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Abstract: The effects of anion charge and lattice volume (lithium-anion bond length) on lithium 

ion migration have been investigated by utilizing the density functional theory calculations 

combined with the anion framework models, e.g. fcc, hcp and bcc. It is found that the anion charge 

and lattice volume have great impacts on the activation energy barrier (Ea) of lithium ion migration, 

which is validated by some reported sulfides. For the tetrahedrally occupied lithium, the less 

negative anion charge is, the lower the lithium ion migration barrier is likely to be. While for the 

octahedrally occupied lithium, the more negative anion charge is, the lower the lithium ion migration 

barrier is. The large lattice volume (lithium-anion bond length) can lower Ea to a certain extent. 

Lithium ion direct migrations along the direct Tet-Tet pathway in the bcc- or hcp-type anion 

framework are less sensitive to anion charge and lattice volume than other pathways. Most 

importantly, based on the full understandings of anion framework model, new design rules for 

developing alkali-metal superionic conductors were proposed. Getting the desired electronegativity 

difference between the anion element and non-mobile cation element by selecting the most suitable 

non-mobile cation element without changing the crystal structure framework can eventually achieve 

low Ea for alkali-metal ion migration. For the desired alkali-metal superionic conductors with 

tetrahedrally occupied alkali-metal ions, the fine non-mobile cation element should give preferences to 

those elements located at the right top of the periodic table of elements with large electronegativities. 

For the alkali-metal superionic conductors with octahedrally occupied alkali-metal ions, the fine 

non-mobile cation element should give preferences to the elements located at the left bottom of the 

periodic table with small electronegativities. 
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1. Introduction 
 

Today, lithium ion battery (LIB) techniques provide much conveniences for people’s life, powering 

the portable electronic devices1. However, we encounter the safety issues when using the 

commercial LIBs in the application scenarios of the large-scale energy storage in electric vehicles, 

because of the flammability of liquid organic electrolyte2-3. Fortunately, replacing the currently 

employed flammable organic electrolytes with the inflammable solid-state electrolyte (SSE) 

materials and matching with the lithium metal anodes to construct the all-solid-state lithium ion 

batteries (ASSLIBs) not only solve the safety issues, but also drastically promote the energy density 

of LIBs4-6, making electric cars run farther. Correspondingly, high room temperature lithium ionic 

conductivities (10-3-10-2 S cm-1) of SSE materials are the essential prerequisite for constructing 

ASSLIB systems. At present, some lithium superionic conductors, e.g. Li7La3Zr2O127, LiTi2(PO4)38 

oxides and Li10GeP2S12 (LGPS)9, Li7P3S1110 sulfides, have been widely studied and successfully 

developed as the SSE materials, and the state-of-the-art room temperature ionic conductivities of 

12-17 mS cm-1 are experimentally realized in Li10GeP2S12 and Li7P3S11 sulfides. To efficiently 

exploit more advanced lithium superionic conductors, it’s quite necessary to deeply understand the 

fast ion migration mechanism in the state-of-the-art superionic conductors, and even propose proper 

design rules.  

 

Among the various studies on understanding fast ion migration, the topology analysis of lithium 

migration pathways is possibly the most common and useful method11-13. Ceder et al. calculated the 

topology features of the anion framework structures of various lithium sulfides, revealed a 

fundamental relationship between anion packing pattern and lithium ionic transport, and eventually 

proposed the design concept of body-centered cubic-like anion framework with face-shared 

tetrahedral lithium sites for fast ion migration11. Subsequently, they utilized this design concept and 

computationally predicted a new lithium superionic conductor, Li1+2xZn1-xPS4, with exceptionally 

high lithium ion conductivity at room temperature14. In addition, Mo et al. pointed out the unique 

feature of the common lithium superionic conductors with abundant enlarged lithium sites caused 

by large local spaces (fractionally occupied lithium sites) in the crystal structural framework, and 

identified many new structures as fast lithium-ion conductors by the high-throughput screening 
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combined with this quantified feature13. However, these understandings based on the topology of 

lithium migration channels alone are insufficient to explain the enhanced ionic conductivity by the 

Cl doping and substitution in lithium sulfides. The Cl-doped Li9.54Si1.74P1.44S11.7Cl0.315 shows a quite 

high ionic conductivity of 25 mS/cm at room temperature (twice that of the original LGPS9), in 

which thoroughly substituting Ge in LGPS with Si and partially replacing S with Cl have negligible 

influence on the lattice constants, the local atom arrangements and even the morphologies of 

lithium ion migration channel15. In addition, Li5.5PS4.5Cl1.5 with more substituted Cl shows higher 

room temperature ionic conductivities of 9.4 mS/cm (cold-pressed) and 12 mS/cm (sintered)16 than 

the normal Li6PS5Cl of 2.4 mS/cm17, in spite of the negative factors of reduced lattice constant 

(9.81 Å vs. 9.86 Å) and lower lithium concentration resulted from the extensive Cl substitution. 

Thus, there would be other important factors influencing the lithium ionic conductivity in addition 

to the topology-based structure features. As we know, in ionic materials, the Columbic interaction 

dominates the interaction between lithium cation and its adjacent anion framework18-21 and the 

monovalent halogen anions have weaker interactions with lithium ions than divalent sulfur or 

oxygen anions22. Yet, as far as we know, there is no systematical understanding of the Columbic 

interaction dependent lithium ion migration, which remains to be uncovered as regards this issue. 

Therefore, this study aims to fill the existing knowledge gaps regarding the effect of Columbic 

interaction on lithium ion migration in solids.  

 

In the most crystalline lithium compounds, lithium ions occupy the tetrahedral (Tet) or octahedral 

(Oct) sites, forming the stable tetrahedral or octahedral lithium-anion polyhedrons, and the anion 

packing modes could be approximately classified into the face-centered cubic (fcc), body-centered 

cubic (bcc) and hexagonal close-packed (hcp) frameworks11, 23. The anion frameworks of LiCoO2, 

Li2MnO3, Li4Ti5O12, Li2S, LiTiS2 and Li3YBr622 can be exactly matched to the fcc types. In Li7P3S11 

and Li10GeP2S12, the sulfur anion frameworks can be roughly mapped to the bcc lattices with some 

distortions. In γ-Li3PS4 and Li4GeS4, the S anion frameworks can be closely matched to the hcp 

arrays11. Our previous studies of the fcc anion frameworks show that the anion charge and anion 

volume have great impacts on the stability of lithium ion occupation and lithium ion migration19, 21, 

23-24. Considering the excellent lithium ion migration usually occurring in the sulfide-type superionic 

conductors with the bcc and hcp sulfur anion frameworks, such as Li7P3S11, Li10GeP2S12, and 

γ-Li3PS4, in this work, we would shed light on the effects of the anion charge and lattice volume 

dependent Coulomb interaction on the lithium ion migration in the bcc and hcp anion frameworks. 

Moreover, the anion charge-lattice volume maps were depicted and new design rules were proposed 

for efficiently searching the advanced alkali-metal superionic conductors. 
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2. Computational methodologies 
 
 

All calculations were performed by using the Vienna ab-initio Simulation Package (VASP) 

software based on the projector augmented wave (PAW) method in the framework of the density 

functional theory (DFT)25. The Perdew–Burke–Ernzerhof (PBE) exchange functional26 in the 

framework of generalized gradient approximation (GGA)27 was utilized to solve the Schrödinger's 

equation of the quantum states of electrons. The energy cutoff of plane-wave is 500 eV. The 

convergence criteria of energy and force are 10−5 eV/atom and 0.01 eV/Å, respectively. The 

Monkhorst–Pack method28 with 4×4×4 and 4×4×2 k-point mesh were employed for the Brillouin 

zone sampling of the body-centered cubic and hexagonal close-packed anion sublattices, 

respectively. The energy landscapes and activation energy barrier of lithium ion migration in the 

anion frameworks are calculated by the nudged elastic band (NEB) method29. During the NEB 

calculations, only one lithium ion is allowed to move, while the sulfur(oxygen) anions are fixed in 

their initial positions, and this approach has been also utilized by Ceder et al11. The anion charges in 

the anion framework are changed by adjusting the uniform background charges of the whole 

framework system. 

 

 

 
3. Results and discussion 
3.1 Anion charge and lattice volume dependent lithium occupation 
and migration  
 

First, to get the reasonable ranges of anion charge and lattice volume for the following NEB 

calculations, the scatter distributions of the anion Bader charges and lattice volumes of lithium 

oxides and sulfides were investigated and shown in Figure S1, which were obtained from the 

AFLOW database without any DFT calculation30. It can be found that the oxygen anion charges are 

mainly spread in the range of [-0.8 e, -1.7 e], while the sulfur anion charges are principally 

distributed in the range of [-0.7 e, -1.5 e]. Thereby, a wider anion charge range of [-0.5 e, -1.8 e], 

simultaneously covering the dominating oxygen and sulfur anion charges, was considered for the 

following NEB calculations. The lattice volumes of the oxides and sulfides are mainly spread in the 
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ranges of [15 Å3/atom, 30 Å3/atom] and [30 Å3/atom, 50 Å3/atom], respectively. In addition, the 

Bader charges of lithium cation in the lithium oxides and sulfides are dominantly located in the 

range of [+ 0.84 e ~ + 0.92 e] (Figure S2), which are far narrower than those of anions. It indicates 

that the charges of lithium ion in different compounds don’t change a lot, and thereby can be 

regarded as a constant.  

 

Then, two artificial bcc- and hcp-type anion frameworks with a single lithium cation and 16 anions 

were built to investigate lithium ion migration in them, as illustrated in Figure 1. Only two 

chalcogen anion elements (oxygen and sulfur) were considered for the anion framework models in 

view of the fact that the most reported lithium superionic conductors are lithium oxides and sulfides. 

These sulfur(oxygen) anion framework models can allow us directly capture the effects of the 

Coulomb interactions between lithium cation and its adjacent anion, which fundamentally depend 

on the anion charge and lattice volume. Note that the Coulomb interactions between lithium cation 

and its adjacent anion fundamentally depend on the anion charge and lithium-anion bond length. In 

this work, for the convenience of the NEB energy landscape calculations, we varied the anion 

sublattice volume (averaged to per anion atom, unit cell volume/number of anion) instead of the 

lithium-anion bond length, because there is a linear positive relationship between the lattice volume 

and lithium-anion bond length in the anion framework model. There is only one kind of tetrahedral 

interstitial site in the bcc-type anion framework (Figure 1a), corresponding to a Tet-Tet lithium ion 

migration pathway, and this direct lithium ion hopping between two adjacent Tet sites has been 

reported to possess the lowest activation barrier and the highest lithium ionic conductivity11. For the 

hcp-type anion framework model, there are two different kinds of interstitial sites, including the 

tetrahedral and octahedral interstitial sites (Figure 1b). Thus, the occupied lithium ion in the hcp 

anion framework could migrate along three different direct pathways, including Tet-Tet, Oct-Oct 

and Oct-Tet pathways, and the latter is the half of the Tet-Oct-Tet and Oct-Tet-Oct pathways.  
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Figure 1. Structural models of (a) lithium ion migration along the Tet-Tet pathway (two adjacent 
tetrahedral sites) in the bcc-type anion framework with a lithium cation and 16 anions, the 
lithium-anion tetrahedrons in the bcc-type anion framework are distorted with a csm (continuous 
symmetry measure) value of 2.29 (a csm of 0 corresponds to a perfect tetrahedron); (b) lithium ion 
migration along the Tet-Tet pathway, Oct-Oct pathway (octahedral site to octahedral site), and 
Oct-Tet pathway in the hcp-type anion framework with a lithium cation and 16 anions. The anions 
are colored red, and lithium ions are colored green, respectively.  
 

 

3.1.1 bcc-type anion frameworks 
 

Then, we performed NEB calculations to get the energy landscapes of lithium ion migration in the 

bcc-type sulfur(oxygen) anion frameworks with respect to different anion charges and lattice 

volumes. Lithium ion migration between two face-shared distorted lithium-anion tetrahedral sites 

(namely Tet-Tet pathway) in the bcc-type anion framework passes through a distorted triangular 

anion bottleneck (Figure 1a), whose relative energy with respect to the Tet site corresponds to the 

activation energy barrier (Ea) of lithium ion migration. The Ea of lithium ion migration in the 

bcc-type sulfur(oxygen) anion frameworks are shown in Figure 2 and S3, respectively. To clearly 

show the Ea variations with respect to different anion charges at any constant lattice volume, the 

heatmaps of Figure 2 and S3 are transformed into the facetgrid plots, as illustrated in Figure S5 and 

S6, respectively. It can be clearly seen that the anion charge and lattice volume show the similar 

influences on Ea for both sulfur and oxygen anion frameworks, but the maximum of Ea for the 

sulfur anion framework is smaller than that of the oxygen anion framework system, due to the better 

polarizability of sulfur anion. The Ea variation ranging from 0 to 0.42 eV in the whole anion charge 

and lattice volume space of the bcc-type oxygen anion framework (Figure S3) is much narrower 

than that of the fcc-type oxygen anion framework from 0.25 to 1.5 eV (Figure S4a). In addition, the 

maximum variations of Ea with respect to different anion charges at any constant lattice volume are 
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~0.12 and 0.07 eV, respectively for the oxygen and sulfur anion framework (Figure S5 and S6). 

They indicate that Ea of lithium ion migration in the bcc-type anion frameworks are not only 

smaller but also less sensitive to the variations of anion charge than that in the fcc-type anion 

framework. It's worth noting that the lithium compounds possessing the bcc-type anion frameworks 

are much fewer than those with the fcc- and hcp-anion frameworks (Table S1)23, although they 

usually show higher lithium ion conductivities11. Overall, the anion charge and lattice volume 

(lithium-anion bond length) dependent Coulomb interactions have smaller impacts on Ea of lithium 

ion migration along the Tet-Tet pathways in the bcc-type anion frameworks. 

 

In the whole anion charge and lattice volume space, the more negative anion charges can lead to 

slightly higher Ea for lithium ion migration in the bcc-type anion framework along the Tet-Tet 

pathways at any constant lattice volume (Figure S5 and S6), and the large lattice volumes can 

reduce Ea at any constant anion charge (Figure 2 and S3). In short, the little negative anion charges 

and large lattice volumes can lead to lower Ea. Therefore, the little negative anion charges and large 

lattice volumes (lithium-anion bond lengths) are essential for achieving fast lithium ion migration in 

lithium compounds with the bcc-type anion frameworks. It’s worth noting that these variation 

trends of Ea with respect to anion charge and lattice volume are much more interesting than the 

absolute values of Ea. These observed trends are also found in the previous experimental results for 

some sulfide-type lithium conductors with the bcc-type anion frameworks. The higher element 

electronegativity of Ge4+ vs. Sn4+ (2.116 vs. 1.877)31 lead to less negative sulfur anion charges in 

Li10GeP2S12  (-0.151e vs. -0.168e in Li10SnP2S12, Hirshfeld charge)21, and the Li-S average bond 

length of Li10GeP2S12 is 2.585 Å, slightly larger than 2.578 Å of Li10SnP2S1221. The relatively less 

negative sulfur anion charge and larger Li-S average bond length eventually lead to relatively lower 

Ea of Li10GeP2S12 compared to Li10SnP2S1232, which is well consistent with the predicted theoretical 

trends from the ab-initio molecular dynamics (AIMD) simulations by S. P. Ong et al12. The 

enhanced ionic conductivities can also be obtained by the monovalent Cl element doping in lithium 

sulfides, the Cl-doped Li9.54Si1.74P1.44S11.7Cl0.315 shows a quite higher ionic conductivity of 25 

mS/cm at room temperature than LGPS9, in which thoroughly substituting Ge of LGPS with Si and 

partially replacing S with Cl has negligible influence on the lattice constants and even the 

morphologies of lithium ion migration channel15. Furthermore, a recent DFT research shows that 

doping a small number of oxygen atoms into Li7P3S11 with the bcc-type sulfur anion framework can 

significantly reduce Ea of lithium ion migration, and enhance lithium ion conductivity from 50 mS 

cm-1 of the pristine Li7P3S11 to 109 mS cm-1 of the oxygen-doped Li7P3S10.25O0.75 at 300 K, in which 

the Bader charge of S atom changes from -0.89 e (pristine) to -0.88 e (oxygen-doped)33. These 
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consistent variation tendencies of Ea in the cation-substituted Li10MP2S12 (M = Ge and Sn), 

chlorine-doped Li9.54Si1.74P1.44S11.7Cl0.3 and oxygen-doped Li7P3S10.25O0.75 materials are fully 

consistent with our findings, validating the reasonability of the bcc-type anion framework model 

and the corresponding analyses of Coulomb interactions.  

 

 
Figure 2. Heat maps of the calculated Ea of lithium ion migration in the bcc-type sulfur anion 
frameworks along the Tet-Tet migration pathway with respect to anion charge and lattice volume.  
 

 

3.1.2 hcp-type anion frameworks 
 

Different from the less common bcc-type anion frameworks23, there are both tetrahedral and 

octahedral interstitial sites in the hcp-type anion framework model (Figure 1b). Therefore, the 

discussions about the lithium ion migration in the hcp-type anion framework are organized based on 

three different pathways, including Tet-Tet, Oct-Oct and Oct-Tet. 

 

3.1.2.1 Tet-Tet pathway 

 

The calculated Ea of lithium ion migration in the hcp-type sulfur(oxygen) anion frameworks along 

the direct Tet-Tet pathways with respect to anion charge and lattice volume are shown in Figure 3a, 

S7, S8 and S9. It can be observed that Ea varies from 0 to 0.5 eV in the whole anion charge and 

lattice volume space for the Tet-Tet migration pathways in the hcp-type sulfur(oxygen) anion 

framework (Figure 3a and S7), whose ranges are similar to that of the Tet-Tet migration in the 
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bcc-type sulfur(oxygen) anion frameworks (Figure 2 and S3) (0 - 0.42 eV), and narrower than that 

of the fcc-type oxygen anion framework from 0.25 to 1.5 eV (Figure S4a). Such a slightly smaller 

variation in the bcc-type anion framework may be due to the more distorted lithium-anion 

tetrahedrons (Figure S10) leading to a more frustrated energy landscape for lithium ion migration34. 

The maximum variation of Ea with respect to different anion charges at any constant lattice volume 

is ~0.09 eV for the oxygen- and sulfur-anion framework (Figure S8 and S9), indicating that Ea of 

lithium ion migration along the Tet-Tet pathways in lithium compounds with the hcp-type anion 

frameworks are much less sensitive to the anion charge, which is similar to the case of lithium 

compounds with the bcc-type anion frameworks.  

 

However, different from the bcc-type framework, Ea variations with respect to different anion 

charges at any constant lattice volume in the hcp-type anion framework are not monotonically 

increasing or decreasing (Figure S8 and S9), while Ea variations are monotonic for the Tet-Tet 

migration pathways in the bcc-type anion framework (Figure S5 and S6). It may be because the 

different local environments of lithium tetrahedral sites and the diverse triangular anion bottlenecks 

(transition states) in the bcc- and hcp-type anion framework, as shown in Figure S10. Taking the 

hcp-type sulfur anion framework as an example (Figure 3a and S9), the sulfur anion charges, 

ranging from -0.8 e to -1.3 e, can significantly decrease Ea, while Ea gradually increase when the 

more negative sulfur anion charges in the range of [-1.3 e, -1.8 e]. It’s worth noting that discussing 

Ea variation with respect to the much more positive anion charges in the range of [-0.5 e, -0.8 e] 

make no sense due to the very low probability to get such small anion charges in lithium sulfides 

(Figure S1). Moreover, it is found that the large lattice volumes can make low Ea at any constant 

anion charge, and the effect of lattice volume on Ea is larger than that of the anion charge for the 

Tet-Tet lithium ion migration. Thus, the moderate sulfur(oxygen) anion charges near -1.3 e and 

especially large lattice volumes are beneficial to the fast lithium ion migration along the Tet-Tet 

migration pathways in lithium compounds with the hcp-type sulfur(oxygen) anion frameworks, 

although the effects of the Coulomb interaction depending on anion charge and lattice volume on 

the Tet-Tet lithium ion migration are limited. 
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Figure 3. Heat maps of the calculated Ea of lithium ion migration in the hcp-type sulfur anion 
frameworks along the (a) Tet-Tet, (b) Oct-Oct migration pathways with respect to anion charge and 
lattice volume; (c) the calculated Ea of lithium ion migration between the two adjacent Oct and Tet 
sites, and (d) the energy differences of the occupied lithium between the Tet site and Oct site in the 
hcp-type sulfur anion frameworks with respect to different anion charges and lattice volumes. 
 
 
 
 
3.1.2.2 Oct-Oct pathway 

 

And then we focus on another direct lithium ion migration pathway in the hcp-type anion 

frameworks, namely Oct-Oct pathway. The calculated Ea of lithium ion migration in the hcp-type 

sulfur(oxygen) anion frameworks along the Oct-Oct migration pathways with respect to anion 

charge and lattice volume are shown in Figure 3b, S11, S12 and S13. It can be found that Ea 
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variation ranging from 0 to 1.5 eV in the whole anion charge and lattice volume space for the 

Oct-Oct migration pathways in the hcp-type sulfur(oxygen) anion framework is much wider than 0 

to 0.5 eV of the Tet-Tet migration pathways in the bcc- and hcp-type sulfur(oxygen) anion 

frameworks. The maximum variation of Ea with respect to different anion charges at any constant 

lattice volume is ~0.4 eV for the oxygen and sulfur anion framework (Figure S12 and S13), 

demonstrating that Ea of lithium ion migration along the Oct-Oct pathways in lithium compounds 

with the hcp-type anion frameworks are sensitive to the variations of anion charge, and much 

different from the anion charge immunized Tet-Tet migration pathways. Interestingly, Ea variations 

with respect to anion charge and lattice volume are monotonic. In the whole anion charge and 

lattice volume space, the more negative anion charges can reduce Ea of lithium ion migration in the 

hcp-type anion framework along the Oct-Oct pathways at any constant lattice volume (Figure S12 

and S13), and the large lattice volumes can make low Ea at any constant anion charge. Over all, the 

Coulomb interactions depending on anion charge and lattice volume have great influences on Ea of 

lithium ion migration along the Oct-Oct pathways in the hcp-type anion frameworks, and the more 

negative anion charges and large lattice volumes (lithium-anion bond lengths) are essential for 

achieving fast lithium ion migration along the Oct-Oct pathways in lithium compounds with the 

hcp-type anion frameworks.  

 

 

3.1.2.3 Oct-Tet pathway 

 

Lastly, we discuss the Oct-Tet pathway for lithium ion migration in the hcp-type anion frameworks,  

and it is the half of the Tet-Oct-Tet or Oct-Tet-Oct pathways, which are the most common lithium 

ion migration pathways in those lithium sulfides with the hcp-type sulfur anion frameworks35-37. 

The calculated Ea of lithium ion migration along the Oct-Tet migration pathways, and the energy 

differences of lithium occupation between the Tet and Oct site (Etet-oct) in the hcp-type 

sulfur(oxygen) anion frameworks with respect to anion charge and lattice volume are shown in 

Figure 3c, 3d, S14, S15 and S16. It can be observed that Ea variation ranging from 0.2 to 1.4 eV and 

Etet-oct variation from -0.76 to 0.9 eV in the whole anion charge and lattice volume space for the 

Oct-Tet migration pathways in the hcp-type sulfur(oxygen) anion frameworks are very wide, 

indicating the anion charge and lattice volume have significant effects on Ea and Etet-oct values for 

both the oxygen and sulfur anion systems. Within different lattice volume regions, the anion 

charges have different effects on Ea for lithium ion migration along the Oct-Tet migration pathways 

in the hcp-type anion frameworks. For any specific lattice volume, the more negative anion charges 
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consistently reduce Etet-oct values (Figure 3d and S14b), and stabilizing lithium-anion tetrahedra. At 

any constant anion charge, Etet-oct values vary from positive to negative, and the relative stabilities 

of lithium-anion tetrahedra gradually increase when lattice volumes get larger. In sum, both the 

much negative anion charge and large lattice volume make lithium prefer to occupy the Tet sites.  

 

Facetgrid plots in Figure S15 and S16 show the anion charge dependent Ea at different lattice 

volumes. Taking the sulfur anion framework as an example, when the sulfur anion lattices volume 

are small, e.g. with a value of ~32.65 Å3/atom, the relative energies of LiS4 are all higher than those 

of LiS6 (Etet-oct > 0, Figure 3d), indicating lithium is most stable at the Oct site and prefers to have 

the octahedral lithium occupation pattern with respect to small sulfur anion lattice volume, which is 

consistent with those hcp-type lithium sulfides with relative small lattice volumes (< 39 Å3/atom) 

exhibiting octahedral lithium coordination environments (Table S1). Additionally, the more 

negative sulfur anion charges would lower the relative energies of LiS4, and hence reduce the 

corresponding Ea for lithium ion migration along the Oct-Tet-Oct migration pathways in the 

hcp-type sulfur anion frameworks with smaller lattice volumes (Figure 3d and S16). For the sulfur 

anion sublattice systems with medium lattice volumes, e.g. ~36.27 Å3/atom, the relative energies of 

LiS4 are higher than those of LiS6 (Etet-oct > 0, Figure 3d) for the systems with the less negative 

sulfur anion charges (qS ∈ [-0.5 e, -1.1 e]). While the more negative sulfur anion charges (qS ∈ 

[-1.1 e, -1.8 e]) make the relative energies of LiS4 lower than those of LiS6 (Etet-oct < 0), and thereby 

the Oct sites no longer keep stable. Thereby, with the negative sulfur anion charges increasing from 

-0.5 to -1.8 e, Ea first decrease and then increase (Figure S16). At larger lattice volumes, e.g. ~40.16 

Å3/atom, the relative energies of LiS4 are lower than those of LiS6 (Etet-oct < 0, Figure 3d), indicating 

lithium prefers the Tet site at the large lattice volume, as shown in Table S1 that the hcp-type 

lithium sulfides with large sulfur lattice volumes (> 39 Å3/atom) showing the tetrahedral lithium 

occupation patterns. In short, the much negative anion charges would deliver high Ea for the 

tetrahedral lithium ion migration along the Tet-Oct-Tet pathways in the hcp-type anion frameworks, 

but lower Ea for the octahedral lithium ion migration along the Oct-Tet-Oct pathways. 

 

For studying lithium ion migration in real lithium compounds with the hcp-type anion frameworks 

with respect to anion charge and lattice volume, we should first figure out the stable lithium 

occupation site and main lithium ion migration path. Table S1 and S2 clearly show that the lithium 

coordination environment in the most lithium sulfides with the hcp-type anion frameworks is 

tetrahedrally coordinated, and thereby the main lithium ion migration pathways in lithium sulfides 

are Tet-Tet and Tet-Oct-Tet. Because Ea of lithium ion migration along the Tet-Tet pathways in the 
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hcp-type anion frameworks is much less sensitive to the anion charge and lattice volume than that 

of the Tet-Oct-Tet pathway, so the anion charge and lattice volume dependent Ea of lithium ion 

migration in those lithium compounds with the hcp-type anion frameworks have the main pathway 

characteristic of Tet-Oct-Tet, and eventually the little negative anion charges would deliver low Ea 

for the tetrahedral lithium ion migration in the hcp-type anion frameworks. Thus, the little negative 

anion charges and large lattice volumes (lithium-anion bond lengths) are necessary for achieving 

fast lithium ion migration in those lithium compounds with the hcp-type anion frameworks and 

stable tetrahedral lithium occupations. 

 

The above analyses on the anion charge dependent Ea for the hcp-type anion framework model are 

also validated by some real lithium sulfides. Figure 4 and Table S2 show some experimentally 

determined and theoretically calculated Ea for the tetrahedral lithium ion migration in those lithium 

sulfides possessing hcp-type sulfur anion frameworks with respect to the sulfur anion Bader charges. 

As mentioned in section 3.1 (Figure S2), the Bader charges of lithium ion in different compounds 

don’t change a lot, and thereby the anion charge variation of different lithium compounds can be 

regarded as resulting from the non-lithium cation element, which is fundamentally determined by 

the electronegativity difference between anion element and non-lithium cation element. In other 

words, the electronegativity of the non-lithium cation element M of Li-M-S compounds with 

hcp-type sulfur anion frameworks can significantly affect Ea of lithium ion migration. It can be seen 

from Figure 4 that the non-lithium cation element M has great impacts on Ea for the tetrahedral 

lithium ion migration in those lithium sulfides with hcp-type sulfur anion frameworks. For example 

of the structurally similar LiMS2 (M=In and Ga) with the same space group (Pna21, No.33), the Ga 

element with relative larger electronegativity donates less electrons to its adjacent sulfur anions, and 

makes the smaller average Bader charge of sulfur anions in LiGaS2 than that of LiInS2, eventually 

leading to a lower Ea of the tetrahedral lithium ion migration. Moreover, the same trends are also 

observed in Li3MS3 (M=Al and Sb), Li3MS4 (M=P, As, and Sb), and Li4MS4 (M=Ge and Sn). For 

the most lithium sulfides with hcp-type sulfur anion frameworks in Table S2, there is no linear 

positive relationship between lattice volume and Li-S bond length (Figure S17), which is quite 

different from the ideal anion framework model. For Li3MS4 (M=P, As, and Sb) and Li4MS4 

(M=Ge and Sn), their Li-S bond lengths are found to be negatively related to the corresponding 

lattice volumes, and the larger Li-S bond length of Li3PS4 further contribute to reduced Ea together 

with the less negative charges of sulfur anion. But for LiMS2 (M=In and Ga) and Li3MS3 (M=Al 

and Sb), the larger Li-S bond lengths don’t make the total Ea reduced as expected, while the 

increased Ea are mirrors of the more negative sulfur anion charges, indicating the weight of anion 
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charge contributing to the total Ea of those sulfides is very high. And yet there is no denying that the 

large lattice volume (lithium-anion bond length) can lower Ea to a certain extent when fixing the 

anion charges11, 20. Above all, these Ea variation tendencies with respect to the substituted 

non-lithium cation element M validate our anion charge-lattice volume maps of the hcp-type anion 

framework models.  

 
Figure 4. Experimentally determined and theoretically calculated activation energy barriers Ea of 
the tetrahedral lithium ion migration in lithium sulfides possessing the hcp-type sulfur anion 
frameworks with respect to the electronegativity of non-lithium cation element M and the sulfur 
anion Bader charges35-41. Lithium sulfides in each subplot are structurally similar with the same 
space group. The corresponding data of Ea, anion charge and electronegativity of M are also listed 
in Table S2. 
 

 

3.2 New rules for developing alkali-metal superionic conductors 
 

In lithium compounds, the anion charges are significantly influenced by the non-lithium metal 

elements19, 32. The atomic radius and valence electron configuration of the non-lithium metal 

element determines its coordination environment and lattice volume, eventually affecting the anion 

charge, lithium-anion bond length and lithium occupation pattern. Our model analyses of the fcc-, 

bcc- and hcp-type anion frameworks clearly demonstrate that the anion charge and lattice volume 

(lithium-anion bond length) dramatically affect lithium ion migration especially for Oct-Tet and 
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Oct-Oct pathways. Therefore, it makes sense to gain low Ea for lithium ion migration by choosing 

the most suitable non-lithium metal element without changing the crystal structure framework a lot.  

 

Based on the deep understandings of the anion framework models (Figure 2, 3 and S3), two general 

rules for developing new ternary ABC type lithium, sodium or even multivalent alkali-metal superionic 

conductors with fcc-, bcc- and hcp-type anion frameworks are proposed here: (i) for the desired 

alkali-metal superionic conductors with alkali-metal (A) ion tetrahedral occupations, the small 

electronegativity difference between the anion elements C and the non-mobile cation elements B is 

necessary for obtaining fast alkali-metal (A) ion migration along the Tet-Tet and Tet-Oct-Tet pathways 

(Figure 5a), and the proper non-mobile cation elements B should give preference to those main group 

elements located at the right top of the periodic table of elements with large electronegativities, which 

are close to but less than that of C elements, as shown in Figure 5b. The chemical components of the 

most sulfide-type superionic conductors with tetrahedral lithium ion migration along the Tet-Tet 

and Tet-Oct-Tet pathways, such as Li10GeP2S129, Li3PS442-43, Li1+2xZn1-xPS414 and Li2CuPS424, are 

completely in conformity with this tetrahedron rule; (ii) for the desired alkali-metal superionic 

conductors with alkali-metal (A) ion octahedral occupations, the large electronegativity difference 

between the anion elements C and the non-mobile cation elements B is essential for getting fast 

alkali-metal (A) ion migration along the Oct-Oct and Oct-Tet-Oct pathways (Figure 5a), and the 

promising non-mobile cation elements B should give preference to those subgroup transition-metal 

elements located at the left bottom of the periodic table with small electronegativities, as shown in 

Figure 5b. The chemical components of the recent reported halide-type lithium superionic conductors, 

e.g. Li3YCl622, Li3YBr622 and Li3LaI621 with octahedral lithium ion migration along the Oct-Tet-Oct 

pathways, fit this octahedron rule well, and their lithium ionic conductivities can be further enhanced by 

doping with the appropriate rare-earth metal elements, whose electronegativity values are less than 

yttrium element.  
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Figure 5. (a) Migration pathways of the tetrahedrally and octahedrally occupied alkali-metal (A) ion in 

the fcc-, bcc- and hcp-type anion frameworks. Considering the different relative positions of the 

initial and final Tet sites, there are three and two kinds of Tet-Oct-Tet pathways for the fcc and hcp- 

type anion frameworks, respectively; (b) the recommended choices of the non-mobile cation element B 

(olive and orange areas) in the periodic table of element for achieving fast alkali-metal (A) ion migration 

in the ABC ternary compounds.  
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4. Conclusions 
 

In this work, based on the density functional theory calculations and anion framework models, we 

have figured out the anion charge and lattice volume (lithium-anion bond length) dependent lithium 

ion diffusion in lithium compounds. The anion framework models clearly demonstrate that the 

anion charge and lattice volume dramatically affect Ea for lithium ion migration, which is validated 

by some reported lithium sulfides. For the tetrahedrally occupied lithium, the less negative anion 

charge is, the lower the lithium ion migration barrier is. While for the octahedrally occupied lithium, 

the more negative anion charge is, the lower the lithium ion migration barrier is. The large lattice 

volume (lithium-anion bond length) can lower Ea to a certain extent. Lithium ion direct migrations 

along the direct Tet-Tet pathway in the bcc- or hcp-type anion framework are less sensitive to anion 

charge and lattice volume than other pathways. Moreover, new design rules for developing 

advanced alkali-metal superionic conductors were proposed based on the full understandings of anion 

framework model. Choosing the most suitable non-mobile cation element without changing the 

crystal structure framework to get the desired electronegativity difference between the anion element 

and non-mobile cation element, can eventually achieve low Ea for alkali-metal ion migration. For the 

desired alkali-metal superionic conductors with alkali-metal ion tetrahedral occupations, the small 

electronegativity difference between the anion element and four-coordinated non-mobile cation element 

is necessary for obtaining fast alkali-metal ion migration along the Tet-Tet and Tet-Oct-Tet pathways, 

and the fine non-mobile cation element should give preference to those elements located at the right top 

of the periodic table of elements with large electronegativity. For the alkali-metal superionic conductors 

with alkali-metal ion octahedral occupations, the large electronegativity difference between the anion 

element and six-coordinated non-mobile cation element is essential for getting fast alkali-metal ion 

migration along the Oct-Oct and Oct-Tet-Oct pathways, and the fine non-mobile cation element should 

give preference to the elements located at the left bottom of the periodic table with small 

electronegativity. 
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