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Abstract

On the basis of DFT calculations, the Li-ion migration was analyzed for LiBH4, LiNH2, Li2NH, 

Li2BH4NH2, Li4BH4(NH2)3 and Li5(BH4)3NH complex hydrides by means of the nudged elastic 

band method. In addition, a Voronoi-partition-based method, as implemented in the ToposPro 

program package, was adopted to determine cavities and channels in the complex hydrides and 

possible Li-ion migration pathways were computed. Experimental data for the Li-ion conductivity 

in the six compounds, measured by electrochemical impedance spectroscopy, have been taken from 

the literature and activation energies have been determined by a statistical analysis. A link between 

experimental and calculated activation energies has been evidenced, suggesting that topological 

analysis can provide good hints for the estimation of ion conductivity in complex hydrides.

Keywords: Li-ion conductivity, complex hydride, migration activation energy, nudged elastic band 

method, conductivity pathways, geometrical/topological analysis.
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1. Introduction

Complex hydrides Mx(XHn)y (where M is a metal cation, e.g. Li+, and XHn is a complex anion, e,g, 

[BH4]-, [NH2]-, [NH]2-) cover a class of ionic compounds, which offers several energy-related 

applications, for example as potential hydrogen storage materials1 to be used in future fuel cell 

technologies.2 Recently, these compounds were suggested as electrolytes for all solid-state 

rechargeable batteries, owing not only to a high ionic conductivity coupled with a sufficient 

chemical and electrochemical stability, but also because of a strong compatibility with metallic Li.3 

LiBH4 shows an orthorhombic phase stable at room temperature (RT), with low Li-ion conductivity, 

as well as a hexagonal phase stable at temperatures higher than 110 °C, displaying superionic 

conductivity.4 Different approaches have been applied in order to increase the Li-ion conductivity 

of these compounds. It can be achieved, for example, with stabilizing of the hexagonal phase by 

mixing it with halides5,6 or creating a high conductive interface by mixing or nano-confining it with 

oxides.7,8 New compounds can be also formed, as in the case of mixing LiBH4 with lithium imide 

and amide.9,10 In the system LiBH4-LiNH2, two complex hydrides are stable at RT, Li2(BH4)(NH2) 

and Li4(BH4)(NH2)3, and they exhibit lithium-ion conductivities higher than 10−4 S/cm at RT.10–12 

Considering the system LiBH4-Li2NH,  Wolczyk et al.9 reported the stability at RT of a novel 

compound, Li5(BH4)3NH, that shows a Li-ion conductivity close to 10−6 S/cm at RT.

The Li-ion conductivity strictly depends on the energy barrier for diffusion, i.e. the minimum 

energy needed to complete a jump from one site to another in the crystal structure. Several 

approaches have recently been applied in the literature to obtain the value of this energy barrier and 

hence predict the ionic conductivity, such as the nudged elastic band (NEB) method,13–15 ab initio 

molecular dynamics (AIMD) simulations,16 or even the bond-valence (BV)17 for high-throughput 

pre-screening analysis.

Topological methods have also been successfully applied to reveal new prospective Li- and Na-

cation conductors with oxide anionic frameworks.18–20 For this purpose, the combined 

geometrical/topological analysis, which uses the Voronoi partition of crystal space to convex 

polyhedra for searching for voids and channels available for mobile ions as well as the network 

analysis of the resulting migration map, was implemented in the ToposPro program package.21 

Since the topological approach is universal, it was successfully improved and extended to new 

classes of materials, including complex hydrides.22,23

Another route for an extension of semi-quantitative topological methods is to combine them with 

other simulation techniques, allowing the study of ionic transport properties at different levels of 

theory. We adopted the combination of experimental Solid State NMR with the computational ab 

initio modeling, namely density functional theory (DFT), to investigate the solid state properties of 
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metal hydrides and borohydrides.12,24 Herein we aim to correlate ion conductivity with theoretical 

approaches, including the nudged elastic band (NEB) method, as implemented in various DFT 

packages, intended for studying energy characteristics of transition states by searching for minimum 

energy pathways.14,15

This paper aims to provide a comprehensive study of the Li-ion transport peculiarities in LiBH4 

LiNH2, Li2NH, Li2BH4NH2, Li4BH4(NH2)3 and Li5(BH4)3NH complex hydrides, by a combined 

topological–DFT approach. In this study, we apply the Voronoi-based approach for searching for 

spatially available Li-ion migration pathways and for the calculation of their geometrical 

characteristics. The pathways are then explored by the NEB method to determine migration 

energies barriers and to build possible migration maps for the mobile cations. In addition, we use a 

topological approach to identify the topological type of the migration maps obtained by the NEB 

method. Results on activation energy for Li-ion conductivity obtained using computational methods 

have been compared with those obtained experimentally in the literature, providing additional 

insight on the mechanisms of ion mobility in complex hydrides.

 

2. Methodology

The crystal structures of LiBH4 LiNH2, Li2NH, Li2BH4NH2, Li4BH4(NH2)3 and Li5(BH4)3NH 

complex hydrides have been taken from the literature, as detailed in Table S1 in Supporting 

Information. 

To construct and explore migration maps for mobile Li+ cations, we have used three methods of 

modeling, which are based on DFT methods, geometrical Voronoi partition and topological network 

approach.

2.1. DFT modeling

The method implemented in a step-by-step manner used within the current research was recently 

proposed and tested for solid state electrolytes.25,26 The relaxation (cell shape/volume and atom 

positions) of the available crystal structures was performed using the projector-augmented wave 

approach with the Perdew-Burke-Ernzerhof (PBE)27 exchange-correlation functional as 

implemented in Vienna Ab Initio Simulation Package (VASP).28 The recommended 

pseudopotentials were used for each chemical element. The convergences of total energy value (the 

tolerance of 10−4 eV/atom), unit cell vector length and orientation (the tolerance of 10−3 Å with 

respect to the projections of the lattice vectors) were achieved with respect to plane-waves kinetic 

energy cutoff value (varying from 400 to 1000 eV with step of 200 eV) and density of the reciprocal 

space sampling within the Monkhorst–Pack (Γ-centered) scheme (the length parameter for 

automatic sampling procedure is varied from 10 to 30 Å with step of 5 Å). The energy cutoff of 600 
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eV and length parameter of 20 Å fitted the aforementioned convergency requirements for all 

systems studied.

At the next step, the optimized structures for the compounds under consideration were used for 

searching for migration pathways. In order to form the sets of independent Li–Li pathways, we have 

constructed the Voronoi partition for the Li sublattice ignoring all other atoms, as shown as an 

example in Figure 1 for Li2NH. In the Voronoi partition, each Li atom centers a convex Voronoi 

polyhedron, each internal point of which is closer to this Li than to other Li atoms of the sublattice. 

For each independent Li+ (central) cation, we have accounted for all other Li+(i) cations, Voronoi 

polyhedra of which are adjacent to that of the Li+(central), i.e. they have a common face, edge or 

vertex with the Li+(central) Voronoi polyhedron. The longest Li+(central)-Li+(i) distance defines the 

trusted radius, Rtrust. Thus, the Voronoi partition was used here just to find the closest environment 

of a given Li+ cation in the sublattice of mobile (Li+) cations. Any jump of the Li+(central) could be 

expected only to one of the neighboring Li+ positions located inside the Rtrust sphere that surrounds 

the Li+(central). This approach does not fix the Rtrust value, which can vary from one structure to 

another depending on the distribution of the mobile cations.

Figure 1. The Voronoi polyhedron of a Li+ cation in the Li sublattice of the Li2NH crystal structure. The 

solid, dashed-dotted and dashed lines correspond to contacts between two Li+ cations, which Voronoi 

polyhedra are adjacent by face, edge and vertex, respectively.

After that, each symmetry-independent pathway was modeled as a transition of Li+ from one vacant 

equilibrium position to another (which corresponds to an ion-vacancy exchange) and evaluated by 

means of the climbing image (CI) NEB method14 as implemented in the CP2K code.29 Three-

dimensional periodic boundary conditions were applied for all modeled systems. All unit cells with 
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dimensions smaller than 8 Å were replaced by the corresponding supercells in order to exclude 

vacancy self-interaction. For the same reason, all the NEB runs were performed at the Г-point of the 

reciprocal space.

For each pathway within the NEB modeling, eight replicas (images) were calculated using 

additional relaxation of the starting and ending replicas. The QuickStep30 routine was used in the 

electron density calculations. The Goedecker-Tetter-Hutter pseudopotentials with the PBE 

exchange-correlation functional and the DZVP-MOLOPT-SR-GTH basis sets were chosen for all 

elements in the systems. The energy cutoff value of 800 Ry was applied. Three-dimensional 

periodic boundary conditions were applied with adding net charge of -1 electron charge value (due 

to Li+ ion extraction). The tolerance on the maximum values of atom displacements and forces 

acting on atom of 2∙10−4 Å and 4.5∙10−4 Ha/bohr, respectively, and the maximum allowed RMS 

values of displacements and forces of 10−4 Å and 3∙10−4 Ha/bohr were chosen as the convergence 

control parameters for the NEB method.

For a particular pathway, the migration energy, Em, was evaluated as the difference between the 

maximal value of the corresponding energy profile and the minimal energy value among all profiles 

obtained for the structure under consideration. Thus, possible energy differences of 

crystallographically inequivalent Li-ion vacancies, as well as possible favorable intermediate 

positions of the mobile ion, were taken into account. At the last stage, the pathways were sorted by 

their Em values to obtain the energy limits for all possible periodicities of the migration map; each 

limit was determined as the maximum Em value among all pathways, which formed the map.

From the migration energies, it is possible to derive the ionic conductivity  in an isotropic medium 𝜎

as described in details by Goodenough et al.31,32. For ion-vacancy conduction, Ohm’s law has the 

form:

, (1)𝑗 = 𝜎𝐸 = 𝑁𝑉𝑁𝑞𝑣

where j is the current density, E is the applied electric field, NV and N are the numbers of vacant 

sites and normal sites in the lattice, respectively, q is the ion charge and v is the moving ion 

velocity. The ionic conductivity can be then expressed as:

, (2)𝜎 = 𝑁𝑉𝑁𝑞𝑢

where , i.e. the charge-carrier mobility. Considering the Nernst-Einstein relationship for the 𝑢 = 𝑣 𝐸

mobility  and the Arrhenius expression for the diffusion coefficient , 𝑢 = 𝑞𝐷/𝑘𝐵𝑇 𝐷 = 𝐷0𝑒
― 𝐸𝑚 𝑘𝐵𝑇

and introducing them into eq. (2) we obtain:

, (3)𝜎 =
𝜎′0

𝑇 𝑒
― 𝐸𝑚 𝑘𝐵𝑇
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where ,  is the migration entropy and kB is the Boltzman constant. 𝜎′0 = (𝑁𝑞2

𝑘 )𝑁𝑉𝐷0𝑒
― ∆𝑆𝑚 𝑘𝐵𝑇

∆𝑆𝑚

Given the vacancy formation energy Ef and where A is a constant, by substituting 𝑁𝑉 = 𝐴𝑒
― 𝐸𝑓 𝑘𝐵𝑇

into eq. (3) we finally obtain

, (4)𝜎 =
𝜎0

𝑇 𝑒
― (𝐸𝑚 + 𝐸𝑓) 𝑘𝐵𝑇

=
𝜎0

𝑇 𝑒
― 𝐸𝐴 𝑘𝐵𝑇

where  is a pre-exponential factor and  is the activation energy for ion-vacancy 𝜎0 𝐸𝐴 =  𝐸𝑚 + 𝐸𝑓

conduction. It can be seen that this activation energy depends both on the migration energy and the 

vacancy formation energy.

The latter was calculated using DFT according to the formalism detailed in by Van de Walle et al.33 

for a defect or impurity X in charge state q:

, (5)𝐸𝑓[𝑋𝑞] = 𝐸𝑡𝑜𝑡[𝑋𝑞] ― 𝐸𝑡𝑜𝑡[𝑝𝑒𝑟𝑓𝑒𝑐𝑡] ― ∑
𝑖𝑛𝑖𝜇𝑖 +𝑞𝐸𝐹

where  is the total energy obtained from a supercell DFT calculation with one impurity or 𝐸𝑡𝑜𝑡[𝑋𝑞]
defect X, is the total energy for the equivalent supercell without defects,  is the 𝐸𝑡𝑜𝑡[𝑝𝑒𝑟𝑓𝑒𝑐𝑡] 𝑛𝑖

number of atoms of type I (host atoms or impurity) that have been added to ( ) or removed 𝑛𝑖 > 0

from  ( ) the supercell when the defect or impurity is created and  are the corresponding 𝑛𝑖 < 0 𝜇𝑖

chemical potentials of these species. These chemical potentials represent the energy of the reservoir 

with which atoms are being exchange and can be determined from the experimental conditions in 

which the defect creation occurs. Finally, EF is the Fermi level, also referred to as the electronic 

chemical potential referenced to the valence band maximum in the bulk. Note that EF is not a free 

parameter, i.e. cannot be freely varied, but it is ultimately determined by the condition of charge 

neutrality. For a neutral defect (q=0), it does not affect the vacancy formation energy in eq. (5).

This formalism can be applied to neutral and charged defects, vacancies and interstitial atoms and 

was here used to obtain the formation energies for the relevant defects, as described in the 

following. For these supercell calculations, the VASP code was used with the same settings as 

described above for the relaxation of the crystal structures, except for the k-point meshes for the 

reciprocal space sampling, which were appropriately reduced maintaining the same target accuracy. 

After introducing the defect, each supercell was relaxed with respect to the ionic positions, while 

keeping the cell parameters of the perfect bulk. For charged defects calculations, a compensating 

uniform background (jellium) is imposed to restore charge neutrality in the system.34

2.2. Geometrical modeling 

In the DFT approach, the migration pathways were selected among all geometrically possible jumps 

of Li+ cations after relaxation of the structure in accordance with the energy criteria. To support the 

results obtained we applied an independent approach, which is based on the analysis of the Voronoi 
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net, which is formed by vertices and edges of the Voronoi polyhedra of all (framework) atoms 

except mobile cations as shown in Figure 2a and Figure 2b for Li2NH.18 By definition, the vertices 

and edges of Voronoi polyhedra represent the points of the crystal space, which are most distant 

from the framework atoms and, hence, mimic possible migration paths for mobile ions. This 

approach is somewhat opposite to the Voronoi method of searching for possible Li+ migration paths 

in the DFT modeling described above. Here Li+ cations should be excluded from consideration to 

leave possible migration channels free for the geometrical analysis, while in the DFT analysis only 

the Li+ sublattice should be considered with the Voronoi method just to find the starting and ending 

points for the NEB trajectories.

Figure 2. a) The Voronoi polyhedra constructed for H and N atoms in the Li2NH structure, b) the Voronoi 

net formed by vertices and edges of the atomic Voronoi polyhedra, c) the Voronoi subnet that corresponds to 

the widest three-periodic channels system. The X points correspond to the vertices of the polyhedra.

At the second step, the radii of cavities and channels were evaluated. This step included the 

calculation of distances from nodes and edges of the Voronoi net to the closest atom, accounting for 

its radius; the distances reduced by the atom radius corresponded to cavities and channels radii, 

respectively. Since the ionic radii are not well estimated for hydrides, we used the Slater radii,35 as 

previously applied successfully for the analysis of ion migration.18,19 In order to take into account 

lability and polarizability of structural groups, an empirical correction was applied to the radii of 

channels (see section 3.2). The correction obtained was then used for all complex hydrides under 

consideration.
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The third step comprised the search for a periodic system of channels that are available for 

migration of mobile ions. For this purpose, all the channels and cavities of the radii, which were 

smaller than the radius of the mobile ion, were removed.

Further, the non-periodic (finite) systems of channels and cavities were removed. The remaining 

infinite channel systems were assumed to be available for migration. Additionally, the Voronoi 

subnets that correspond to the widest periodic channels system, available for ion migration, were 

found. For this purpose, the nodes and edges of the net were sorted in ascending of their radii. Then 

the nodes or edges of the net with a minimal value of radius (i.e. the narrowest part of channel) 

were removed. This procedure was repeated until the periodicity of the subnet decreased. The 

subnet of channels obtained at the previous step of the procedure was assumed the widest for the 

given periodicity, as shown in Figure 2c for Li2NH.

2.3. Topological analysis

The topological analysis of the migration maps was carried out with the ToposPro package.21 For 

this purpose, one-, two- and three-periodic nets corresponding to the lowest energy migration maps 

were constructed based on the results of the NEB and geometrical analyses. To identify topological 

type of the migration map, the corresponding net was simplified by removing one- and two-

coordinated nodes and a set of topological descriptors were calculated for the simplified nets.36 The 

topological type of the migration maps was identified by comparing the calculated set of descriptors 

with those from the ToposPro topological type collection (TTD). The nomenclatures of the 

topological types as the RCSR bold three-letter symbols (e.g. sql or hcb), Fischer and Koch’s 

symbols of low-periodic sphere packings (e.g. 63(0,2)), or ToposPro TTD symbols (e.g. sqc2-7-

Cmmm) were described in detail elsewhere.37–39 This approach provides the information on the 

channels, which is essentially independent of their geometrical distortion and space group 

symmetry.

Thus, the three methods described above supplement each other as the geometrical approach 

enables one to estimate the possible positions for the NEB modeling, and the resulting NEB 

migration map is analyzed by the topological methods.

3. Results and Discussion

3.1. Migration energy limits

After relaxation, the relative deviations of cell dimensions less than 3% with respect to the 

experimentally available ones were obtained and no significant crystal structure changes were 
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observed for the compounds modeled. The resulting unit cell multiplicities, total numbers of the 

calculated independent pathways, distances of the longest transition, Rtrust (in brackets) are listed in 

Table 1.

Compound LiBH4 LiNH2 Li2NH Li2NH2BH4 Li4(NH2)3BH4 Li5(BH4)3NH

Supercell 2x2x2 2x2x1 2x2x2 1x1x1 1x1x1 1x1x2

Total number of 

pathways (Rtrust, Å)

5

(5.43)

8

(5.148

)

9

(4.35)

46

(7.932)

15

(5.712)

26

(5.870)

1

D
- - - - -

0.34

(3)

2

D

0.24

(1)
-

0.31

(2)
- -

0.48

(6)

Migration energy 

limit, eV

(number of 

pathways in a map)
3

D

0.30

(2)

0.46

(2)

0.32

(3)

0.53

(5)

0.30

(2)

0.56

(10)

1

D
1.214 - 1.326 1.245 - 1.387

2

D
1.168 - - - - -

CI-

NEB

The radius (Å) of 

the narrowest part 

of the widest one-, 

two-, or three-

periodic channel 

systems.
3

D
1.153 1.305 1.224 1.191 1.280 1.362

“iD” symbols correspond to a certain periodicity of migration map; “-” denotes that the map with a certain periodicity 

is not observed.

Table 1. The Li-ion mobility parameters obtained from DFT and ToposPro calculations.

The calculated total energy profiles of the minimal number of independent pathways, which are 

required to form a three-periodic migration map, are shown in Figure 3. The corresponding 

migration energy limits for certain periodicities of migration maps and numbers of the pathways 

involved in these maps (in brackets) are given in Table 1.
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Figure 3. The CI-NEB total energy profiles for the independent pathways, which are required to form the 

three-periodic migration maps in the a) LiBH4, b) LiNH2, c) Li2NH, d) Li2BH4NH2, e) Li4BH4(NH2)3, and f) 

Li5(BH4)3NH structures. The presented profiles are obtained after subtraction of the minimum energy among 

the three-periodic map pathways in the given structure.

3.2. Geometrical analysis

According to the results of the NEB calculation, all considered complex hydrides possess three-

periodic ionic conductivity, hence lithium cations move in a three-periodic channel system. The 

largest difference between Li radius (1.450 Å) and the radius of the narrowest channel in the widest 

three-periodic channel systems is 0.297 Å (Table 1). Thus, a value of 0.3 Å was chosen as the 

empirical correction of the channels radii to fit the results of the NEB calculations. This correction 

allows one to account for ion polarizability and relaxation of the atomic environment along the 

pathway during diffusion.

3.3 Topological analysis

3.3.1. LiBH4

The LiBH4 structure has two inequivalent lowest energy migration pathways (Figure S1). The 

pathways with the migration energy of 0.24 eV (Figure S1a) form a two-periodic (100) migration 

map with the sql topology (Figure S2). The pathways with the migration energy of 0.30 eV form 

zigzag [010] chains (Figure S1b). The chains connect the sql migration layers into a three-periodic 

migration map of the acs topology (Figure S3).

3.3.2. LiNH2

The LiNH2 structure has two inequivalent Li+ migration pathways (Figure S4), which form a three-

periodic migration map of the tfa topology (Figure S5). The migration map consists of (001) layers 

with the sql topology and the layers are connected by bridging pathways. The bridging pathways 
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have the migration energy of 0.18 eV (Figure S4a), whereas the migration layers are formed by the 

pathways with a higher migration energy of 0.46 eV (Figure S5b).

3.3.3. Li2NH

In the crystal structure of Li2NH, there are three inequivalent Li+ migration pathways (Figure S6), 

which form the lowest energy two- (Figure S7) and three- periodic (Figure S8) migration maps. 

The set of the pathways with the lowest migration energy of 0.007 eV gives rise to a non-periodic 

migration map, which does not provide conductivity (Figure S6a). However, together with chain 

pathways [010] with the migration energy of 0.31 eV (Figure S6b) they form two-periodic (001) 

layers (Figure S7) with the hcb topology. Addition of the pathway with the migration energy of 

0.32 eV (Figure S6c) leads to a three-periodic migration map of the sqc2-7-Cmmm topology 

(Figure S8). It is worth noting that the latest accounted pathway individually forms two 

independent two-periodic (010) layers of the sql topology.

3.3.4. Li2BH4NH2

The Li2BH4NH2 structure has five inequivalent Li+ migration pathways (Figure S9). Separately, 

each pathway does form no periodic pattern. Nevertheless, taken together they form a three-periodic 

migration map. The topology of the map is described by a 6-coordinated uninodal net with the 

(310.84.9) point symbol (Figure S10).

3.3.5. Li4BH4(NH2)3

The Li4BH4(NH2)3 crystal structure has two inequivalent Li+ migration pathways (Figure S11). The 

pathways with migration energy of 0.30 eV (Figure S11b) form a three-periodic migration system 

of the srs topology, while the lowest energy pathways of 0.21 eV (Figure S11a) are terminal 

(Figure S14) and do not influence the conductivity.

3.3.6. Li5(BH4)3NH

The Li5(BH4)3NH crystal structure has a quite complicated migration system, containing ten 

inequivalent pathways (Figure S13). Three of them (Figure S13a-c) form an one-periodic [100] 

migration map of the 63(0,2) topology (Figure S14). Six inequivalent migration pathways (Figure 

S13a-f) form a two-periodic (010) migration map (Figure S15), which is characterized by a 5,6-

coordinated binodal net with the (32.44.54)(34.46.5.64) point symbol. The three-periodic migration 

map (Figure S16) of the topology, which is described by a three-periodic 4, 7, 8-coordinated three-

nodal net with the (32.44)(36.45.54.65.7)2(38.414.56)2 point symbol, is formed by all ten inequivalent 

migration pathways. 
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3.4 Experimental data of Li-ion conductivity

A survey of experimental data on Li-ion conductivity reported in the literature was performed for 

each compound studied in this work. As experimental results of Li-ion conductivity and activation 

energy show significant scatter, a statistical analysis was carried out before comparison with 

theoretical findings, as described in Supporting Information. For all compounds except LiBH4, only 

a few Electrochemical Impedance Spectroscopy (EIS) measurements are reported in literature. 

Results of the statistical analysis are reported in Table 2.

As shown in Figure S17, several EIS measurements of the Li-ion conductivity of orthorhombic 

LiBH4 are reported in the literature, showing a significant scatter. As an example, data span from 5

10-8 S/cm to 7 10-7 S/cm at 70 °C, within more than an order of magnitude range. × ×

Unfortunately, details about experimental conditions regarding these measurements are often not 

reported in the original papers, hence results can arise from different experimental conditions and 

sample preparation methods.

A further experimental parameter to be considered is the application of mechanical milling. In fact, 

ball-milled samples show usually higher ion conductivity with respect to non-milled samples 

(Figure S17).40,41 The main explanation of the increased Li-ion conductivity is that the 

mechanochemical treatment increases the defect concentration of the orthorhombic LiBH4.7,41 The 

effect of ball milling on Li-ion conductivity in maintained if the sample is heated up to a 

temperature lower than the phase transition, as reported by Sveinbjörnsson et al.41 On the contrary, 

the higher ionic conductivity due to the mechanical milling effect is reduced after the phase 

transition, as reported by Matsuo et al.40 and Gulino et al.7 In fact, once the milled samples undergo 

the phase transition, defects are recovered and the Li-ion conductivity decrease.7 Therefore, the data 

of the ball-milled samples have been excluded in the calculation of the average values reported in 

Table 2.

The temperature dependence of ionic conductivity σ is related to the activation energy (EA) 

according to eq. (4), as described in the Methodology Section. From EIS measurements reported in 

the literature, the activation energy (EA) and the logarithm of the pre-exponential factor (ln σ0) were 

obtained by a linear fit of an Arrhenius plot for Eq. (1), by plotting the ln(σT) as a function of 

1000/T. A confidence interval was obtained from the linear fitting for both values of EA and ln σ0. 

This interval was calculated using a confidence level of 99.99 %. For each EIS measurements, the 

confidence level was chosen in order to include all the experimental points inside the interval, e.g. 

as shown in Figure S18.

Regarding LiBH4, the activation energies obtained from single set of data are reported in Table S2, 

while the values of the logarithm of the pre-exponential factor are shown in Table S3. Using the 

Page 13 of 27 Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
1 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 S

tu
di

 d
i M

ila
no

 o
n 

7/
21

/2
02

0 
9:

49
:0

1 
A

M
. 

View Article Online
DOI: 10.1039/D0QI00577K

https://doi.org/10.1039/d0qi00577k


14

confidence interval for each EIS measurement, it was also possible to calculate a maximum and 

minimum value of ln(σT), by using the maximum and minimum values, given by the confidence 

interval, of both EA and ln σ0. From these values, it was possible to calculate σ at 30 °C and a 

confidence interval associated to it, as reported in Table S4. For LiNH2, Li2NH, Li2(NH2)(BH4) and 

Li4(NH2)3(BH4) complex hydrides, both EA and ln σ0 values obtained from EIS measurements 

reported in the literature are shown in Table S5, whereas σ at 30 °C is reported in Table S6. 

From the statistical analysis, it was possible to obtain average values, for each compound, of the Li-

ion conductivity at 30 °C, the activation energy (EA) and the logarithm of pre-exponential factor 

(ln σ0) (Table 2). For the LiBH4 compound, the data obtained from literature EIS measurements of 

ball-milled LiBH4, have been excluded in the calculation of the average value. Note that for 

Li5(BH4)3NH only one measurement has been reported in the literature. Therefore, the value 

reported in Table 2, is not an average value, but corresponds to the value associated to the single 

measurement reported by Wolczyk et al.9. In some cases, the confidence interval for EA is > 0.05, 

which is relatively high compared to the corresponding values for EA (i.e. up to 10%) and confirms 

the existence of a large scatter in experimental results from different sources.

Compound Li-ion conductivity at 30 °C 
(S/cm) EA (eV) ln σ0

LiBH4 9.5x10-9 ± 2.07x10-9 0.75 ± 0.07 16 ± 2

LiNH2 5.36x10-11 ± 4.11x10-11 0.98 ± 0.06 19 ± 2

Li2NH 3.66x10-4 ± 8.92x10-5 0.60 ± 0.04 21 ± 2

Li2NH2BH4 1.01x10-4 ± 1.63x10-5 0.69 ± 0.06 23 ± 2

Li4(NH2)3BH4 1.54x10-4 ± 4.09x10-5 0.37 ± 0.02 10.1 ± 0.6

Li5(BH4)3NH 1.29x10-7 ± 8.33x10-8 0.73 ± 0.03 18 ± 2

Table 2. The average values of Li-ionic conductivity at 30 °C, activation energy (EA) and ln σ0 obtained by 

the statistical analysis performed for the different investigated complex hydrides.

3.5 Comparison between computed and experimental data

Possible relationships between values obtained experimentally and reported in the literature, (e.g. 

ionic conductivity at 30 °C and activation energy) and values calculated from the ToposPro output 
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(e.g. channels radius and migration energy) are investigated, in order to obtain some insight into the 

link occurring between Li+ ion conductivity and the topological properties of the corresponding 

crystal structures. 

Using the data reported in Table 2, a possible relationship between channel radii (as obtained from 

different periodicity) and values of Li-ion conductivity at 30 °C for the series of the compounds 

investigated (LiBH4, LiNH2, Li2NH, Li2BH4NH2, Li4BH4(NH2)3 and Li5(BH4)3NH) is shown in 

Figure 4.

Figure 4. Li-ion conductivity at 30 °C as a function of the radius of the narrowest part of the widest one-, 

two-or three-periodic channels in structures of LiBH4, LiNH2, Li2NH, Li2BH4NH2, Li4BH4(NH2)3 and 

Li5(BH4)3NH.

It is not possible to extract a clear trend from this figure, suggesting that the absolute value of Li-ion 

conductivity close to room temperature (i.e. at 30 °C) cannot be easily explained in terms of 

channel sizes in the structure. In fact, a significant contribution of the anionic species to the Li-ion 

conduction have been suggested for complex hydrides42 on the basis of the so-called “paddle-

wheel” mechanism.43 In fact, it should be emphasized that, although the crystal structures of 

Li2BH4NH2 (trigonal) and Li4BH4(NH2)3 (cubic) are rather different from those of the LiBH4 

(orthorhombic) and LiNH2 (tetragonal), the combination of anions containing hydrogen, i.e. (BH4)- 
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and (NH2)-, could provide new occupation sites for Li+ ions, which can account for their high 

mobility.11 LiNH2 is characterized by a low ion mobility, because the [NH2]- groups block the 

channels for Li+ diffusion.44 

A comparison between calculated values for the migration energy and the experimental activation 

energy for Li-ion conductivity is reported in Figure 5. As already described, the activation energy 

was determined by statistical analysis of literature results, whereas the migration energy limit was 

calculated from DFT, considering both 3D and 2D periodicity, as reported in Table 1. It can be 

noticed that, as for the quantities shown in Figure 4, also in this case there is no clear correlation 

between the calculated and experimental values, the latter being consistently and significantly 

higher than the calculated migration energies. The error bar associated to experimental values is 

large, as already pointed out, but not enough to account for the difference with computed values.

Figure 5. Relationship between the migration energy limit calculated from DFT for LiBH4, LiNH2, Li2NH, 

Li2BH4NH2, Li4BH4(NH2)3, and Li5(BH4)3NHand activation energy determined by a statistical analysis of 

literature data.
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The obtained values of the Em limits of migration maps formation (Table 1) are expected to 

underestimate the experimentally available Ea values, since the proposed approach does not include 

the energy contribution to the defect formation. 

To further investigate this point, we have first analyzed theoretical results for the defect formation 

previously reported in the literature for the systems studied in this work (Table 3). Note that no data 

have been found in the literature for Li2BH4NH2, Li4BH4(NH2)3, and Li5(BH4)3NH compounds, so 

the analysis has been limited to LiNH2, LiBH4 and Li2NH complex hydrides.

Compound Ref Ef Lii
+ or VLi

-

(eV)
Ef Frenkel 
pair (eV)

Min. distance
(Frenkel pair)

Em
(eV)

EA
(eV)

(45) 0.51 0.65 0.85 Å 0.2-0.3 0.71-0.81

(46) 0.57 0.72 / 0.46 1.03

(47) 0.52 0.79 / 0.44 0.96

(48) 0.49# 0.97 / 0.22-0.42 0.71-0.91

(44) / / / 0.38 /

LiNH2

Present 
work 0.45 0.90 ∞ 0.46 0.91

(49) 0.5 0.95 4.2 Å 0.3 0.8

1.2 ∞
(50) 0.6#

0.88 4 Å
0.1-0.3 0.7-0.9LiBH4

Present 
work 0.5 1.0 ∞ 0.30 0.80

(44) 0.24# 0.48 / 0.17-0.47 0.41-0.71
Li2NH

Present 
work 0.37 0.74 ∞ 0.32 0.69

 
#Calculated dividing by 2 the Ef Frenkel pair

Table 3. Defect formation and migration energies reported in the literature and calculated in this work for 

the considered systems. Ef is the formation energy for a single vacancy (VLi
-), or equivalently for a single 
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interstitial Lii
+ and for a Frenkel couple (see the text for details). Em is the migration energy of Li ions 

calculated in this work. Where available, the minimum distance between the vacancy and the interstitial 

atom in a Frenkel couple is also reported. EA is the activation energy obtained using Eq. (4). Note that the 

formation energy of Frenkel pair with finite distance (or not reported in the original paper) do not equal two 

times the formation energy of a single defect.

Calculated migration energies from the literature are also shown in Table 3 for comparison with our 

results and we can note that there is a satisfactory agreement between them. For example, Cho et 

al.50 reported similar values for LiBH4, in the range 0.1-0.3 eV, depending on the diffusion 

mechanism and paths. The value of 0.3 eV reported by Hoang et al.49 is matching our result. For 

LiNH2, several results are available from different authors within the range 0.20-0.46 eV, with our 

calculated value falling in the range, but close to the highest value.

The relevant possible defects for Li ion conductions are neutral lithium vacancies (VLi), neutral 

lithium interstitials (Lii) and the corresponding plus/minus one charged defects (VLi
-, VLi

+, Lii
-, 

Lii
+). In all studies reported in Table 3 and in the present work, the combination of VLi

- and Lii
+, 

also known as a Frenkel pair, has been found to be the most stable. We then assume this as a 

common mechanism for all examined compounds.

Regarding the defect formation energies, it is worth noting that different approaches can be used to 

obtain such energies from the DFT calculations. For example, most of the values in Table 3 have 

been calculated following an approach proposed by Van de Walle et al.33, which has been described 

in the Methodology Section and used in our own calculations. This method has been used in 

Refs.44–49. According to this approach, the formation energy of a single charged isolated defect can 

be plotted as a function of the Fermi level as in eq. (5). It has already pointed out, however, that this 

Fermi level is not a free parameter33. In a real system, in fact, the charge balance must be 

maintained, i.e. charged defects form as pairs, such as Frenkel pairs (VLi
-, Lii

+). The formation 

energies of VLi
- and Lii

+, calculated in eq. (5) as a function of EF, cross at a given Fermi level and 

the crossing point represents their formation energies in the real system. As a consequence, the 

formation energies of VLi
- and Lii

+ are the same and their sum gives the formation energy of the 

Frenkel pair at infinite distance, i.e. for isolated defects.

Another approach can be used for computing the formation energy of defect pairs, such as Frenkel 

or Schottky couples. Note that the formation energy of Frenkel or Schottky pairs can be obtained 

from the formation energies of single defects. The formation of such couples maintains the 

electrical neutrality of the crystal and there is no need to add correction terms and reservoirs. Hence, 

formation energies are simply obtained as difference between the total energies of supercells with 

Page 18 of 27Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
1 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 S

tu
di

 d
i M

ila
no

 o
n 

7/
21

/2
02

0 
9:

49
:0

1 
A

M
. 

View Article Online
DOI: 10.1039/D0QI00577K

https://doi.org/10.1039/d0qi00577k


19

and without defects. However, several possible crystallographic sites must be considered, where, for 

example, the interstitial atom in a Frenkel couple can move from its lattice position. Different 

distances between the interstitial atom and the vacancy are thus obtained and the formation energy 

can be obtained by extrapolation at infinite distance. Cho et al.50 reported the results for the 

formation energy of Frenkel defect pairs in LiBH4 using this approach.

Note that for LiNH2, several theoretical values are available, and a certain scatter can be observed in 

Table 3. As different computational parameters and program codes were used, it is difficult to 

clearly identify possible reasons for these differences, which can be considered as differences in the 

experimental measurements. Note also that, in some cases,45,49,50 a specific distance was assumed 

between the vacancy and the interstitial in the Frenkel couple, which may account for part of the 

discrepancies found. 

In order to estimate the activation energy, the energies of formation for VLi
- calculated in this work 

(Table 3) have been added to the calculated migration energy (Table 1 and 3) according to Eq. (4), 

and the results are reported in the last column in Table 3. 

A comparison between computed and experimental values for the activation energy for LiNH2, 

LiBH4 and Li2NH complex hydrides is shown in Figure 6. A satisfactory correspondence between 

theoretical and experimental values can now be observed when considering the experimental error 

bar. Despite the large scatter observed in both experimental and theoretical values, it appears 

reasonable to confirm that the Li-ion conduction mechanism theoretically considered in this work is 

realized in the complex hydrides.
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Figure 6. Activation energy calculated as a function of the values obtained from the statistical analysis of 

literature data, where different colors indicates different references, PW (“present work”) indicates the data 

calculated in this work. The dashed line is a guide for the eyes to show the correspondence of calculated and 

experimental values.

4. Conclusions

We have obtained the energy limits of a certain migration map periodicities with DFT calculations 

by means of the NEB method for the LiBH4, Li2NH, Li2BH4NH2, Li4BH4(NH2)3 and Li5(BH4)3NH 

structures. The sets of the energetically favorable migration pathways were subsequently analyzed 

in relation to their topologies and compared with the results of the geometrical search for migration 

channels. The geometrical/topological analysis of the migration pathways was performed using 

Voronoi partition method, which was adopted to determine cavities and channels in the structure of 

considered complex hydrides. It was shown that the topology of the lowest energy migration map 

obtained by the NEB calculations is in a good correlation with the Voronoi analysis. In addition, a 

statistical analysis of the literature data has been performed for each compound in order to obtain 

the average values for the activation energy, ln σ0 and Li-ion conductivity at 30 °C. A correlation 
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between the experimental and calculated values for Li-ion mobility has been evidenced for LiNH2, 

LiBH4 and Li2NH complex hydrides, suggesting that the topological analysis can adequately 

explain the ion conductivity in complex hydrides. Authors believe that the further development of 

the proposed combined approach concerning other migration mechanisms or defect influence on the 

ionic transport properties might be of high importance for its future applications.
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Graphical Abstract

Highlights

 The topological analysis of crystal structures for various complex hydrides has been 

performed with the ToposPro program package and possible migration energy limits have 

been calculated by DFT. 

 The activation energies for the Li+ ion migration have been determined by the statistical 

analysis of the literature data. 

 A correlation between computed and experimental activation energies has been evidenced 

for the LiNH2, LiBH4 and Li2NH compounds, suggesting that the topological analysis can 

adequately explain the ion conductivity in complex hydrides.
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Supporting information

Crystal structure of investigated complex hydrides

Sample Space Group
Lattice constants 

(Å)
Ref.

LiBH4 Pnma

a = 7.178 Å

b = 6.803 Å

c = 4.436 Å

1

Li2NH Fm3m a = 5.074 2

LiNH2 I-4
a = 5.079

c = 10.113
3

Li2BH4NH2 R-3
a = 14.498

c = 9.248
4

Li4BH4(NH2)3 I213 a = 10.673 4

Li5(BH4)3NH Pnma

a = 10.203,

b = 11.501

c = 7.047

5

Table S1. Structural details of all considered samples.
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Topological analysis

Figure S1. The lowest energy Li+ migration pathways in the LiBH4 structure. The migration energies of the 

pathways: a) 0.242; b) 0.298 eV. Hereafter the points labeled as X correspond to equilibrium Li positions and 

are linked by the NEB trajectories.

Figure S2. a) The lowest energy two-periodic Li+ migration map in the LiBH4 structure, b) the simplified 

migration map of the sql topology.

Figure S3. a)-c) The lowest energy three-periodic Li+ migration map in the LiBH4 structure, d) the simplified 

migration map of the acs topology.
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Figure S4. The lowest energy Li+ migration pathways in the structure LiNH2. The migration energies of the 

pathways: a) 0.179; b) 0.461 eV.

Figure S5. a)-c) The lowest energy three-periodic Li+ migration map in the LiNH2 structure, d) the simplified 

migration map of the tfa topology.

Figure S6. The lowest energy Li+ migration pathways in the Li2NH structure. The migration energies of the 

pathways: a) 0.007; b) 0.308; c) 0.321 eV.
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Figure S7. a)-c) The lowest energy two-periodic Li+ migration map in the Li2NH structure, d) the simplified 

migration map of the hcb topology.

Figure S8. a)-c) The lowest energy three-periodic Li+ migration map in the Li2NH structure, d) the simplified 

migration map of the sqc2-7-Cmmm topology.

Figure S9. The lowest energy Li+ migration pathways in the Li2BH4NH2 structure. The migration energies of 

the pathways: a) 0.176; b) 0.365; c) 0.445; d) 0.481; e) 0.525 eV.
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Figure S10. a), b) The lowest energy three-periodic 2-fold interpenetrated Li+ migration map in the 

Li2BH4NH2 structure, c) the simplified migration map.

Figure S11. The lowest energy Li+ migration pathways in the Li4BH4(NH2)3 structure. The migration energy 

of the pathways: a) 0.212; b) 0.296 eV.

Figure S12. a) The lowest energy three-periodic Li+ migration map in the structure Li4BH4(NH2)3, b) the 

simplified migration map of the srs topology.
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Figure S13. The lowest energy Li+ migration pathways in the Li5(BH4)3NH structure. The migration energies 

of the pathways: a) 0.237; b) 0.282; c) 0.340; d) 0.397; e) 0.401; f) 0.479; g) 0.536; h) 0.541; i) 0.547; j) 0.559 

eV.

Figure S14. a)-c) The lowest energy one-periodic Li+ migration map in the Li5(BH4)3NH structure, d) the 

simplified migration map of the 63(0,2) topology.

Figure S15. a)-c) The lowest energy two-periodic Li+ migration map in the Li5(BH4)3NH structure, d) the 

simplified migration map with an unknown topology.
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Figure S16. a)-c) The lowest energy three-periodic Li+ migration map in the Li5(BH4)3NH structure, d) the 

simplified migration map with an unknown topology.
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Statistical analysis of literature data of Li-ion conductivity in LiBH4

A statistical analysis was performed in order to obtain the average value of activation energy (EA), 

lnσ0 and Li-ion conductivity at room temperature for LiBH4, using literature data.6–14 Only data 

related to the orthorhombic phase stable at room temperature have been considered.

Figure S17. Li-ion conductivity data for orthorhombic LiBH4 reported in literature. Full and empty symbols 

refer to the heating and cooling temperature-dependent EIS ramp, respectively. The error bar for the Li-ion 

conductivity at 70 °C is indicated as an example. 
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Figure S18. Example of linear fit on Li-ion conductivity for the orthorombic phase of LiBH4 as a function of 

inverse temperature. Data form Matsuo, M. et al. Appl. Phys. Lett. 2009, 94, 224103 (Ref. 6).



S-11

Temperature-
dependent EIS ramp

Temperature-
dependent EIS cycle Milled EA (eV) C.I. Ref.

Heating 1st No 0.69 0.04 (1)
Cooling 1st No 0.81 0.09 (1)
Heating 1st No 0.71 0.04 (2)
Cooling 1st No 0.7 0.1 (2)
Heating 1st Yes 0.74 0.07 (2)
Cooling 1st Yes 0.7 0.3 (2)
Heating 2nd Yes 0.8 0.1 (2)
Cooling 2nd Yes 0.9 0.2 (3)
Heating 1st No 0.77 0.04 (3)
Cooling 1st No 0.7 0.1 (3)
Heating 1st Yes 0.51 0.07 (3)
Cooling 1st Yes 0.51 0.05 (3)
Heating 1st No 0.8 0.1 (4)
Heating 1st No 0.71 0.04 (5)
Heating 1st No 0.50 0.1 (6)
Heating 1st No 0.91 0.08 (7)
Heating 2nd No 0.89 0.06 (7)
Heating 1st Yes 0.70 0.03 (7)
Heating 2nd Yes 0.75 0.04 (7)
Heating 1st No 0.76 0.04 (8)

Average 0.73 0.08
Average exclude bold data 0.75 0.07

Table S2. Activation energy (eV) calculated by linear plot of ln(σT) and 1000/T of literature data, for LiBH4 

(99.99 % of confidence). CI is the confidence interval half width. The bold (red) data were excluded in the 

second calculation of the average activation energy data. 1st and 2nd refers to the temperature-dependent EIS 

cycle data. 
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Temperature-dependent 
EIS ramp

Temperature-dependent 
EIS cycle Milled lnσ0 C.I. Ref.

Heating 1st No 15 1 (1)
Cooling 1st No 18 3 (1)
Heating 1st No 15 1 (2)
Cooling 1st No 13 5 (2)
Heating 1st Yes 20 2 (2)
Cooling 1st Yes 14 10 (2)
Heating 2nd Yes 17 3 (2)
Cooling 2nd Yes 20 8 (3)
Heating 1st No 16 1 (3)
Cooling 1st No 14 4 (3)
Heating 1st Yes 15 2 (3)
Cooling 1st Yes 14 2 (3)
Heating 1st No 18 3 (4)
Heating 1st No 15 1 (5)
Heating 1st No 6 4 (6)
Heating 1st No 21 2 (7)
Heating 2nd No 22 2 (7)
Heating 1st Yes 19.3 0.3 (7)
Heating 2nd Yes 17 1 (7)
Heating 1st No 16 1 (8)

Average 16 3
Average exclude bold data 16 2

Table S3. lnσ0 calculated by linear plot of ln(σT) and 1000/T of literature data, for LiBH4 (99.99 % of 

confidence). CI is the confidence interval half width. The bold (red) data were excluded in the second 

calculation of the average lnσ0. 1st and 2nd refers to the temperature-dependent EIS cycle data.
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Temperature-
dependent EIS 

ramp

Temperature-dependent 
EIS cycle Milled ln(σT)FIT ln(σT)MAX ln(σT)MIN Ref.

Heating 1st No -11.40 -11.18 -11.63 (1)
Cooling 1st No -13.12 -12.59 -13.66 (1)
Heating 1st No -11.98 -11.78 -12.19 (2)
Cooling 1st No -12.78 -13.93 -11.63 (2)
Heating 1st Yes -8.23 -7.85 -8.61 (2)
Cooling 1st Yes -13.48 -12.12 -14.84 (2)
Heating 2nd Yes -14.41 -13.80 -15.02 (2)
Cooling 2nd Yes -14.90 -13.49 -16.30 (3)
Heating 1st No -12.95 -12.74 -13.16 (3)
Cooling 1st No -12.83 -12.23 -13.43 (3)
Heating 1st Yes -5.04 -4.77 -5.31 (3)
Cooling 1st Yes -5.01 -4.82 -5.20 (3)
Heating 1st No -13.17 -12.53 -13.81 (4)
Heating 1st No -12.01 -11.81 -12.21 (5)
Heating 1st No -12.90 -12.53 -13.26 (6)
Heating 1st No -13.31 -13.04 -13.58 (7)
Heating 2nd No -13.72 -13.44 -13.99 (7)
Heating 1st Yes -7.25 -6.36 -8.13 (7)
Heating 2nd Yes -11.81 -11.24 -12.37 (7)
Heating 1st No -12.90 -12.68 -13.12 (8)

Average ln(σT) -11.66 -11.25 -12.07 C.I.
Average σ at 30 °C 2.85x10-8 4.30x10-8 1.89x10-8 1.21x10-8

Average ln(σT) exclude bold data -12.76 -12,54 -12,97 C.I.
Average σ at 30 °C exclude bold data 9.5x10-9 1.18x10-8 7.66x10-9 2.07x10-9

Table S4. ln(σT) and Li-ion conductivity at 30 °C (303.14 K) calculated using the data (1000 EA/kB and lnσ0) 

obtained by the linear plot of ln(σT) and 1000/T of literature data (see Table S1 and Table S2) for LiBH4. 

ln(σT)FIT has been calculated using the slope and intercept obtained by the linear fit. ln(σT)MAX and ln(σT)MIN 

were calculated considering the maximum and the minimum values, of the slope and intercept,  of confidence 

interval obtained by the linear fit. The bold (red) data were excluded in the second calculation of the average 

ln(σT) data. 1st and 2nd refers to the temperature-dependent EIS cycle data. CI is the confidence interval half 

width, calculated averaging the ln(σT)MAX and the ln(σT)MIN.
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Statistical analysis for LiNH2, Li2NH, Li2(NH2)(BH4) and Li4(NH2)3(BH4)

Statistical analysis was performed in order to obtain the average value of activation energy for LiNH2, 

Li2NH, Li2(NH2)(BH4) and Li4(NH2)3(BH4), using the data reported in literature.10,15–18

Compound Temperature-
dependent EIS ramp

Temperature-
dependent EIS cycle EA C.I. lnσ0 C.I. Ref.

Heating 1st 0.9 0.04 19 1 (10)
Heating 1st 1.05 0.08 19 2 (11)LiNH2

Average 0.98 0.06 19 2

Heating 1st 0.63 0.01 21.8 0.2 (11)
Heating 1st 0.58 0.02 20,1 0,9 (12)
Heating 1st 0.6 0.1 20 5 (12)

Li2NH

Average 0.60 0.04 21 2

Heating 1st 0.7 0.04 23 1 (10)
Cooling 1st 0.67 0.06 22 2 (10)Li2NH2BH4

Average 0.69 0.06 23 2

Heating 1st 0.26 0.01 7,0 0,4 (5)
Heating 1st 0.33 0.01 8.7 0.4 (10)
Cooling 1st 0.55 0.03 13 1 (10)
Heating 1st 0.34 0.01 11 1 (13)

Li4(NH2)3BH4

Average 0.37 0.02 10.1 0.6

Table S5. Activation energy (eV) and lnσ0 calculated by linear plot of ln(σT) and 1000/T of literature data, for 

the LiNH2, Li2NH, Li2(NH2)(BH4) and Li4(NH2)3(BH4) (95 % of confidence). CI is the confidence interval half 

width. 



S-15

Compound Temperature-
dependent EIS ramp

Temperature-
dependent EIS cycle ln(σT)FIT ln(σT)MAX ln(σT)MIN Ref.

Heating 1st -14.97 -14.71 -15.23 (5)(10)
Heating 1st -20.90 -19.75 -22.05 (11)

Average ln(σT) -17.94 -17.23 -18.64 C.I.
LiNH2

Average σ at 30 °C 5.36x10-11 1.09x10-10 2.64x10-11 4.11x10-11

Heating 1st -2.41 -2,38 -2,44 11
Heating 1st -2.22 -2,17 -2,27 12
Heating 1st -1.96 -1,32 -2,61 12

Average ln(σT) -2.20 -1,96 -2,44 C.I.
Li2NH

Average σ at 30 °C 3.66x10-4 4.66x10-4 2.88x10-4 8.92x10-5

Heating 1st -3.36 -3.22 -3.50 (5)(10)
Cooling 1st -3.62 -3.43 -3.80 (10)

Average ln(σT) -3.49 -3.33 -3.65 C.I.
Li2NH2BH4

Average σ at 30 °C 1.01x10-4 1.18x10-4 8.57x10-5 1.63x10-5

Heating 1st -2.93 -2.86 -3.00 (5)
Heating 1st -3.53 -3.44 -3.62 (10)
Cooling 1st -7.59 -7.39 -7.79 (10)
Heating 1st -2.74 -2.11 -3.37 (13)

Average ln(σT) -4.19 -3.95 -4.44 C.I.
Average σ at 30 °C 4.98x10-5 6.37x10-5 3.89x10-5 1.24x10-5

Average ln(σT) exclude bold data -3,06 -2.80 -3.33 C.I.

Li4(NH2)3BH4

Average σ at 30 °C exclude bold data 1.54x10-4 2.00x10-4 1.14x10-4 4.09x10-5

Table S6. ln(σT) and Li-ion conductivity at 30 °C (303.14 K) calculated using the data (1000 EA/kB and lnσ0) 

obtained by the linear plot of ln(σT) and 1000/T of literature data (see Table S1 and Table S2) for the LiNH2, 

Li2NH, Li2(NH2)(BH4) and Li4(NH2)3(BH4). ln(σT)FIT has been calculated using the slope and intercept 

obtained by the linear fit. ln(σT)MAX and ln(σT)MIN were calculated considering the maximum and the minimum 

values, of the slope and intercept,  of confidence interval obtained by the linear fit. The bold (red) data were 

excluded in the second calculation of the average ln(σT) data. 1st and 2nd refers to the temperature-dependent 

EIS cycle data. CI is the confidence interval half width, calculated averaging the maximum and the ln(σT)MAX 

and the ln(σT)MIN.
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