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ABSTRACT. Superionic states simultaneously exhibit properties of a fluid and a solid. Proton 

(H+) superionicity in ice, H3O, He-H2O and He-NH3 compounds is well-studied. However, 

hydride (H-) superionicity in H-rich compounds is rare, being associated with instability and 

strongly reducing conditions. Silicon, sodium, and hydrogen are abundant elements in many 

astrophysical bodies. Here, we use first principles calculations to show that, at high pressure, Na, 

Si, and H can form several hypervalent compounds. A previously unreported superionic state of 

Na2SiH6 results from unconstrained H- in the hypervalent [SiH6]2- unit.  Na2SiH6 is dynamically 

stable at low pressure (3 GPa), becoming superionic at 5 GPa, and re-entering solid/fluid states at 

about 25 GPa. Our observation of H- transport opens up a new field of H- conductors. It also has 

implications for the formation of conducting layers at depth in exotic carbon exo-planets, 

potentially enhancing the habitability of such planets. 
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Superionicity in hydrogen-bearing solids. Several recent results suggest the possible existence 

of superionic conducting solid ices in the interiors of gas giants such as Uranus and Neptune, with 

superionic water and ammonia ices and liquids first identified as thermodynamically stable under 

the appropriate conditions of pressure and temperature [1-3]. More recently Liu et al. [1, 2] 

predicted a number of superionic helium compounds in the He-H2O [1],  He-NH3 [2], and He-CH4 

[3] systems to be stable at similar high pressures and temperatures. It was demonstrated that He 

and protons (H+ ) can freely diffuse in the 𝐼𝐼41𝑚𝑚𝑚𝑚  or 𝐹𝐹𝐹𝐹3𝑚𝑚  lattices of crystalline He2H2O, 

resulting in two different types of superionic phases. Independently, Shi et al. also predicted 

(NH3)2He has a superionic phase at 2000 K and 100 GPa [4]. Superionicity associated with 

unconstrained H- ions has been reported to emerge in NH3-H2 mixtures [5]. Experimental electrical 

conductivity measurements [6, 7], Raman spectroscopy [8] and X-ray diffraction [9] of ice under 

compression all support the existence of superionic states. Superionicity has also been reported in 

FeO2H by Hou et al [10]. Additional structural prediction studies by Huang et al. also proposed 

the existence of superionic H3O under the conditions of the deep interior of Uranus or Neptune 

[11]. Thus, it becomes apparent that, under the appropriate conditions of temperature and pressure, 

H+ can also freely diffuse in the crystalline host lattices of a number of He-NH3 compounds as 

well as H2O ice and H3O. It is, therefore, believed that planetary deep interior environments 

corresponding to those of gas giants may host superionic materials [12-15].  

Aside from their potential importance in the interiors of gas giants, superionic materials have 

attracted considerable interest in wide range of applications. In particular, fast ion conductors and 

solid electrolytes have, in recent years, been relevant to the developments of lithium-ion batteries 

[16-18] and other applications of Li-based superionic conductors [19, 20]. While H+ is common 

in the nature, unconstrained hydride ions (H-) are believed to be unstable and only emerge in 
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hydrogen-storage alloys and electrolytes in all-solid-state batteries, because of strong reducing 

conditions. As an important reducing agent of all-solid-state batteries, the mechanism describing 

H- transport in many H- conducting materials has been well studied [21-23].  

Silicon is the eighth most abundant element in the universe, the third most abundant in the bulk 

Earth, and the second most abundant (28.2%) in the crust. Sodium is the sixth most abundant 

(2.36%) element in Earth’s crust, where it is the most abundant alkali metal. Of course, hydrogen 

is the most abundant element in the universe. The possibility of silanes forming as precursors to 

early life has been suggested by a number of authors, reviewed in Petkowski et al. [24] recently. 

Indeed, it may be the case that alkali silanes could form a component of the building blocks of 

planets forming under extremely reducing conditions, not least carbon planets. The behavior of 

silanes under high pressure has generated some interest in view of their potential as a route towards 

the formation of metallic hydrogen [25-27], but the properties of alkali-silicon-hydrides has also 

potential relevance to the formation of exotic exoplanets: sodium hydrides have been suggested in 

exoplanetary atmospheres [28]. Visscher et al. [29] suggested that, while SiO will be prevalent in 

the atmospheres of exoplanets and brown dwarf stars at low pressures, on increasing pressure 

silane should become the most abundant silicon species. Furthermore, Yurchenko et al. [30] 

demonstrate that species such as SiH may be present following reaction with SiO. Alkali silicon 

hydrides may well form in such high-pressure environments, and their behavior and properties at 

the conditions of exoplanetary interiors is of particular importance. 

Hypervalences are well established in chemistry, in which central atoms attain an environment 

of valence electrons that exceeds eight through their coordination with ligands [31]. The Lewis-

Langmuir theory of valence attributed the stability of molecules to their ability to place their 

valence electrons, when appropriately paired off as chemical bonds, into stable octets. In 2012, 
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Puhakainen et al. showed that 𝐹𝐹𝐹𝐹3𝑚𝑚-K2SiH6 with octahedral-structured [SiH6]2- anions could be 

synthesized by potassium hydride (KH), potassium silicide (KSi), silicon, and hydrogen via 

reactions KH + Si + H2 or KSi + H2 at pressures above 4 GPa and temperatures between 450-650 

∘C [32]. More recently, Liang et al. [33] and Zhang et al. [34] proposed the existence of several 

different types of Li-Si-H compounds, including layer-type [SiH5]- in LiSiH5, and tricapped 

triangular prismatic  [SiH6]2- in Li2SiH6, and LiSi2H9 and LiSiH8 superconductors. 

Here we extend this study of alkali silicon hydrides by an exploration of the sodium system and 

uncover several ternary Na-Si-H phases that exist with unusual structures and properties at high 

pressure. Remarkably, we find a novel H- conducting material, 𝑃𝑃3𝑚𝑚1 −Na2SiH6, with hypervalent 

H-rich structure, which displays unexpected superionicity of H- in its covalent framework and 

shows a quite different mechanism from both hydride ions conductors in all-solid-state batteries 

and proton superionic conductors. In addition, we propose the probable phase diagram of Na2SiH6 

and suggest potential conditions for exoplanetary paragenesis. 

Computational methods. Structure searches in the system Na-Si-H were performed using ab 

initio calculations as implemented in the AIRSS (Ab Initio Random Structure Searching) code [35, 

36] combined with CASTEP (Cambridge Sequential Total Energy Package) [37]. Full variable-

composition predictions were firstly performed within 50,000 structures at pressures of 10 GPa, 

50 GPa, 100 GPa, and 200 GPa. Then, fixed composition predictions were employed to further 

search structures for stable compounds. The VASP (Vienna ab initio simulation packages) code 

[38] was used to optimize crystal structures and calculate the electronic properties, where the 

Perdew–Burke–Ernzerhof [39] implementation of the generalized gradient approximation was 

performed. The electron-ion interaction was described using projector-augmented-wave potentials 

[40] with the 1𝑠𝑠1, 2𝑠𝑠22𝑝𝑝63𝑠𝑠1 and 2𝑠𝑠22𝑝𝑝63𝑠𝑠23𝑝𝑝2 configurations treated as valence electrons for 
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H, Na and Si, respectively. The kinetic cutoff energy of 800 eV, and Monkhorst-Pack 𝐤𝐤 meshes 

with grid spacing of 2𝜋𝜋 × 0.03𝐴̊𝐴−1 were adopted to ensure the enthalpy converged to less than 1 

meV/atom. The phonon calculations were implemented in the PHONOPY code [41]. The 

crystalline orbital Hamilton populations (COHPs) were calculated as implemented in the 

LOBSTER [42] package, to investigate the Si-H bonding characteristics. Bader charge analysis 

[43] was used to determine charge transfer, and the electron localization function (ELF) [44] was 

used to describe and visualize chemical bonds in molecules and solids. 

To explore the dynamical properties, we performed extensive ab initio molecular dynamics 

(AIMD) simulations based on the Born-Oppenheimer approximation implemented in VASP 

within the pressure range 3 to 200 GPa and set the temperature range 1,000-3,000 K. AIMD 

simulation were performed in 3×3×3 supercells (243 atoms) for  𝑃𝑃3𝑚𝑚1 −Na2SiH6, with Γ-

centered k point.  We also used 4×4×4 supercells (576 atoms),  5×5×5 supercells (with 1125 

atoms) and 2×2×2 k mesh to test the convergence. We adopted the canonical 𝑁𝑁𝑁𝑁𝑁𝑁 ensemble, 

lasting for 12 ps with a time step of 1 fs, and we allowed 2 ps for thermalization and then extracted 

data from the last 10 ps. Some simulations were extended to 30 ps to check stability. MDAnalysis 

codes [45, 46] were used to postprocess the data. 

 

Figure 1. The Na-Si-H ternary phase diagram as a function of pressure. Large purple circles 

represent compounds located on the convex hulls, and Na2SiH6 located on the convex hulls is in 
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particular picked out by the small Earth symbol. Small red diamonds represent structures which 

are located above the convex hulls. 

Stability, structure and properties of Na-Si-H compounds. We have performed an extensive 

exploration of the high-pressure phase stabilities of phases within the Na-Si-H system using the 

random structure searching method implemented in the AIRSS code. This has led to the discovery 

of four stable ternary stoichiometries, NaSiH5, Na2SiH6, Na3SiH10, and Na2SiH14, as shown in 

Figure 1. At 3 GPa, Na2SiH6 is the only ternary structure located on the convex hull. As pressure 

increases, more and more ternary stoichiometries become thermodynamically stable. These 

include Na2SiH6 and Na2SiH14 located on the convex hull at 100 GPa. On further pressure increases, 

NaSiH5, Na2SiH6, and Na3SiH10 all appear on the convex hull at 200 GPa. Furthermore, Na2SiH8, 

Na2SiH10, Na2SiH12, and Na2SiH16 are less than 2 meV/atom above the convex hull at 200 GPa, 

and are dynamically stable. We note that Na2SiH6 is the only phase stable across the entire pressure 

range of 3 to 200 GPa. 
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Figure 2. Crystal structure and properties of Na2SiH6. (a) Crystal structure projected in different 

directions. (b) Phonon dispersion relations at 100 GPa. (c) Electronic band structures and projected 

density of states at 100 GPa. (d) ELF calculation in (0, 0, 1) and (2, -1, 0) sections. 

Na2SiH6 adopts a structure with trigonal 𝑃𝑃3𝑚𝑚1 symmetry, in which each Si is bonded to six H 

forming octahedra [SiH6]2- groups (Figure 2(a)), with no phase transition observed up to 200 GPa. 

The absence of imaginary frequencies in the phonon spectra in Figure 2(b) indicates that 𝑃𝑃3𝑚𝑚1 − 

Na2SiH6 is dynamically stable. As shown in Figure S1 in the supplementary material (SM), 

Na3SiH10 and Na2SiH6+δ (δ = 2,4,6,8,10) also form structures based on octahedra [SiH6]2- anions, 

and there are many H2 units extended into different directions in their cells reducing their 

symmetries to 𝑃𝑃1. At 200 GPa, we found a structure of NaSiH5 which adopts the same layer-typed 

phase as LiSiH5 seen in Liang et al.’s [33] work (see Figure S1(a) and Figure S2 in the SM), and 
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another different linear-type structure also composed of [SiH6]2- anions forming in space group 

Imm2-Na2SiH12  (see Figure S3 in the SM). Predicted structural parameters of these ternary 

compounds are listed in Table S1, and are listed in Figure S4-S11 in the SM. 

We examined the electronic properties of these predicted Na-Si-H compounds, and Bader charge 

analysis reveals a charge transfer from Na/Si to H (Table S2 in the SM), suggesting that both Na 

and Si are electron donors and provide electrons to H. Na constantly loses approximate 0.75-0.81 

e- per atom and Si loses approximate 2.6-3.0 e- per atom in the stable phases. The electronic band 

structure calculations and the projected density of states, given in Figure 2(c), demonstrate that 

Na2SiH6 is an insulator with a wide band gap. Almost all of Na-Si-H compounds are 

semiconductors or insulators with band gaps greater than 1 eV, as shown in Figure S12-19 in the 

SM. Figure 2(d) shows the articulated skeleton constructed by octahedral [SiH6]2- molecular anions. 

To investigate the Si-H bonding characteristics, we calculated the COHP of Si-H bonds in Na2SiH6 

depicted in Fig. S20 in the SM. The integrated COHP values of Si-H bond is -4.05 at 10 GPa and 

-4.23 at 20 GPa indicating that bonding between Si and H is covalent. In addition, the Si-H distance 

is 1.583 Å at 10 GPa (Table S3) which is larger than other Na-Si-H compounds.  

Superionicity of Na2SiH6. We have also studied the dynamical properties of Na2SiH6, which is 

stable over a relatively large and continuous pressure range. We performed extensive ab initio 

molecular dynamics (AIMD) simulations within the pressure range 3-200 GPa and temperature 

range 1,000-3,000 K. Atomic diffusion coefficients (D) of H, Si, and Na were calculated from the 

mean-square displacements (MSDs) as shown in Figure 3(a)-(c). Surprisingly, we found a region 

of superionicity with extraordinary diffusive H. This superionic phase can be classified as one of 

three phases in terms of the diffusion coefficient (D) of the H atoms: the solid phase (𝐷𝐷H = 𝐷𝐷Na =

𝐷𝐷Si = 0), the fluid phase (𝐷𝐷H > 0, 𝐷𝐷Na > 0, and 𝐷𝐷Si > 0), and the superionic (SI) phase (𝐷𝐷H > 0 



10 

 

but 𝐷𝐷Na = 𝐷𝐷Si = 0),  and Si-H atomic trajectories of (1, 0, 0) Si-H layers are correspondingly 

provided in Figure 3(d)-(f). 

 

Figure 3. Dynamical behaviors of H (red) and Na (grey) atoms compared to Si atoms (blue) in the 

Na-Si-H compounds under high pressure and temperature. MSD calculated from the AIMD 

simulations for Na2SiH6 compounds in the solid and superionic states. (a)-(c) are the averaged 

mean-squared displacements (Avg MSD) under different pressures and temperatures. We obtain 

the diffusion coefficients DH from the slopes of MSD curves. (d)-(f) are the representations of 

atomic trajectories in one supercell from the simulations for three distinct phases: (d) the solid 

phase (10 GPa and 1,000 K), (e) the superionic phase (10 GPa and 1,500 K), (f) the superionic 

phase (20 GPa and 1,800 K). Only (1, 0, 0) Si-H layers are plotted in (d)-(f), and the Si and H 

atoms are dividedly plotted in blue and red.  
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At 10 GPa and 1,000 K, Na2SiH6 is a solid phase with all atoms vibrating around their 

equilibrium positions in the crystal structure and diffusion coefficients of 𝐷𝐷H = 𝐷𝐷Na = 𝐷𝐷Si = 0, as 

shown in Figure 3(a). In the same structure, as temperature increases above 1,500 K, the H atoms 

appear diffusively mobile with DH = 1.188×10-10, while the Na and Si atoms still keep vibrating 

around their mean lattice positions. This suggests that the solid Na2SiH6 transforms to the 

superionic conducting state at this condition. Finally, upon increasing the temperature all the way 

up to 1,800 K, all the atoms diffuse freely indicating melting of Na2SiH6 (not shown here). The 

superionicity of Na2SiH6 is first observed at about 5 GPa and 1400 K. At 10 GPa, it tends to be an 

insulating solid until the temperature reaches to 1,050 K, at which point the material transforms to 

a superionic conductor. When the temperature increases above 1,800 K, Na2SiH6 appears to 

become fluid. At 20 GPa, 𝑃𝑃3𝑚𝑚1 −Na2SiH6 appears to be an insulating solid up to 1,800 K, then 

becomes superionic, becoming fully fluid above 2,000 K. High pressure inhibits the diffusion of 

H atoms but high temperature enhances the diffusion of H atoms (Table S4 in the SM), which is 

reflected in the values of 𝐷𝐷H in Figure 3. Calculations on larger supercells with 4×4×4 supercells 

(576 atoms) and 5×5×5 supercells (1125 atoms) were also performed, and we obtained similar 

diffusion coefficients of 𝐷𝐷H, 𝐷𝐷Na and 𝐷𝐷Si, compared to 3×3×3 supercells. 

We note that 𝐷𝐷H of H atoms in superionic 𝑃𝑃3𝑚𝑚1 −Na2SiH6 is of the order of 10-10-10-11 m2/s, 

which is lower than H atomic diffusion in Ni-H at ambient pressure and 1000 K (estimated as 10-

7-10-8 m2/s) [47], and also lower than H diffusion in He-H2O/He-NH3 compounds under ice giant 

planet conditions (estimated as 10-8-10-10 m2/s) [1, 2]. It is common practice to express the 

diffusion coefficient in the form: 
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𝐷𝐷0
� = −

𝑄𝑄
𝑅𝑅𝑅𝑅

   (1)  

where Q is the height of the activation barrier, D0 is a pre-factor which is often assumed to be 

independent of the temperature T, and R is the gas constant. At 10 GPa, a linear fit between 1500 

and 1700 K of the computed data for DH of H atoms in superionic 𝑃𝑃3𝑚𝑚1 −Na2SiH6 gives Q = 

39.50 kJ/mol (0.42 eV), and D0 = 1.201×10-10 m2/s. The activation barrier for H diffusion in 

superionic 𝑃𝑃3𝑚𝑚1 −Na2SiH6 is a little higher than that of about 0.4 eV suggested for hydrogen-

oxygen fuel cells [21, 22]. As shown in Figure 3(e) and (f) for atomic trajectories in the superionic 

phase, H atoms move freely around adjacent Si atoms.  

The diffusion velocity of H- in Na2SiH6 is much slower than both H- conductors in all-solid-state 

batteries and superionicity of H+ such as H2OHe2. In traditional hydride ionic conductors, H- is 

always associated with vacancies or high symmetry sites and does not support the structure of 

parent materials, so the activation barrier of H- transport between vacancies is faster than that in 

the strong bonding structures such as Na2SiH6 presented here. Comparing the diffusivity with H+ 

transport seen in materials such as that in H2OHe2, H- occupies a larger volume, which explains 

the lower diffusion velocity of H- compared to that of H+.  

We further explored the dynamic properties of the other stable Na-Si-H compounds identified 

by our structure searches. In particular, we have calculated averaged mean-squared displacements 

(MSD) of ternary stoichiometries NaSiH5, Na3SiH10, and Na2SiH14 at their stable pressures and 

2000 K. Unlike Na2SiH6, our results do not indicate superionic behavior in any of these phases. 
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Figure 4. Proposed phase diagram of Na2SiH6 at high pressure and temperature obtained from 

structure searches and AIMD simulations. (a) Detailed phase diagram from 2-10 GPa. (b) Total 

phase diagram from 2-100 GPa. Different colored spheres are used to mark the simulations. 

Na2SiH6 shows three different phases as temperature and pressure changing, which are liquid 

phase, solid phase, and superionic phase. 

Pressure-temperature phase diagram of Na2SiH6. Inspired by the temperature-induced features 

in Na2SiH6 discussed above, we expanded the pressure range studied to explore the superionic 

region from ambient pressure up to about 100 GPa with pressure steps of 10 GPa in Figure 4(b), 

and calculated the region from ambient pressure up to 10 GPa in detail with pressure steps of 1 

GPa in Figure 4(a). Each of colored spheres in Figure 4(a)-(b) corresponds to an independent 

simulation. As shown in Figure 4(a)-(b), two different melting curves divide the phase diagram of 

Na2SiH6 into three regions: solid, superionic and fluid. The thermal fluctuations of Na2SiH6 

increase rapidly across the low-pressure range. In the superionic state, the thermal fluctuations 

increase more gradually above 20 GPa. Finally, superionicity is inhibited with increasing pressure 

and finally disappears at higher pressures. The melting curve dividing solid and liquid flattens off 

above 30 GPa. The conditions seen here represent those typical of modest depths (of the order of 
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100s of km) in planetary interiors and suggest the potential prevalence of ionic conductivity in 

carbon exo-planets. Such conductivity will typically induce magnetic fields, with subsequent 

implications for the formation and retention of planetary atmospheres and habitability.  

The law of equipartition of energy implies that, at equilibrium, the energy should be equally 

distributed among the degrees of freedom. Thus, lighter atoms with the same kinetic energy should 

move faster than heavier atoms in non-interacting systems. Within our Na-Si-H compounds, H 

atoms from [SiH6]2- ions show greater mobility. Combining the Bader analysis results (Table S2), 

the radial distribution functions (RDF) (Fig S22), and dynamic behaviors of atoms of Na2SiH6  

(Table S4 in the SM), we find that the H- in the [SiH6]2- ions move fastest and play an important 

role in charge transport, which is contrasts with observations of the behavior of H+ in earlier work 

[1, 2, 11]. The temperature and pressure that we predict would be required for synthesis of 

superionic state of Na2SiH6 are much lower and more accessible than those predicted for the 

synthesis of superionic water, H3O, or He-H2O/He-NH3 compounds, which suggests it may be 

possible to observe this phenomenon by measuring the electrical conductivity of H- in [SiH6]2- [6, 

7].  

In summary, our crystal structure searches with AIRSS and first-principles calculations have 

identified several stable or meta-stable hypervalent structures, which are dynamically stable at 

high pressure conditions. Several different types of hypervalent ions were discovered with layer-

typed [SiH5]- and linear [SiH6]2-. For 𝑃𝑃3𝑚𝑚1 −Na2SiH6, we find a H- superionic conductor at high 

pressure and temperature and suggest a novel mechanism of hydride ion transport in hypervalent 

structures. At relatively low pressures of 3 GPa, the superionic region exists and is increasingly 

inhibited by increasing pressure up to above 10 GPa, where it finally disappears. Superionic states 

of Na2SiH6 appear at much lower pressure and temperature conditions than those predicted for hot 
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ice or other H+ superionic compounds, which suggests this behavior may be more easily accessed 

in future experiments. Our findings propose a class of hydride ion conductors with hypervalent 

structures that have not previously been recognized, furthering our understanding of superionicity 

associated with hydride ions. We note that the conditions at which we see superionic behavior 

correspond to those of modest depths in planetary interiors. Since hydrides, such as Na2SiH6, are 

likely stable in the planetary interiors of carbon exo-planets, our results indicate that such bodies 

may be able to sustain long-term magnetic fields, increasing their potential for the development of 

planetary atmospheres and exotic life forms. 
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