangements can be found. Examples are the Li tetrahedral in a three-fold 

coordinated Si network, layered structure with two dimensional (nontetrahedrally) four-fold 

coordinated Si with Li intercalated in the sheets, the buckled Si sheets with eight and four-rings 

and the Li intercalated silicene (Si sheets with six-member honeycombs). [55] Some of the 

previously listed structures are isostructural to LiGe. [105,118]. At lower pressures three-

dimensional three-fold silicon/germanium networks prevail, at high densities both Si and Ge 

exhibit sheets. [55] 

Li12M7. These compounds contain planar five membered rings and star-trigonal planar M4. 

They have a cage orbital that helps to stabilize the structure in a planar 

configuration.[107,117,119,120]   

Li7M3/Li9M4.The Li7M3 and Li9Ge4 phases have double bonded X2 dumbbells and electrons in 

cage orbitals distributed over the surrounding Li atoms. [41,107,117]  

Li13M4/ Li15M4. In the Li13Si4 half of the atoms are in Si dumbbells and the other half are isolated 

atoms surrounded by Li atoms. The Li13Ge4 crystallizes in a different type of structure with a 

higher ratio of isolated Ge atoms per dumbbells. [55,107,121] The Li15M4 phases are isostructural 

for Si and Ge and are composed of only isolated M atoms surrounded by Li atoms. They do not 

satisfy the electron counting rules and are electron deficient. [18,55,57,107] These phases can be 

obtained electrochemically or by mechanical synthesis, Li15Si4 is metastable and decomposes 



into other crystalline phases at ≈170°C, while Li15Ge4 is thermodynamically stable and melts at 

720°C. [55,57,121]  

Li21M5/Li22M5. Both phases are composed of isolated M atom surrounded by Li atoms. The 

Li22Si5 and Li21Si5 have two and one extra electron respectively, these electrons are distributed 

in cage orbitals. Since the first report of the Li22Si5 [46] there has been controversy about its true 

composition, which was later revised to Li21Si5 [46,47]. It was determined that both phases are 

temperature dependent and have similar XRD patterns; with Li21Si5 being stable at room 

temperature whereas Li22Si5 only at 415°C. [47,55,117] 

Li17M4. There has been great controversy regarding the composition of the Li-rich phases, as a 

result some of them do not figure in the Li-Si or Li-Ge phase diagrams. The Li17M4 structure is 

closely related to the Li21M5 only differing in the occupation of one fourfold special position, in 

both Li17Si4 and Li17Ge4 the positional parameters are almost identical. Some authors claim that 

the Li17M4 is the real composition of Li21M5. [121,122] 

As observed there are many Lithium silicides and germanides that have the similar 

composition and formation energies, in a LIB the system does not necessarily have the time to 

equilibrate thermodynamically. In general it has been observed that upon lithiation both Si and 

Ge exhibit dumbbells and as the lithium concentration increases these are broken into isolated 

atoms. The dumbbells break at lower concentrations for the Li-Ge system than in Li-Si. Since 

these dumbbells have been observed for ground-state and metastable phases, it is likely to 

find them in LIB. [55] 



Figure 12. Structural representations of a) Si, b) LiSi, c) Li12Si7, d) Li7Si3, e) Li13Si4, f) Li15Si4 and g) 

Li21Si5 

NaxM (M=Si,Ge). The NaSi and NaGe are monoclinic and contain isolated [Si4]4- or [Ge4]4- 

clusters surrounded by four alkali metal cations, each Na+ donates one electron to the [X4]4- 

unit. [123] The Si- and Ge- are pseudoelements of group 15 since they are isoelectronic with As 

and P and adopt the same tetrahedral units like in P4 and As4. [107,123] In contrast LiSi has a 

different structure formed from interpenetrating sheets and does not contain isolated clusters. 

[118] 

 

Figure 13. Structural representations of NaSi (right) and NaGe (left). 

CaxMy (M=Si, Ge).  

The group 12, 13 and 14 elements can form extended covalently bonded networks of different 

dimensionality depending on their coordination. The AX2-type Zintl phase with 



A=electropositive divalent element (Ca, Sr, Ba, Eu) and X=group 12, 13 or 14 element stabilizes 

in structures like orthorhombic KHg2, hexagonal CaIn2, Hexagonal AlB2, cubic MgCu2, hexagonal 

MgZn2 or MgNi2. [105] These phases typically form 0D clusters, 1D wires or 2D sheets of the 

main element held by the cation; the dimensionalities can be tuned by varying the 

stoichiometry or the size ratio of the anion and the cation. The layered Zintl phases are very 

sensitive to their stacking sequences and the nature of the surrounding layers, in this sense 

understanding the interactions of neighboring atoms can lead to exotic forms of the material. 

[124] For instance, many layered materials have polymorphs with different stacking sequences 

that exhibit different properties. [104] 

Group 14 elements are characterized by the formation of 2D compounds (AlB2-type), like 

graphene, consisting of π-bonded honeycomb lattices of carbon atoms. Si and Ge, due to their 

larger atomic sizes do not form this type of π-bonding, their atomic bonding distances are 

longer thus each atom would preferentially bond to another ligand than to form a π-bond with 

its neighbor. This issue leads to the formation of puckered [Si-]n and [Ge-]n layers separated by 

monolayers of the alkali cation, like in CaSi2 and CaGe2. [125] These basic units are isoelectronic 

and structural analogous to black phosphorous, grey arsenic or bismuth. [107] One of the most 

impressive features of these 2D phases is their ability to undergo topotactic alkali  

deintercalation to form another type of van der Waals materials, the sp3-hybridized group 14 

graphene/graphane analogues. [125] 

 

Figure 14. Structural representations of CaSi2 (right) and CaGe2 (left). 



4.2.2 Ternary Zintl phases 
Liy(Si1-xGex), Ca(Si1-xGex)2 

Some Zintl phases can be stabilized by the introduction of a second anion if a common array of 

cations is supplied. These phases are known as the double salts, and originally appeared by the 

introduction of oxygen impurities in the lattice. The stabilization of binary compound is done 

by different phase formation and it is only possible if the distances between cation-anion are 

not too small. In fact, the presence of the cation plays an important role, in many cases the 

binary phase diagram for the electronegative (semi)metals pair does not predict the existence 

of any compound in the solid state (e.g. Zn-Sn, Al-Ge, Al-Sn), nevertheless the introduction of 

an active phase or cation stabilized new phases (e.g. Na-Zn-Sn, Sr-Al-Ge, Ae-Al-Sn (Ae=alkaline 

earth metal)). As the combination of electronegative elements approaches the border line 

between the triel elements (B, Al, Ga, In, Tl) and tetrel elements (C, Si, Ge, Sn, Pb) the resulting 

structures begin to deviate from the Zintl-Klemm formalism.[105] It has been demonstrated that 

certain ternary systems behave differently depending on their electronic structure changing 

the chemical bonding; in some cases, the system prefers to adopt a two-phase configuration 

rather than an electronic and structural distortion. [105] Since Si and Ge are miscible, the 

existence of Si1-xGex compounds with Li and Ca is possible.  

4.3 Zintl phases in batteries 
In the previous segment it was possible to have a brief picture of the immense structural 

variety of Zintl phases, hence their use in batteries is coherent. Different Si and Ge Zintl phases 

have been used to prepare alternative structural organisation by chemical extraction of the 

alkali. E.g. the delithiation of c-Li15Si4 that leads to an a-Si and the delithiation of Li12Si7, Li7Si3 

and Li13Si4 that generates layered Si. [126] Amorphous Si nanoparticles can be prepared as well 

from the NaSi Zintl phase. Similarly, Ge nanoparticles can be obtained from Na12Ge17. [127,128] 

The previously mentioned phases showed superior Li storage compared to their bulk 

counterparts. [126–128] Another example is the preparation of allo-Si or allo-Ge from Li3NaSi6 and 



Li7Ge12, respectively [116]; and the layered Si and Ge obtained from CaSi2 and CaGe2, 

respectively. These last ones will be studied in detail in the following chapters.  

4.3.1 Xnes, Xanes (X=Si,Ge) 
The Xnes makes reference to the single-element layered graphene analogues made from 

group 14 and group 15 elements. Their ligand-functionalized derivatives are known as Xanes.  

Silicene/Siloxene 

As observed in the previous sections, silicon can show an impressive versatility in terms of 

structural variety and specific properties. Likewise carbon, it has the ability to form layered 

structures; like the buckled sheet based on the bulk Si (111) structure with honeycomb lattice 

and sp3 hybridization and the weakly corrugated graphene analogue with mixed sp2-sp3 

hybridization. [129] In order to understand the formation of these structures it is convenient to 

review the similarities between carbon and silicon, listed in the following Table 4. [129,130] 

Table 5. Comparison of the properties of carbon and silicon 

Carbon Silicon 

Group 14 Group 14 

Four valence electrons in the outermost shell 
Four valence orbitals 

Formation of four two-electrons covalent 
bonds 

Four valence electrons in the outermost shell 
Four valence orbitals 

Formation of four two-electrons covalent 
bonds 

Pauling electronegativity 
X =2.55 for C and 2.2 for H 

Pauling electronegativity 
X =1.90 

Polarization of the bond C-H 
Cδ--Hδ+ 

Polarization of the bond Si-H 
Siδ+ -Hδ- 

Strong C-H bonds Reactive Si-H bonds 

Large energy difference between s and p 
orbitals (10.60 eV) originating sp, sp2 and sp3 

hybridization. 

Smaller energy differences between the s and 
p orbitals (5.66 eV), lower hybridization 

energies. Silicon tends to use all its three p 
orbitals resulting in sp3 hybridization. 

No energetically accessible d orbitals to 
expand its coordination or valence shell. 

d orbitals (or other virtual orbitals) are 
energetically low allowing Si to expand its 

coordination sphere from four to five or six. 

Small atomic size, efficient π-π overlap, 
formation of double and triple bonds. 

C-C, C=C and C≡C bond distances are 1.54, 
1.34 and 1.20 Å respectively. 

Larger atomic size, poor π-π overlap 
Si-Si and Si=Si bond length are 2.35 and 2.16Å 

respectively. 

C=C results in planar structures Si=Si non stable in planar structure, often 
folded or twisted. 



As observed in the previous table Si and C are very alike, indeed the silicon equivalent of 

graphene, the silicene, was predicted more than 50 years ago. However, this Si monolayer is 

not stable and cannot be found in nature.  Despite graphene which has a sp2 hybridization 

leading to planar structures, in silicene due to the bigger size of Si, a mixed sp2/sp3 

hybridization is favored resulting in a buckled structure while the planar one is energetically 

non-favored. [131–133] Consequently, the synthesis of free-standing silicene has not been 

achieved, although it has been grown on metallic substrates. The lifetime of this material is 

very short and oxidizes rapidly outside the ultra-high vacuum. [132,134–136] 

Silicene is of particular interest due to its unique physical and chemical properties, strikingly 

different from the bulk ones, modifiable by chemical doping. Because of the 2D nature, charge 

carriers are highly mobile. This property is of particular interest for applications like transistors, 

photo-detection, biomedical imaging, optoelectronic devices, quantum information 

technology remote sensing, and optical communications, among others. [132,137]  

 

Figure 15. Structural representations of a) CaSi2, b) Siloxene (Si6H3(OH)3) and c) Silicene. 

Silicene can be functionalized; the hydrogen terminated silicene (polysilane) has higher 

stability and it is a free standing sheet. [138] The adsorption and desorption of hydrogen is 

reversible and can be used for controlled hydrogen storage. [132] The chemisorption and 

intercalation of species like Li, Na, Mg in the layers has been theoretically studied. [136,139] 



Indeed, Li can be reversibly adsorbed in both sides of a Silicene layer with no structure 

degradation. This process takes place with a lower Li diffusion barrier compared to bulk Si. The 

improved kinetics and the absence of volume expansion settle silicene as a potential anode for 

LIB.  [140] An extended study of this topic will be presented in the next chapters.   

In the practice the layers of Silicene can be stabilized through terminations of hydrogen or 

hydroxide, forming the polysilane (Si6H6 the analogue of graphane) and siloxene (Si6H3OH3)1. 

These phases were synthesized for the first time by Wöhler in 1863 [141] who studied the 

effects of acid in CaSi2 (Equation 2). This last one has planes composed of Si6 honeycomb rings 

with Ca intercalated in between, and by an acid treatment at low temperatures a yellow-green 

powder was obtained. [142] Subsequently, in 1921 Kautsky [143] modified the synthesis and 

obtained a gray-green compound called “Siloxene”. From the experimental data he suggested 

a structure constituted of planes of Si6 honeycomb rings connected by oxygen bridges with 

each Si bonded to a hydrogen above or below the plane. Since the oxygen insertion in the Si 

planes causes stress and eventually structure degradation, no crystallinity evidence was found. 

3CaSi2 + 6HCl + 3H2O  Si6H3(OH)3+ 3CaCl2+3H2 (g)         (2) 

It was only until 1979 when Weiss et al [144,145] synthesized a crystalline Wöhler siloxene and 

performed the first structural characterizations. They proposed a structure of Si planes 

terminated by H or OH and no O inserted into the Si-Si bond system. They claimed that in the 

presence of moisture, the siloxene undergoes hydrolysis of Si-H to Si-OH followed by a 

condensation to Si-O-Si. These results were later confirmed by a powder and single crystal XRD 

characterization by Weber et al [146]. Posteriory, Dahn et al [147,148] attributed presence of Si-O-Si 

                                                             

1 Note that the terms silicene, siloxene, siloxane and polysilane are often misled in the literature; 
silicene refers to the monoatomic single layer of Si6 honeycomb rings, siloxene to the bulk OH, H 
terminated silicene, siloxane to compounds made essentially from Si-O-Si bonds and polysilane to the H 
terminated silicene. 
 



groups to the siloxene oxidation into a glassy SiO2 by exposure to air and moisture, this 

crosslinking is intensified by thermal annealing >300°C leading to decomposition into SiO2. 

Finally, Yamanaka et al [149] synthesized layered polysilane (Si6H6) by topotactic reaction of 

CaSi2 at -30°C with no hydrogen evolution, reactions carried out at higher temperatures 

resulted in oxidized siloxenes. The polysilane has a considerable amount of highly reactive 

dandling bonds, thus it is extremely reactive and complicated to handle. [125] Since the siloxene 

synthesis is different from conventional bulk Si, for a long time its research and understanding 

have remained in the organosilicon domain, being considered as a silicon-based polymer. This 

assumption was reinforced by the fact that oxygen serves as a link between two silicon atoms, 

allowing polymerization of Si-clusters to macroscopic structures. [150] As a matter of fact, this 

Si-O bonding originates three modifications for the siloxene structure (Figure 16); i) the 

Wöhler siloxene, a quasi-two-dimensional structure similar to the bulk c-Si (111) planes, except 

that each Si atom is bonded to other three Si and one OH or H. This structure can lower its 

energy by oxygen insertion in the planes to form ii) the Kautsky siloxene, in which the Si6 rings 

are interconnected by oxygen bridges and iii) isolated Si chains connected via Si-O-Si. [150]  

 

Figure 16. Structural model of the different siloxene modifications. a) corrugated silicon layers 
with three Si-Si bonds and alternating –H or –OH substituents (Wöhler siloxene).b), two-
dimensional Si sheets made of Si6 rings linked by oxygen bridges  (Kautsky siloxene). c) one 
dimensional Si-Si chain interconnected by Si-O bonds.  



Diverse modifications have been performed on the siloxene and polysilane, here, the synthesis 

conditions play an important role in the specific reaction products. [125] The following segment 

presents a brief revision of these particular synthesis. (Figure 17) 

 

Figure 17. Synthetic routes for the preparation of organic modified siloxene (Germanane). 

Organic modification. As observed in the figure, it is possible to introduce/intercalate different 

organic groups in the siloxene and polysilane layers. For example, unsaturated organic groups 

like alkenes and alkynes assisted by a catalyzer. These organic moieties do not only intercalate 

but also react with Si to form Si-C linkages, originating the characteristic IR vibrations of 

organic molecules (Si-CH2 and CH) and a decrease in the Si-H signal intensity, indicators of a 

covalent attachment with the silicon. In the process the original siloxene/polysilane backbone 

is oxidized. [129,132,142] 

The Si-C bond can be inserted as well via the Grignard reagent (PhMgBr). This method allows 

the synthesis of phenyl-modified and oxygen-free silicon nanosheets that are more stable 

towards oxidation and hydrolysis. The presence of Si-Ph bonds is determined through IR and 

1H NMR by the identification of the aromatic C=C bond and the different hydrogen 

environments of the phenyl group, respectively. The introduction of organic aromatic groups 

broadens the light absorption ranges and has applications in photovoltaics [129,132,142,151]. Finally, 



the use of a HCl solution in methanol, butanol, C12H25, Benzyl alcohol or CH2COOMe forms the 

corresponding alkoxide-terminated organosiloxenes (Si6H5OR, where R= methanol, ethanol, 

butanol, C12H25, benzyl alcohol or CH2COOMe).[132,142] This process allows as well the 

production of carbon coated sheets by a non-oxidative pyrolysis, a better dispersion in organic 

solvents by the introduction of Si-C or Si-N bonds and a tuning of the band gap depending on 

the interlayer distance. [137] While c-Si has an indirect band gap and shows extremely weak 

luminescence, the Si sheets and chain polymer have a direct band gap resulting in a strong 

visible and near-UV photoluminescence. [152] 

Amination. The Si center experiences a facile nucleophilic attack by N due to the Siδ+ -Hδ- 

polarization. This way by reacting Siloxene or polysilane with N-Decylamine or N-Butylamine 

the amine group is inserted on the surface. The Si-H bonds are transformed into Si-NR, 

subsequently by reaction with another Si-H into Si-NR-Si, originating a mixed composition of Si-

NH-R and Si-NR-Si bonds. The IR confirmed the presence of the Si-N-Si vibrations and the 

absence of Si-H, N-H, Si-O ones. The obtained nanosheets are oxygen-free. [129,142] 

Exfoliation. Several methods can be employed to achieve the exfoliation of the siloxene and 

polysilane layers. One of them is the Mg doping of CaSi2. This action weakens the electrostatic 

interaction between Ca2+ and the [Sin]-layers, by reducing the Si charge, producing 

CaSi1.85Mg0.15. The Ca is deintercalated with polyamine hydrochloride (PAHCl) to obtain 

nanosheets. The exfoliation occurred preferentially in the sections where Mg atoms were 

present and the obtained nanosheets are oxidized. [129,142,153] Also, the CaSi2 can be doped with 

K, the produced silicon nanosheets have lower degree of oxidation and a high degree of 

ordering. [129]  

Another method for exfoliation is the dispersion of siloxene/polysilane in a solution of sodium 

dodecyl sulfate (SDS) surfactant. Silicon nanosheets with lateral dimensions of <200 nm are 

obtained after several days of reaction. In this case the cleavage occurred thorough the 



particle rather than on a layer by layer basis starting from the surface. The electron diffraction 

showed the presence of crystalline Siloxene, although the eventual oxidation of the layers 

cannot be prevented. [142,154] 

In addition, silicon nanoflakes can be prepared via a solid state reaction, by heating a mixture 

of CaSi2 and NiCl2 at 350°C under Ar atmosphere to obtain the silicon nanoflakes and a mixture 

of CaCl2 and NiSi2. The CaCl2 is easily removed with dimethylformamide (DMF), but the NiSi2 

remains. If the reaction is performed with TaCl5, the TaCln and CaCl2 by-products are removed 

by washing with ethanol. The resulting silicon nanoflakes are in agreement with Kautsky 

siloxene, the sheets are bridged by Ca atoms providing additional structural stability. [131,132,155] 

Lastly, the interlayer distance can be controlled until complete exfoliation by the intercalation 

of organic functional groups of different sizes, the bulkier the group the larger the interlayer 

distance and the weaker the interlayer adhesion. The complete exfoliation is assisted by 

sonication, this step determines the size and quality of the nanosheets.[129,137]  

Germanene/Germanane 

 

Figure 18. Structural model of a) CaGe2, b) Germanane (GeH)n and c) Germanene. 

The prediction and successful synthesis of silicene and siloxene opened the quest to find the 

graphene germanium analogue, the germanene. This material, similarly to silicene, consists of 



a buckled Ge honeycombs monolayer, its free-standing form does not exist in nature. 

Although, it has been successfully deposited on metallic substrates like Au(111), Ag(111), 

Cu(111) by molecular beam epitaxy in ultra-high vacuum. [156] The choice of substrate is crucial 

as interactions with the deposited Ge atoms can take place, eg. in Ag (111) Ge atoms prefer to 

stabilize in Ag2Ge, [157] and the degree of buckling can be influenced. Then, a substrate that 

interacts weakly with germanene must be used to obtain free-standing monolayers. [132,134–136] 

Due to its 2D nature the germanene has electron mobility 5 times higher than bulk Ge and the 

ability to undergo topological functionalization that produces a series of electronic states like 

semi-metallic, semiconducting, superconducting and trivial insulating. Applications include 

low-energy electronics, piezo-magnetism and thermoelectricity. Its band gap can be tuned by 

applying an electric field perpendicular direction to the sheets, property of great interest for 

transistor applications.  A monolayer of hydrogen terminated germanene has already been 

used as a transistor. [138] Unfortunately, most of these properties are hindering by its instability 

at ambient conditions. [133] 

The functionalization of germanene is an effective strategy to tailor physical and chemical 

properties (band gap, thermal stability, etc.), depending on the nature of the ligand. 

Functionalization includes fluorination, hydrogenation, organic group termination, foreign 

element doping. [156]  

Fluorination. The F diffusion in the CaGe2 lattice segregates the crystals into Ge and CaF2 while 

maintaining their layered structure. With this technique depending on the F concentration 

monolayer, bilayer and trilayer germanene are stabilized. [158]  

Hydrogenation. The hydrogenation to form the germanane (analogue of graphane) with a 

puckered structure (like siloxene) with a mix sp2-sp3 hybridization was first reported in 2000. 

[156,159] Similarly to CaSi2, CaGe2 undergoes a topotactic deintercalation of Ca at -30ºC in 

concentrated HCl to form the germanane. (Equation 3) [133] The formation of germanane is 



accompanied by a change in color from the gray-metallic  in CaGe2 to red in germanane. [159] As 

observed for siloxene, the germanane stabilizes in the polymorphs that are inherent to the 

parent CaGe2 compound, the tr-6 (R-3m) trigonal-rhombohedral with a 6-fold stacking 

sequence and the 2H structure (P63mc) hexagonal structure with 2-fold stacking sequence. [160] 

nCaGe2 + 2nHCl  (GeH)2n + nCaCl2       (3) 

Contrary to siloxene, the formation of germanane does not lead to a hydrolysis reactions even 

at temperatures >0°C. [125] Therefore, the product is a hydrogen-terminated Ge honeycomb 

layers (isomorphic to (111) bulk Ge) linked by van der Waals forces, which are stable in air (in 

contrast to polysilane (Si6H6)). The absence of hydrolysis is an indicator of the different 

oxidation behavior of Si and Ge sheets, the binding energy of the Si-O bonds (8.0 eV) is 

stronger than Ge-O (6.6 eV) and the Si-H (3.0 eV) is slightly weaker than Ge-H (3.2 eV). The 

absence of –OH bonds shifts the photoluminescence energies to lower values compared to 

siloxene. [152] Other way, prolonged moisture exposure of germanane eventually leads to the 

formation of Ge-OH bonds, forming the Germoxene Ge6OH3H3. [125,161] Germanane has been 

reported to be stable up to 75°C above which amorphization and dehydrogenation occur. [162] 

The germanane layers can be exfoliated into nanosheets (GeNS), by mechanical processes, like 

scotch tape or sonication. [162,163] These GeNS have buckled honeycomb structures identical to 

Ge (111) but are easily oxidized. This issue can be addressed by the introduction of covalent 

bonds improving the chemical and thermal stability. [164] 

Organic group termination. The formation of (GeCH3)n (methyl terminated germanane) has 

been reported by reacting CaGe2 with CH3I/H2O. The prepared GeCH3 had more –H than –CH3 

terminations and oxidized germanane (GeOx). The crystals obtained by this method (≈1mm 

and <100 µm thick) share the same honeycomb lattice as in CaGe2 and the thermal stability is 

increased to 250°C (GeH = 150°C). [165] A non-oxidative synthesis route that produces 

homogeneously covered GeCH3 to avoid local variations in the electronic structure, can be 



performed by limiting the hydrogen source (water) and using CH3I in CH3N. This GeCH3 has an 

increased ratio –CH3/-H with no oxidation, it is air stable and has a greater thermal stability 

(380°C). [166] 

This organic modification can be extended to other functional groups; by reacting CaGe2 with -

CH2OCH3, -CH2CH=CH2, -CH3, -CH2CH3, CH3I/CH3CN, etc., in HCl resulting in GeRxH1-x.[167] The 

ligand size and electron withdrawing/donating properties have a strong influence on the final 

product; smaller ligands show almost full replacement of Ge-H bonds by Ge-R while bigger 

ones lead to partial hydrogenation of the framework. The band gaps and the Raman shifts are 

dictated by the relative Ge-H/Ge-R ratio in a similar fashion to the Veggard’s Law. Larger and 

more electronegative ligands expand the germanane framework and lower the energy of the 

Ge-R interactions, reducing the band gap. [167,168] The methyl terminated germanane shows as 

well enhanced visible-light driven photocatalytic properties. [168] 

Foreign element doping. The introduction of foreign elements in the germanane structure is 

done by doping the CaGe2 precursor with group 13, 14 or 15 elements that remain in the 

backbone after topotactic deintercalation. For instance, Ge can be partially substituted by As 

(1.1%), Ga (2.3%) [169], P [170] and Sn. The Ge0.91Sn0.09H0.91(OH)0.091 [171] and Si1-xGexH1-y(OH)y 

[125]alloys have been reported, the dopant content is determined by the maximum quantity of 

Sn (Si) that can be incorporated in the precursor Zintl phase Ca(Ge1-xSnx)2, Ca(Si1-xGex)2. [171]In 

both cases the Ge is terminated with H while the Sn (Si) with OH. Unfortunately these phases 

decompose rapidly at ambient conditions. [125,169,171] 

Alkali adsorption/intercalation. The adsorption of more than one Li in germanene is favored in 

both sides of the layer. Calculations predict the adsorption of a total of 8 Li atoms, 4 above and 

4 below a single plane, with a good electron mobility and a Li diffusion barrier between 0.21-

0.76 eV which is lower than silicene (1.2 eV). Based on a single and bilayer germanene the 

theoretical capacity are 369 and 276 mAh/g, respectively.[172] The adsorption of Na has been 



theoretically predicted as well in germanene and germanane. [173] The exfoliated germanane 

has been used as anode in LIB, with a reversible capacity of 1108 mAh/g. The advantage of the 

use of a 2D material in batteries is that the bulk diffusion can be eliminated, improving the rate 

capability. [163] 

5 Conclusion and perspectives  

This review provided a comprehensive study of the use of silicon and germanium for battery 

applications. The electrochemical mechanism for lithiation is highlighted based on a 

combination of different characterization techniques, while the sodiation and potassiation is 

studied based on the limited available information. For the lithiation the crystalline silicon and 

germanium transform into a series of amorphous lithiated intermediates and only a crystalline 

phase is observed at the end of the discharge, corresponding to Li15Si4. Upon delithiation the 

system is not able to recover the crystalline network and an amorphous Si and Ge are 

obtained. By comparing all the reports in the literature one can notice slight differences, 

indeed the cycling conditions such as particle size, C/rate, electrode formulation and 

morphology might impact the formed intermediates and cyclability. These phenomena are 

particularly noticeable for Ge. For the sodiation and potassiation of both Si and Ge, it is 

believed that their crystalline phase does not react whereas the amorphous one does, 

highlighting the role of the morphology and structure. It is known that the alloying reaction 

between Si /Ge and an alkali ion is accompanied by a series of challenges, including a volume 

expansion that can attain values as high as 300%, particle pulverization and a continuous 

expose of new surface to the electrolyte causing an uncontrolled and excessive growth of the 

SEI layer. All these factors will eventually affect the cycle life of the electrode. In order to 

address these challenges several strategies have been proposed, for instance the use of 

nanostructures specifically designed to host the volume expansion while maintaining a good 

structural stability and a better conductive network. Others may include the use of an 



adequate binder to ensure the integral stability of the electrode and its adherence to the 

current collector; or the use of an effective electrolyte formulation that will promote the 

formation of a good SEI layer preventing further electrolyte decomposition. In such way, the 

structure and morphology are very important to ensure a good cyclability, motive for this 

review to cover as well a new family of layered Si/Ge-based compounds, the so-called Zintl 

phases. These compounds have been known for a long time, their high versatility allows an 

easy tuning of their properties for specific applications, and only until recently have been used 

in batteries. In fact a layered compound is beneficial for buffering the volume expansion and 

improving the electronic conductivity, enabling high power applications. Undoubtedly, 

representing a great interest, not only for LIB but also for post-LIB (NIB, KIB). Several 

theoretical studies foresee excellent cyclability for various battery systems, while the 

experimental reports remain limited for the moment. Therefore, the quest is opened for the 

study of these new Zintl phases, including their modification, their electrochemical mechanism 

and different intermediates involved. The aforementioned is necessary to successfully address 

the different challenges from a fundamental perspective, allowing to extract the best 

performance of each electrode material. This step is crucial for the implementation of Si and 

Ge-based anodes at the industrial level.  
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