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Abstract 

Si-O based materials are promising alloying and conversion-type anode materials 

for lithium-ion batteries and are recently found to be excellent dendrite-proof layers for 

lithium-metal batteries. However, only a small fraction of the Li-Si-O compositional 

space has been reported, significantly impeding the understanding of the phase 

transition mechanisms and the rational design of these materials both as anodes and as 

protection layers for lithium-metal anodes. Herein, we identify three new 

thermodynamically stable phases within the Li-Si-O ternary system (Li2SiO5, Li4SiO6 

and Li4SiO8) in addition to the existing records via first-principles calculations. The 

electronic structure simulation shows that Li2SiO5 and Li4SiO8 phases are metallic in 

nature, ensuring high electronic conductivity required as electrodes. Moduli 
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calculations demonstrate that the mechanical strength of Li-Si-O phases is much higher 

than that of lithium metal. The diffusion barriers of interstitial Li range from 0.1 to 0.6 

eV and the interstitial Li hopping serves as the dominating diffusion mechanism in the 

Li-Si-O ternary systems compared with vacancy diffusion. These findings provide a 

new strategy for future discovery of improved alloying anodes for lithium-ion batteries 

and offer important insight towards the understanding of the phase transformation 

mechanism of alloy-type protection layers on lithium metal anodes.  

Keywords: Crystal structure prediction; Anode material; First-principles calculations; 

Ternary alloy phase 

1. Introduction 

Owning to the high specific capacity (3860 mAh g-1 vs. 370 mAh g-1 of 

conventional graphite anodes) and low redox potential (−3.04 V vs. standard hydrogen 

electrode), lithium metal is considered the “holy-grail” anode material for lithium-

based rechargeable batteries [1–8]. Unfortunately, issues such as uncontrollable side 

reactions and dendrite growth during electrochemical cyclic conditions remain 

unsolved [9–16]. Recently, the application of alloy anodes has been developed to 

overcome these critical issues. In general, lithium alloys possess high Li ion 

conductivity and high theoretical capacity which can approach that of lithium metal 

[17,18]. However, the smart design of alloy anodes can efficiently address dendrite growth 

of lithium metal during cycling [19]. Lithium alloys such as LixM (M = Si, Ge, Al, Sn, 

etc.) have been researched thoroughly, which display high gravimetric and volumetric 

capacity due to their high Li packing density and safe thermodynamic potentials 
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compared to carbonaceous materials like graphite [20–28]. However, alloy phase 

undergoes a larger volume change during lithium extraction and insertion [29,30], causing 

pulverization of the metal particles and inducing loss of electrical contact between 

active material and current collector [20]. Numerous approaches have been studied to 

solve this problem. Among them, combining some non-lithium elements (such as Co, 

Ni, C, B, N, S and O) with alloy phase to prepare a ternary alloy [24,28,31-35] can not only 

maintain the good electrical conductivity, but also endow the original alloys with better 

mechanical properties to suppress volume expansion. Therefore, the exploration of 

ternary system electrode materials provides a promising pathway for the development 

of next-generation electrode materials.  

Silicon, due to its good chemical properties and diversity of valence states, can 

form a variety of high Li-content alloy phases with lithium. Si-based materials can alloy 

with lithium to give a theoretical capacity of 4200 mAh·g-1 (Li22Si5)
 [36–39], which is the 

highest capacity of any of the lithium alloys studied to date. However, Li-Si alloy 

electrodes still face great challenges such as large volume expansion. By introducing 

oxygen element to form a strong silicon-oxygen bond, the phase transition of silicon 

can be effectively suppressed during the lithium insertion process. Meanwhile, oxygen 

can also form high-energy compounds such as Li2O2 and increase the theoretical 

specific energy of lithium batteries [40–43]. Therefore, by introducing silicon and oxygen 

elements to obtain a Li-Si-O ternary alloy matrix, we can achieve a superior ion 

conductive system with high lithium content, while the volume expansion can be 

effectively suppressed during the lithium intercalation process, which has already been 



 4 / 26 
 

demonstrated by experiment [44]. Therefore, such Li-Si-O ternary system represents a 

promising anode system that can lead to stable cycling performance. 

Typical theoretical studies on alloy anodes lie on the structure identification of 

alloy phases with various lithium concentrations, which is critical in revealing the phase 

transition mechanism during the non-ionic chemical reaction process and clarifying the 

electrochemical properties at different evolution stages. Meanwhile, the environmental 

factors, such as charging voltage and electrolyte type, can also have a great influence 

on the composition of anodes. As a result, novel phases, which are not existent in usual 

conditions, can appear at specified lithation stages or electro-chemical windows. 

Therefore, evolutionary algorithms and high-throughput methods need to be developed 

in order to speed up the theoretical simulation. Such structure identification scheme has 

already been used on lithium battery systems. Hautier et al. [45] used high-throughput 

methods to predict novel mixed polyanions structures (Li3MnCO3PO4, Li3VCO3SiO4) 

for lithium-ion battery cathode materials. Through evolutionary algorithms crystal 

structure prediction techniques, Wang et al. [24] identified a new layered oxysulfide 

LiAlSO in orthorhombic structure as a novel lithium superionic conductor and revealed 

the remarkable potential of oxysulfides applied as solid electrolytes in lithium batteries. 

However, most works focus on cathode materials and solid electrolytes, and less studies 

are done on anode materials. On the other aspect, change of elemental content occurs 

frequently during the non-ionic reaction process, which needs to be identified [46,47]. For 

Li-Si-O anodes mentioned above, the internal composition evolution of intermediate 

alloy phases during the charge/discharge reaction needs to be determined, which is the 
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prerequisite for investigating the stability, electronic structure and lithium ion 

diffusivity. However, due to the complexity of ternary compounds, and the variety of 

valance states for the Si element, many possible phases can stably exist during the 

lithiation process. Therefore, theoretical simulations with high-throughput screening 

routines are required to identify this ternary system. 

In the present work, crystal structure predictions coupled with first-principles 

calculations are performed to explore the Li-Si-O ternary system. The rationality and 

stability of the predicted phases are further verified by Si valence analysis and 

formation energy analysis. Three previously unidentified thermodynamically stable 

phases (Li2SiO5, Li4SiO6 and Li4SiO8) are predicted within the Li-Si-O phase diagram, 

which all display relatively superior dynamic stability. We further analyze the 

electrochemical windows of these energetically favored phases. These phases are found 

to exist within the high voltage regime. The calculated moduli are comparable to those 

of the traditional binary alloy systems from the SPSE database [48], indicating the Li-Si-

O ternary alloy electrode exhibits advantages in mechanical strength. Further 

computations reveal Li interstitial hopping with barriers of 0.1 to 0.6 eV as the 

dominating ionic conduction mechanism for the Li-Si-O ternary system. Such a result 

indicates these Li-Si-O phases may play an important role in achieving fast electrode 

kinetics, which is advantageous not only as high-rate anodes, but also as protection 

layer for stable lithium metal anodes. These results will play an indispensable role in 

computational materials design for both lithium-ion and lithium-metal batteries. 

2. Results and Discussion 
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Before structure prediction, we determined 34 Li: Si: O ratios by the valence 

balance principle primarily, and then applied CALYPSO to predict the Li-Si-O phases 

according to these ratios. On the basis of predicting ideal structures, VASP was applied 

to analyze the stability of these predicted structures and screen out the stable new phases. 

Finally, the physicochemical properties of these new phases were analyzed by VASP, 

and their electrochemical properties were studied. Figure 1a presents the exploration 

process of the Li-Si-O ternary system and a variety of software were applied to 

collaboratively study the properties of the Li-Si-O ternary system. 

2.1 Structure prediction  

Using an unbiased swarm-intelligence structure searching method, we identified 

stable structures in the Li-Si-O ternary system. The difficulty in the prediction of ternary 

system lies in the high complexity of the space group and the variety of element ratios. 

Therefore, a new strategy based on valence analysis is proposed to make preliminary 

judgments on the rationality of the composition to be searched over. It is believed that 

different elements in a covalent-type compound form stable covalent bonds by sharing 

electron pairs with each other. Thus, they exhibit different valences. In the Li-Si-O 

system, the common valence of Si atom varies from -4 to +4, the common valence state 

of O atom varies from -2 to -1, and the valence state of Li atom is in general +1. Herein, 

we combine these different valence states to discover all possible chemical ratios that 

meet the requirement on electron balance (when the summation of the valences is zero), 

which is also satisfied by the existent phases including Li2Si2O5, Li2SiO3 and Li4SiO4. 

34 combinations are identified after quick iteration over all possibilities, which is listed 
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in Table S1. After that, structure prediction on a large number of compositions is carried 

out. 34 compounds with lowest relative formation energy were screened out. In Table 

S1, we list all the predicted chemical ratios as well as their most stable crystal structures 

and lattice parameters. The lithium content is between 7.1% (for LiSi5O8) and 70% (for 

Li7SiO3). The P1 space group occurs most frequently among these low energy phases 

(13 out of 34).  

The formation energy and energy-above-hull are calculated for the newly 

discovered phases. The formation energy is calculated by subtracting the total energy 

of the atoms from the compound’s total free energy. The specific formula is shown as 

follows: 

      𝐸formation =
𝐸(Li𝑥Si𝑦O𝑧)−𝑥∙𝐸(Li)−𝑦∙𝐸(Si)−𝑧∙𝐸(O)

𝑥+𝑦+𝑧
                     (1) 

Chemical potentials of lithium, silicon and oxygen are all calculated based on the solid 

structure from the Materials Project database. After obtaining the formation energy of 

all predicted phases, we calculated the energy-above-hull (Ehull, the formation energy 

difference between a phase and its adjacent phases) to determine the stability of 

predicted phases. Sorted by Ehull, all the structures can be classified into four types: 

stable, almost stable, metastable, and unstable phases, respectively. When the energy 

locates below the hull, the formation energy of the specified phase is lower than that of 

all adjacent phases in the phase diagram, and such a phase is considered 

thermodynamically stable. Table S1 shows that the most stable phases are Li4SiO6, 

Li2SiO5, and Li4SiO8 whose lithium content are 36.4%, 25%, and 30.8%, respectively. 

When the phase's Ehull is positive but smaller than 0.1 eV/atom, it has a high probability 
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to form considering the entropy effect as well the effect of chemical potential of other 

elements [49]. Therefore, they are viewed as almost-stable phases. If the Ehull is between 

0.1 eV/atom and 0.2 eV/atom, they are metastable. An Ehull greater than 0.2 eV/atom 

can induce the unstable phases accordingly. Figure 1b shows the relationship between 

valence of silicon in the compound and Ehull. When the valence of silicon equals to +4 

and −1, the corresponding structure tends to be more stable. Among the two compounds 

known to exist stably in nature, SiO2 and LiSi, Si exhibits +4 and -1 valences, 

respectively. While in the stable Li-Si-O systems we predicted, Si also exhibits these 

two valences, which demonstrates that the formation of Si-O and Li-Si bonds can 

stabilize the Li-Si-O structure to a certain degree. Such bonds are also the dominant 

binding mode in the existing Li-Si-O compounds.  

 

Figure 1. (a) Schematic diagram of the screening process for Li-Si-O ternary system. (b) The 

relationship between energy-above-hull and the valence of silicon. The green, blue, brown, and red 

dots represent the stable, almost-stable, metastable, and unstable phases, respectively. 

We further focus on the three new thermodynamically stable phases Li2SiO5, 

Li4SiO6 and Li4SiO8 located on the hull. The detailed parameters of these crystalline 
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phases are listed in Table 1. Herein, phase diagrams are constructed to show their 

thermodynamic phase equilibria of multicomponent systems. Based on the Materials 

Project database, we added the three new phases to the phase diagram of Li-Si-O by 

referring to the energy of all known phases, as shown in Figure 2. Among them, Li4SiO6 

possesses the highest lithium concentration (Figure 2b). According to the position of 

the three new phases in the phase diagram, all surrounding phases are possible 

decomposition products during the lithium insertion/extraction processes, and can be 

predicted. For example, the adjacent phases of Li4SiO6 are Li2SiO3, Li4SiO4, and Li2O2, 

which indicates that Li4SiO6 could form via a four-phase coexistence reaction or it can 

decompose into these adjacent phases.  

Table 1. Structural details of the three new stable phases. 

Formula 
Formation energy 

(eV/Atom) 
Space group 

Lattice parameters 

(Å, deg) 

Li4SiO6 -1.303 P1(1) 
a = 2.91, b = 5.85, c = 5.48 

α = 77.7, β = 89.9, γ = 104.4 

Li2SiO5 -1.591 P1(1) 
a = 5.02, b = 5.07, c = 5.63 

α = 110.2, β = 67.8, γ = 115.6 

Li4SiO8 -1.552 P1(1) 
a = 4.95, b = 5.03, c = 6.42 

α = 92.5, β = 94.3, γ = 117.8 
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Figure 2. Ternary Li-Si-O2 phase diagrams for (a) original phase diagram from Materials Project 

database, (b) new phase diagram with Li4SiO6 as comprised to the database, (c) new phase diagram 

with Li2SiO5, (d) new phase diagram with Li4SiO8. 

Figure 3 exhibits the atomic structure of the three new phases. Their crystal 

structures are more complex than the known ones, with the lowest symmetry and belong 

to the P(1) space group. To further confirm the stability of these predicted structure, we 

computed the phonon spectra of three phases (Figure S1). It can be seen that there is 

almost no imaginary frequency, which theoretically proves their dynamic stability. 

Furthermore, these structures are not densely packed. Accordingly, large interspace 

exists. Such geometric characteristics are potentially helpful for fast diffusion of Li ions, 

which we will look at in section 2.2. 
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Figure 3. Structure of the three new stable phases for (a) primitive cell of Li4SiO6, (b) primitive cell 

of Li2SiO5, (c) primitive cell of Li4SiO8, (d) 2×2×2 supercell of Li4SiO6, (e) 2×2×2 supercell cell of 

Li2SiO5, (f) 2×2×2 supercell of Li4SiO8.  

2.2 Physicochemical properties on new phases predicted via first-principles 

Next, the electronic structure of Li-Si-O system was investigated. The electronic 

structure is critical in determining the electron mobility and will influence the rate 

capability of the electrode by affecting the electron transport. We further calculated the 

total density of states (DOS) of three new phases, i.e., Li4SiO6, Li2SiO5 and Li4SiO8. 

As shown in Figure 4(b), Li4SiO6 exhibits insulator feature with an energy gap of ~ 4 

eV, while Li2SiO5 and Li4SiO8 are conductive as indicated by the non-zero DOS at 

Fermi level (Figure 4a and 4c). These results suggest that the Li-Si-O ternary 

compounds can serves as protection layers for lithium metal anode [44] or electrode 

materials for lithium-ion batteries. For lithium-metal anode protection, Li4SiO6 is 
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anticipated to have low electrical conductivity and excellent stability against electrolyte 

environment. For electrode applications, Li2SiO5 and Li4SiO8 have good electrical 

conductivity and high lithium storage capacity. All the three materials have excellent 

Li-ion transport properties (Figure 5). Moreover, all three predicted phases do not 

exhibit magnetic features. In brief, from the electronic structures of the predicted 

phases, it can be seen that the discovery of new predicted phases complements the 

electrochemical properties of the entire Li-Si-O system, demonstrating that the Li-Si-

O ternary system has a broad prospect as a battery material. 

During the electrochemical reactions, the lithium potential has significant effect 

on the phase stability of materials with different lithium content. In order to better 

evaluate the stability of compounds during the charge and discharge processes, we 

calculated the electrochemical stability window for different phases. In Figure 4(d), 

three known phases (the green column) inquired from database were also calculated to 

compare with the predictive phases (the blue column). The stability window of the three 

predictive phases is relatively narrow, and has a high stability potential against lithium 

metal (ranging from 4.8 to 5.8 V). The electrochemical stability windows of predicted 

phases are relatively narrow and thus it is speculated that these predicted phases may 

appear as intermediate states during Li stripping/plating processes. However, the 

discovery of the new phases widens the electrochemical stability window of the entire 

Li-Si-O system, ensuring that various stable Li-Si-O structures can exist in a large 

voltage range during Li stripping/plating processes and guaranteeing the stability of the 

system. In brief, the wide electrochemical window of the entire Li-Si-O ternary system 
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demonstrates that the Li-Si-O ternary system still can be applied as superior electrode 

materials and the predicted phases we discovered may emerge as intermediates during 

the charging/discharging process. 

 

Figure 4. Total DOS of (a) Li2SiO5, (b) Li4SiO6 and (c) Li4SiO8. (d) Electrochemical stability 

windows of predicted phases (blue) and known phases (green). The phases in the stability window 

range are stable as the chemical potential of lithium changes. 

The mechanical properties of Li-Si-O ternary alloy systems play an important role 

in describing the resistance of material against mechanical deformation [50] and can be 

roughly estimated by the elastic constants. We calculated the independent elastic 

stiffness constants (Cij) and compliance constants (Sij) for the three Li-Si-O phases, and 

listed the simulation results as per Table S2. These independent elastic constants are 

found to satisfy the Born stability criteria for crystal [50,51], expressed by C11 > 0; C33 > 
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0; C44 > 0; C66 > 0; C11−C12 > 0; C11+C33−2C13 > 0; 2(C11+C12) + C33 + 4C13 > 0, 

implying their well mechanical stability. The mechanical strength of Li-Si-O phases 

were estimated by their elastic modulus obtained from the elastic stiffness constants [52]. 

Table 2 presents the Young’s moduli, the shear moduli and the bulk moduli of Li-Si-O 

ternary alloy systems and conventional Li-Si binary alloy systems. The moduli of the 

predicted phases (Li2SiO5, Li4SiO6 and Li4SiO8) are lower than those of the known 

phases (Li2Si2O5, Li2SiO3 and Li4SiO4). However, the mechanical strength of the 

predicted phases is much better than that of lithium metal (e.g., 76.8, 86.6, 65.9 GPa vs. 

15.2 GPa in Young’s moduli). According to the linear perturbation model by Monroe 

and Newman, such high shear moduli could block the penetration of lithium dendrites 

and stabilize the lithium metal anode in lithium-metal batteries [53]. In fact, compared 

with the traditional Li-Si binary alloy systems, the Li-Si-O ternary alloy electrode also 

exhibits advantages in bulk moduli, reflecting superior resistance against mechanical 

deformation during Li stripping/plating processes. 

Table 2. Young’s moduli (E), shear moduli (G), and bulk moduli (K) of Li-Si-O ternary alloy 

systems and other conventional Li-Si binary alloy systems. 

Compound E: Young’s Moduli (GPa) G: Shear moduli (GPa) K: Bulk moduli (GPa) 

Li2SiO5
 76.8 30.7 62.9 

Li4SiO6
 86.6 35.2 60.8 

Li4SiO8
 65.9 26.6 45.4 

Li2Si2O5
 123.3 50.4 76.5 

Li2SiO3 126.4 52.7 74.6 

Li4SiO4 107.6 43.5 70.6 

Li 15.2 6.1 12.3 
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Li13Si4
 65.4 28.2 33.1 

Li12Si7 73.2 33.2 36.4 

Li21Si5 61.4 26.6 30.5 

Li7Si3 74.3 32.5 36.4 

LiSi 84.1 36.1 52.2 

The excellent ionic conductivity can accelerate the lithiation reactions, allowing 

the lithium ions on the surface of anodes to transport into the bulk in time to avoid 

uneven deposition of lithium at high current densities, thereby preventing the formation 

of lithium dendrites [46]. The migration barriers of ions are jointly determined by the 

Li(s)-host electron interaction and the Coulomb repulsion of cations. Herein, transition 

states are identified using first-principles based CI-NEB method to evaluate the Li-ion 

conductivity of the three new phases. The transport of lithium ions in crystals can be 

divided into two types: interstitial-mediated diffusion and the vacancy-mediated 

counterpart. Interstitial-mediated diffusion refers to the hop of free ions between the 

gaps inside the crystal, while vacancy-mediated diffusion refers to the process in which 

ions of the material itself are separated from their original positions and enter the 

adjacent gap. Before evaluating the barrier, potentially stable sites were explored to 

identify the reasonable long-term pathway for Li-ion diffusion. Due to the complexity 

of the structures and the low spatial symmetry, many inequivalent stable/metastable 

sites for intercalated lithium are existent. In order to exhaust all of the intercalated 

conformation, we sampled initial configurations by rationally generating interstitial 

sites according to the interspace distribution. We developed a scoring method to 

determine whether an interstitial site is suitable as the initial diffusion state. The scoring 
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function can be expressed as: 

          Score =  
1

𝑛
∑ 𝑑(𝑅)𝑛 +

1

𝑆2(�̅�)
                              (2) 

where 𝑑(𝑅) is the distance between an atom in interstitial site and a surrounding atom, 

and 𝑆2(�̅�) represents the variance of the average distance. A higher score indicates a 

higher probability as an interstitial site. Using the scoring function, we efficiently 

screened out all of the stable or metastable states in the crystal. For each pairs of 

neighboring intermediate state, we created a number of intermediate states by linear 

interpolation on the diffusion pathway, and calculated the activation barrier by CI-NEB 

method. For comparison, we also selected three known phases and calculated their Li-

ion conductivity using the same method. 

Figure 5 shows the energy barrier of the Li hops via interstitial-mediated diffusion 

and vacancy-mediated diffusion in different Li-Si-O ternary phases. For each phase, we 

found 2-3 non-equivalent diffusion pathways based on which the Li ions can realize 

long-range transport in the crystal. Clearly, the lithium conductivity is anisotropic. For 

interstitial diffusion, the energy barriers along different directions are significantly 

different, ranging from 0.3 eV to 0.9 eV in Li4SiO6 as shown in Figure 5(a). Similarly, 

the energy barriers of Li2SiO5 (Figure 5(b)) and Li4SiO8 (Figure 5(c)) are also different 

in different directions (0.1~0.7 eV in Li2SiO5 and 0.6~1.1 eV in Li4SiO8). Such strong 

anisotropic effect can be attributed to the uneven distribution of interspace among on-

site atoms, while the fast diffusion channel for Li-ion diffusion exists in specific 

orientation, within which the lithium transport can be less obstructed by host atoms 

(illustrations in Figure 5). In all three new phases, there exists fast diffusion channels 
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with the diffusion barrier below 0.6 eV, which is comparative to or smaller than the 

three known phases (Figure 5d, 5e, 5f for Li2Si2O5, Li2SiO3, Li4SiO4). With such low 

energy barriers, long-range diffusion of lithium ions can happen rapidly. Table 3 lists 

the diffusion rate calculated from the energy barrier. The diffusivity of predicted phases 

is potentially superior to the known phases. Compared with the existing phases, the Li-

ion diffusion rates the predicted phases in some directions are still comparable 

(4.523×10-6 cm2·S-1 in Li2SiO5 vs. 6.188×10-6 cm2·S-1 in Li2Si2O5 and 3.926×10-8 

cm2·S-1 in Li2SiO3, 1.602×10-9 cm2·S-1 in Li4SiO4). Compared with the Li-ion diffusion 

rates in other electrode materials, the diffusion rate of lithium ions in the Li-Si-O phase 

is also comparable (4.523×10-6 cm2·S-1 in Li2SiO5, 6.188×10-6 cm2·S-1 in Li2Si2O5 vs. 

~10-6 cm2·S-1 on graphene [54] and ~10-12 cm2·S-1 in rutile [55], ~10-7 cm2·S-1 in Si [56], 

~10-7 cm2·S-14 in diamond [57]), which indicate the excellent lithium-ion transport 

performance in Li-Si-O phase. Among them, Li2SiO5 has the lowest energy barrier of 

about 0.1 eV, indicating that these predicted phases play a competitive role on 

promoting the charging rate of the battery. 
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Figure 5. Interstitial diffusion along different path of new predicted phases for (a) Li4SiO6, (b) 

Li2SiO5, (c) Li4SiO8, and known phases from Materials Project database for (d) Li2Si2O5, (e) Li2SiO3, 

(f) Li4SiO4. Illustration shows the stable initial and final interstitial structures and diffusion paths. 

 

Table 3. Diffusion rate for Li+ ion diffusion through the predicted phases and known phases at room 

temperature (300 K). 
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Diffusion 

path 

 Diffusion rate (cm2·S-1) 

Li4SiO6 Li2SiO5 Li4SiO8 Li2Si2O5 Li2SiO3 Li4SiO4 

Path1 1.139×10-11 4.523×10-6 5.765×10-21 9.035×10-9 1.165×10-12 1.936×10-11 

Path2 1.360×10-14 5.359×10-9 1.535×10-12 6.188×10-8 1.896×10-18 1.602×10-9 

Path3 8.029×10-16 7.602×10-16 1.843×10-19 / 3.926×10-8 7.56×10-15 

The Li transport properties via the vacancy-mediated route are also systematically 

investigated. The migration barriers for various pathways are shown in Figure S2. We 

found that the anisotropic effect for Li vacancy diffusion is even stronger than that of 

its interstitial counterpart, with the energy differences varying from 0.1 eV to 1.4 eV. 

However, the mechanism of such anisotropic effect of vacancy diffusion is quite 

different from the interstitial diffusion. The complex structures and coordination 

environments inside Li-Si-O ternary compounds result in different energies for lithium 

ions at different positions to detach from the host, which is the origin of anisotropic 

effect in vacancy diffusion. According to the comparison of migration barriers between 

interstitial diffusion and vacancy diffusion in the same phase, it clearly shows that the 

energy barrier of interstitial diffusion is generally lower. For the long-term diffusion 

process, Li hopping through the bottleneck with the highest energy barrier along the 

fastest channel becomes the rate limiting step which determines the diffusivity. As a 

result, the probability of interstitial diffusion is much higher than vacancy diffusion, 

which can be viewed as the dominant diffusion mechanism in Li-Si-O material system. 

Such diffusion trend can be primarily attributed to the strong Li-O ionic bond and Si-O 

covalent bond, while the energy cost for lithium atom to leave its original position in 
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host will be very high, thus reducing the possibility of free Li-ions squeezing out the 

host atoms. In addition, the high energy cost can also induce low defect concentration, 

which will further shrink the feasibility for vacancy diffusion. 

Conclusion 

In summary, we carried out crystal structure predictions on the Li-Si-O ternary 

system. Valence analysis and formation energy computations are performed to verify 

the rationality and stability of these predicted phases. Three new stable phases which 

have the potential to be applied as alloy anodes for lithium-ion batteries were 

theoretically identified. The analysis on valence and energy indicates that the new 

phases are more possible to be thermodynamically stable based on the basic valence to 

elements. DOS analysis further shows that these new phases can serve as promising 

electrode or protection layers on the anode side. By comparing with the known phases 

(Li2Si2O5, Li2SiO3, Li4SiO4), high Li diffusivity is predicted in the new phases. 

Moreover, these new phases complement the phase transition processes of the electrode 

during charge and discharge. These findings provide important insight towards the 

rational design of ternary electrode materials and guide future discovery of other ternary 

systems. 
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