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Abstract 

Lithium-ion batteries (LIBs) are widely used in electronic devices 

and large-scale energy storage systems, yet the flammability of organic 

liquid electrolytes poses inherent safety risks. All-solid-state lithium-

ion batteries (ASSLIBs), which employ non-flammable solid 

electrolytes, significantly improve safety, while the limited availability 

of lithium resources further motivates the development of all-solid-state 

sodium-ion batteries (ASSSIBs). Metal borohydrides have attracted 

extensive interest due to their solvent-free synthesis, favorable 

mechanical properties, low density and excellent thermal and chemical 

stability; however, their low room-temperature ionic conductivity, 

narrow electrochemical stability windows, and insufficient 

compatibility with metal anodes still hinder practical application. 

This thesis employs structural engineering and interfacial 

engineering strategies to enhance ionic transport and electrochemical 

stability in borohydride-based solid electrolytes. A series of materials, 

LiBH4, Na2B12H12, LiBH4-2LiNH2, and R4N-Li-BH4 ( R = methyl (Me), 

ethyl (Et), and butyl (Bu)), were synthesized via mechanochemical 

routes. Structural, thermal, and electrochemical characterizations were 

conducted to establish structure-property relationships, and the 

materials were evaluated in Li‖Li, Na‖Na, and Li4Ti5O12-based all-

solid-state cells. 

Chapters 3 and 4 investigate the effect of zeolites on LiBH4 and 
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Na2B12H12. The results demonstrate that the three-dimensional porous 

network of zeolites forms continuous interfacial ion-conductive layers 

between borohydride particles, significantly enhancing both Li⁺ and 

Na⁺ conductivities. Owing to the extremely low electronic conductivity 

of the composites, interfacial side reactions are effectively suppressed, 

yielding excellent compatibility with Li and Na metal anodes. 

Chapter 5 introduces two-dimensional BN into the LiBH4-2LiNH2 

system to regulate the interfacial structure and ion transport pathways. 

BN enhances particle-particle contact and promotes the formation of 

extended interfacial pathways, resulting in a nearly three orders of 

magnitude increase in room-temperature Li conductivity. Li||Li 

symmetric cells exhibit stable plating/stripping behavior and good 

interfacial compatibility with LTO, with an expanded electrochemical 

stability window of ~3.28 V, demonstrating BN serves as an effective 

interfacial modifier for regulating ion transport and interfacial behavior 

in LiBH4-LiNH2-based electrolytes. 

Chapter 6 further expands the borohydride family by introducing 

tetraalkylammonium cations (R4N⁺) to construct new organic-inorganic 

hybrid borohydride derivatives, R4N-Li-BH4. The steric and 

polarization effects of R4N
+ tune the crystal structure, enabling multiple 

polymorphs (e.g., Immm and Pnma), which are expected to influence 

BH4
- orientational dynamics and Li+ transport behavior, reducing the 

Li⁺ migration barrier, and improving ionic conductivity. Their structural 
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tunability and thermal stability highlight their potential as next-

generation borohydride-based solid electrolytes. 

Overall, this thesis demonstrates that structural and interfacial 

engineering strategies can effectively enhance ionic conductivity, 

electrochemical stability, and metal-anode compatibility in 

borohydride-based solid electrolytes, providing new insights and 

theoretical foundations for the design and development of advanced 

borohydride solid electrolyte materials.
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1.1 All solid-state batteries 

Energy plays a vital role in human survival and progress, serving as 

the foundation for the advancement of civilization. In the context of the 

21st century, the confluence of energy crises, environmental concerns, 

declining oil resources, and environmental pollution has accelerated the 

search for clean and sustainable energy sources. Among these, storage 

and energy sources have developed rapidly in recent years. However, 

their effective use depends strongly on the development of safe, reliable, 

and cost-efficient energy storage systems, which are indispensable for 

the large-scale integration of renewable energy into modern society.  

Among various energy storage devices, rechargeable batteries have 

gained widespread application due to their high cost-effectiveness, high 

energy density, and excellent efficiency in energy conversion and 

storage. They offer reliable performance, rapid response, and long cycle 

life, making them suitable for a wide range of applications, from 

portable electronics and electric vehicles to large-scale grid energy 

storage systems1. Commonly available batteries in the market include 

lead-acid batteries, nickel-cadmium batteries, nickel-metal hydride 

batteries, and lithium-ion batteries.  

Lithium-ion batteries (LIBs) have emerged as the technological 

leaders in the battery industry, becoming the preferred chemical power 

source for electronic products such as laptops and mobile phones 

without exception. This is because lithium-ion batteries offer 
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advantages such as high specific capacity, high voltage platform, good 

cycling stability, and environmental friendliness. With the development 

of the electric vehicle industry and the growing power demand, lithium-

ion batteries have also become one of the most promising energy 

systems. However, there is still a need for further improvements in 

energy density, safety performance, service life, and cost for lithium-

ion batteries to meet the requirements2. 

Sodium-ion batteries (SIBs) are a promising substitute for LIBs 

thanks to the natural resources and low cost of sodium. Although their 

energy density is somewhat lower than that of lithium systems, SIBs 

are considered promising for large-scale stationary energy storage3, 

Research on sodium-based solid electrolytes and all-solid-state sodium 

batteries is also progressing rapidly, following similar design principles 

to those of Li-based systems4. 

Traditional second batteries commonly employ organic liquid-based 

electrolytes, under extreme operating conditions, they may cause 

leakage and thermal aging, which can severely compromise the safety 

and long-term stability of batteries. In contrast, solid-state electrolytes 

exhibit superior thermal and mechanical stability, effectively mitigating 

these risks. As a result, solid-state electrolytes for Li- and Na-based 

batteries are becoming an important direction for future battery 

development.  

In traditional liquid-based batteries, during charging, Li⁺ ions are 
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extracted from the lithium-containing compounds in the cathode, 

migrate through the liquid electrolyte, and accumulate at the anode, 

where they gain electrons and are inserted into the carbon-based anode 

material. During discharge, the Li stored in the carbon material is 

oxidized to Li⁺ by losing electrons, migrates back through the 

electrolyte, and re-intercalates into the cathode. The working principle 

is illustrated in Fig. 1.15. The separator serves to physically isolate the 

cathode and anode materials, preventing short circuits while providing 

a pathway for Li⁺ migration. 

 

Fig. 1.1 Schematic diagram of the rechargeable Li-ion battery5. 

Alternatively, all-solid-state batteries (ASSBs) have attracted 

significant attention due to their enhanced safety and stability 6. The 

schematic structure of an ASSB is shown in Fig. 1.2. Compared with 

conventional commercial batteries, ASSBs employ solid electrolytes 
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instead of organic liquid electrolytes and separators, enabling more 

flexible and compact cell designs with reduced weight and volume6. 

 

 

Fig. 1.2 A schematic representation of the comparison of lithium-ion battery and all-solid- 

state battery6. 

Current research on solid-state lithium metal batteries commonly 

employs two approaches for fabricating composite cathodes. In one 

method, the cathode active material, conductive additives, and solid 

electrolytes are pre-mixed in appropriate ratios, followed by dispersion 

with dried polyvinylidene fluoride (PVDF), solid electrolyte powders, 

and a solvent to form a homogeneous slurry. This slurry is then 

processed through coating, drying, calendaring, and cutting to obtain 

composite cathodes. Alternatively, the cathode active material, 

conductive additives, and solid electrolytes can be thoroughly milled 

and directly pressed onto one side of the solid electrolyte to construct 

the composite cathode structure. 
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An ideal cathode material should meet the following requirements: 

(1) relatively high and stable operating voltage; (2) high specific 

capacity; (3) good structural stability; (4) chemical compatibility with 

the solid electrolyte; and (5) environmental friendliness and cost-

effectiveness. Table 1.1 compares the performance of commonly used 

cathode materials7. 

Table 1.1 Typical cathode materials in solid-state batteries. 

Cathode material  Theoretical capacity Actual capacity  Voltage     Number of cycles Ref. 

LiMn2O4 148 100-120 3.8-4.25 300 8 

LiCoO2 274 200-210 3.0-4.6 100 9 

LiNixCoyMnzO2 285 200-210 2.7-4.3 100 10 

LiNiO2 274 140-150 2.5-4.5 100 11 

LiNiPO4 170 90-100 4.1-5.2 50 12 

LiNi0.5Mn1.5O4 148 105-115 3.45-4.95 100 13 

TiS2 275 180-190 1.6-2.7 300 14 

Anode materials for all-solid-state batteries include lithium metal, 

alloy metal, and graphite. An ideal anode candidate for all-solid-state 

batteries is lithium metal, which can offer high energy density greater 

than 1,100 Wh L−1 and specific energy approaching 400 Wh kg−1 (Fig. 

1.3). Unfortunately, many electrolytes are electrochemically and 
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chemically unstable against Li, and the formation of lithium dendrites 

can even pierce through the solid electrolyte layer, leading to short 

circuits in the cell15. At present, the use of lithium metal in all-solid-

state lithium-ion batteries remains highly challenging unless the 

formation mechanism of lithium dendrites is thoroughly understood and 

effectively mitigated16–19. 

 

Fig. 1.3 The energy metrics comparison of alloy-based SSBs20. 

To address the challenges associated with lithium metal anodes, 

lithium alloys (such as Li-In, Li-Si, and Li-Al)21–23 have been proposed 

as promising alternatives, owing to their enhanced safety and relatively 

high capacities. The charge-discharge mechanism of lithium alloys 

mainly involves alloying and dealloying processes (xLi+ + xe− + M ⇌ 

LixM). Among these alloy systems, Li-In has been the most widely 

employed. The potential of LixIn (0 < x < 1) is 0.62 V (vs. Li/Li+)24, 
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which is moderate enough to suppress electrolyte decomposition while 

simultaneously preventing the formation of lithium dendrites. 25,26 

Graphite possesses a relatively low potential toward lithium (below 

0.20 V) and a theoretical capacity of 372 mAh g−1, and it has already 

been successfully applied to commercial lithium-ion batteries with 

liquid electrolytes. In ASSLBs, graphite has also been effectively 

applied in the Li2S-P2S5 system27–30. However, for many solid-state 

electrolytes, the very low potential at the graphite surface leads to 

reduction reactions, resulting in a large initial irreversible capacity of 

the cell. For example, although the Li2S-GeS2-P₂S₅ solid electrolyte 

exhibits high ionic conductivity, it is electrochemically incompatible 

with graphite and undergoes reduction31. 

1.2 Classification of Solid-state electrolyte  

Solid-state electrolytes, also known as superionic conductors, are a 

new type of electrolyte. According to the composition classification of 

electrolytes, solid-state electrolytes include organic polymer solid-state 

electrolytes and inorganic solid-state electrolytes, as well as organic-

inorganic composite solid-state electrolytes. Organic polymer solid-

state electrolytes mainly include polyethylene oxide (PEO), 

polyacrylonitrile (PAN), etc. Inorganic solid-state electrolytes can be 

divided into various types based on their components, such as oxide 

electrolytes, sulfide electrolytes, and halide electrolytes, as well as 

hydride electrolytes. However, these pure single electrolytes often fail 
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to meet the requirements for the further development of solid-state 

batteries. Therefore, composite solid-state electrolytes have become a 

hot research topic. Composite solid-state electrolytes involve the 

combination of various inorganic solid-state electrolytes, the design of 

electrolyte-specific structures or morphologies, and the combination of 

inorganic solid-state electrolytes with organic polymer solid-state 

electrolytes. The following sections will provide a detailed discussion 

of the research status of polymer solid-state electrolytes, inorganic 

solid-state electrolytes, and composite solid-state electrolytes. 

1.2.1 Polymer Solid-state Electrolytes 

Polymer solid-state electrolytes have received widespread attention 

due to their lightweight, good viscoelastic properties, and excellent 

processability32,33. However, polymer solid-state electrolytes face two 

significant challenges, namely, low ionic conductivity at room 

temperature and insufficient mechanical strength34. Currently, polymer 

solid-state electrolytes can be mainly classified into two categories: (i) 

pure polymer electrolytes, consisting of a polymer matrix and dissolved 

lithium salts, and (ii) composite polymer electrolytes, in which 

inorganic fillers or secondary phases are introduced35. 

In 1979, Farrington36 and co-workers first proposed using polymer-

lithium salt composites as lithium-ion solid-state electrolytes for all-

solid-state batteries. In pure polymer solid-state electrolytes, the ion 

migration mainly occurs in the amorphous region, while the unmodified 
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polymer matrix has high crystallinity, resulting in low ionic 

conductivity and making it difficult to apply in all-solid-state batteries. 

Therefore, most of the current research focuses on composite polymer 

electrolytes, which include polymer electrolytes and fillers inherent. 

composite polymer electrolytes have higher ionic conductivity, good 

flexibility, and good compatibility with the electrode37. Thus, research 

on composite solid-state electrolytes has attracted attention both 

domestically and internationally. Currently, the composite solid-state 

electrolytes mainly involve the addition of inorganic ceramic fillers into 

polymers. Commonly used polymer matrices include polyethylene 

oxide (PEO), polyacrylonitrile (PAN), polyvinyl chloride (PVC), 

etc.32,38–40. (Fig. 1.5) Ceramic fillers can be classified into two types: 

active fillers (such as Li3N and LiAlO2)
41,42 and inert fillers (Al2O3, 

SiO2, MgO, etc.)43–45. Active fillers participate in lithium-ion 

conduction and can improve the overall lithium-ion conductivity. Inert 

fillers do not directly participate in lithium-ion conduction, but instead 

disrupt the orderliness of polymer multi-molecular segments, reduce 

crystallinity, and promote the ionization of lithium salt to enhance 

lithium-ion conductivity46,47. (Fig 1.6) However, the specific 

mechanism of ion migration in composite solid-state electrolytes is not 

yet fully understood. 
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Fig. 1 .5 Structural diagram of common polymer matrices for polymer solid-state 

electrolyte.32 

 

Fig. 1.6 Application of fillers for Polymer-based electrolyte in ASSLBs. 48 

1.2.2 Oxide Solid-State Electrolytes 

Oxide-based solid electrolytes are characterized by their excellent 

chemical stability and mechanical robustness, making them promising 

candidates for all-solid-state batteries. Currently, various oxide solid-
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state electrolytes have been developed, including NASICON-type, 

perovskite-type, and garnet-type.  

NASICON-type solid-state electrolytes mainly include Li1+xAlxTi2-

x(PO4)3 (LATP) and Li1+xAlxGe2-x(PO4)3 (LAGP). The advantages of 

these materials over other solid-state electrolytes are low cost, non-

toxicity, air stability, and facile synthesis49. Liu et al50. prepared 

Li1.4Al0.4Ti1.6(PO4)3 via a sol-gel method and achieved a high 

conductivity of 3.3 × 10-4 S cm−1 at room-temperature ionic with an 

activation energy of 0.30 eV, while maintaining excellent air stability. 

This study demonstrates that well-controlled microstructures and 

reduced grain-boundary resistance can substantially improve the 

conductivity and environmental robustness of NASICON-type 

electrolytes. However, NASICON-type electrolytes still suffer from 

poor compatibility with Li metal, which hinders their practical 

application in all-solid-state batteries51. 

The perovskite structure can be generally expressed as ABO3, 

featuring high Li⁺ conductivity and good thermal stability, but its 

synthesis usually requires high temperatures, resulting in significant 

energy consumption. The Li⁺ conductivity of perovskite-type 

electrolytes is strongly related to the size of the constituent cations. For 

example, Manthiram et al.52 substituted larger La3+ ions for Nd3+ in 

Li0.34Nd0.55TiO3, achieving an increase of three orders of magnitude in 

room-temperature Li⁺ conductivity compared with the parent material, 
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from 8.0 × 10-8 to 7.0 × 10-5 S cm−1. In addition to ionic substitution, 

tuning the sintering atmosphere and doping to modify the crystal 

structure have also been demonstrated as effective strategies to enhance 

Li⁺ conductivity. For instance, Lu et al.53 synthesized quaternary Li2x-

ySr1-x-yLayTiO3 (x = 3y/4; y = 1/7, 2/7, 3/7, 1/2, 15/28, 4/7) solid 

electrolytes by a solid-state reaction method. X-ray diffraction results 

indicated that the structure transforms from cubic to tetragonal 

perovskite as the La³⁺ content increases. Electrochemical impedance 

spectroscopy showed that the conductivity initially increased but 

decreased when y exceeded a certain ratio. The Li15/56Sr1/16La15/28TiO3 

electrolyte exhibited the highest room-temperature Li⁺ conductivity of 

4.5 × 10-4 S cm−1, with very low electronic conductivity of 6.84 × 10-10 

S cm−1 and an activation energy of 0.29 eV. Furthermore, Le et al.54 

synthesized aluminum-doped lanthanum lithium titanate (A-LLTO) 

powders with varying Li2O contents using a simple citrate sol-gel 

method. The Li⁺ conductivity of A-LLTO was found to be strongly 

influenced by the excess Li2O content; when the excess reached 20%, 

the room-temperature conductivity achieved 3.17 × 10-4 S cm−1. In 

addition, A-LLTO can serve as a protective layer to shield Li metal 

from oxygen, enabling Li-O2 batteries to cycle stably for more than 100 

cycles even under high current densities. 

Furthermore, researchers have developed the garnet-type electrolyte 

Li7La3Zr2O12 (LLZO), which, in addition to its environmental stability 

and high Li⁺ conductivity, exhibits much better stability against Li 
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metal than other types of oxide electrolytes. At room temperature, 

LLZO typically exists in a stable tetragonal phase with relatively low 

ionic conductivity, while at elevated temperatures it undergoes a phase 

transition to a stable cubic phase with significantly higher Li⁺ 

conductivity. One important strategy to enhance the ionic conductivity 

is therefore to stabilize the highly conductive cubic phase at room 

temperature. (Fig. 1.7) Nevertheless, although LLZO shows good 

chemical stability against Li metal, internal defects within the material 

can still induce the formation of lithium dendrites, leading to short-

circuiting. Consequently, improving the densification and enhancing 

the mechanical properties of LLZO-based electrolytes remain critical 

aspects of their development55. 

 

 

Fig. 1.7 Temperature dependence of the conductivity of LLZO samples with different Al 

contents56. 
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Lastly, oxide-type electrolytes exhibit moderate to high ionic 

conductivity (10-4 − 10-3 S cm−1) at room temperature and superior 

stability. However, their high processing temperature and interfacial 

limitations encourage more efforts to search for an alternative system. 

1.2.3 Sulfide Solid-State Electrolytes 

Sulfide-based solid electrolytes represent one of the most typical 

families of inorganic conductors, three representative systems have 

been established: the Li-P-S system, the Li11-xM2-xP1+xS12 (M = Ge, Sn, 

Si) system, and the Li6PS5X (X = I, Cl, Br) system. These materials 

exhibit excellent Li⁺ conductivities on the order of 10-4-10-3 S cm−1. Fig. 

1.8 summarizes the comparative ionic conductivities of various high-

conductivity sulfide-based solid electrolytes57. 

 

Fig.1.8 Comparison of high ionic conductivities of sulfide solid electrolytes at different 

temperatures57. 
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Early Li-P-S solid electrolytes were typically prepared via solid-state 

sintering, which often resulted in inhomogeneous particle distribution 

and low room-temperature Li⁺ conductivity. To address this limitation, 

various alternative synthesis processes have been developed. For 

instance, Liu et al. 58 dissolved Li2S and P2S5 in a 3:1 molar ratio in 

anhydrous tetrahydrofuran (THF), successfully obtaining nanoporous 

Li3PS4. The nanoscale structure stabilizes the highly conductive β-

Li3PS4 phase at room temperature, yielding a Li⁺ conductivity of 1.6 × 

10-4 S cm−1, along with a wide electrochemical window of 5 V and 

excellent chemical stability against lithium metal. Phuc et al.59 

employed a solution-based method in which Li2S and P2S5 were 

dissolved in ethyl acetate to form a Li3PS4 precursor, which was then 

decomposed at 160 °C to produce Li3PS4. This approach reduces 

interparticle surface resistance and achieves a room-temperature Li⁺ 

conductivity of 3.3 × 10-4 S cm−1. In addition, Chen et al. 60 incorporated 

Li3PS4 into a poly(ethylene oxide) (PEO) matrix to prepare a polymer 

composite electrolyte, PEO-2 vol% Li3PS4, where the PEO provides 

additional pathways for Li⁺ migration, further enhancing the room-

temperature ionic conductivity. 

Despite their high conductivities comparable to liquid electrolytes, 

sulfide SSEs are highly sensitive to air and moisture and suffer from 

interfacial reactions with Li metal. These limitations highlight the need 

for alternative solid electrolytes for real-world applications. 
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1.2.4 Halide Solid-State Electrolytes  

Halide-based solid electrolytes have attracted continuous attention 

since the 1930s61. Although the earliest materials showed very low Li⁺ 

conductivity (<10-7 S cm−1), recent advances have led to halide 

electrolytes with high ionic conductivity, wide electrochemical stability 

windows, good air stability, and compatibility with high-voltage 

cathodes, making this family of materials highly promising for next-

generation all-solid-state batteries. (Fig. 1.9) 

 

Fig. 1.9 A brief chronology of the development of halide SSEs for ASSLBs62. 

A representative classification of halide solid electrolytes is 

summarized in Fig. 1.1063. Recently, halide solid electrolytes (e.g., 

Li3YX6, X = Cl, Br) have emerged as highly promising candidates due 

to their relatively high Li⁺ conductivity (>10-4 S cm−1), wide 

electrochemical stability window (> 4.0 V vs Li/Li⁺), excellent air 
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stability, and good deformability64–66. 

Arumugam et al.67 further extended the halide family to include 

halides with non-metallic central elements, such as the typical anti-

perovskite Li3OCl. The halides containing non-metallic elements (e.g., 

Li3OCl) show relatively good stability against lithium metal but possess 

a narrower electrochemical stability window (2.55-3.0 V vs. Li/Li⁺) 68. 

However, metal-centered halides (e.g., Li3YCl6) are unstable in contact 

with lithium metal, yet they offer a wider electrochemical window 

(0.62-4.21 V vs. Li/Li⁺)69.  

 

Fig.1.10 classification of existing halide electrolytes of LiaMXb.
63 
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Overall, recent advances have greatly improved the Li⁺ conductivity 

of halide solid electrolytes, with several compositions already reaching 

~10-3 S cm−1 at room temperature. Beyond experimentally realized 

systems, computational studies continue to predict new halides with 

superionic transport. Given their structural diversity and the progress of 

theoretical design, halide solid electrolytes are expected to undergo 

rapid development toward superionic conductors in the future. 

In summary, while polymer, oxide, sulfide, and halide solid 

electrolytes have each achieved significant progress, their intrinsic 

limitations, such as low room-temperature conductivity, interfacial 

instability, or complex processing, motivate the search for alternative 

systems. Among them, complex hydrides have recently emerged as 

promising candidates, combining high thermodynamic stability, light 

weight, and potential compatibility with Li/Na metal anodes. 

1.3 Hydride Solid-State Electrolytes for 

Secondary Batteries  

Secondary batteries are rechargeable systems based on reversible 

electrochemical reactions. Hydrides, due to their high theoretical 

hydrogen storage capacity, are considered highly promising solid-state 

hydrogen storage materials. They are typically composed of metal ions 

(alkali metals and alkaline earth metal ions such as Li+, Na+, and Mg2+) 

and coordinating ions ([BH4]
-, [NH2]

-, [AlH4]
-, [AlH6]

3-, etc.). (Fig. 

1.11) 



Chapter 1 

 

20 

 

 Beyond their role in hydrogen storage, hydrides have recently 

attracted significant interest as solid-state electrolytes due to their 

excellent characteristics, including light weight, low grain boundary 

impedance, stability with lithium, good mechanical properties and low 

processing costs70. Currently, the hydride solid-state electrolyte family 

mainly includes M(BH4)m-based (M = Li, Na, Mg, etc.), 

Li2BnHn/Na2BnHn (n = 10, 12)-based, and LiCBnHn+1/NaCBnHn+1 (n = 

9, 11)-based solid-state electrolytes(Fig. 1.11)71. 

 

Fig. 1.11 Schematic illustration of applications of hydrides as electrode and electrolyte in 

SSBs. 71 

1.3.1 Origin and ionic conduction mechanism in LiBH4 

In 1979, Boukamp et al.72 first reported Li2NH, a lithium superionic 

conductor, with a room temperature ionic conductivity of 3.0×10-4 S 

cm−1. It was the first fast lithium-ion conductor to be studied in the 

family of coordinated hydrides. However, the development of 
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coordinated hydride fast ion conductors was slow in the following years. 

It wasn't until 2007 that Masto et al. 73 discovered that LiBH4 with a 

high-temperature hexagonal structure exhibited excellent ionic 

conductivity originating from the generation of a Li+ metastable state 

located at an interstitial site surrounded by three Li+ ions and three BH4
− 

ions in the 𝑎-𝑏 plane, which reaches ~10-3 S cm−1 above 110 ℃ (Fig. 

1.12). Subsequent 7Li NMR studies revealed that Li⁺ diffusion in the 

hexagonal phase occurs primarily within the a-b plane, where no [BH4]
- 

anions block the Li⁺ migration pathways.74 First-principles molecular-

dynamics simulations further indicated that the reorientation of [BH4]
- 

anions facilitates Li⁺ hopping between adjacent lattice sites, leading to 

fast ion transport. Cyclic-voltammetry measurements also showed that 

LiBH4 remains electrochemically stable up to about 5.0 V (vs Li+/Li), 

confirming its potential as a solid-state electrolyte for all-solid-state 

lithium batteries75.  
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Fig. 1. 12 (a) Temperature dependence of conductivity of LiBH4. (b) crystal structure of 

LiBH4 of LT and HT phase. (c)7Li NMR spectra of LiBH4 at selected temperatures73. (d) 

Cyclic voltammograms of LiBH4 sandwiched between the lithium and molybdenum 

electrodes taken at 390 K75. 

1.3.2 Optimization of LiBH4 solid-state electrolytes 

Although LiBH4 shows good ionic conductivity performance over 

120 ºC, the low ionic conductivity of its orthorhombic phase (~10-8 S 

cm−1) results in poor room-temperature Li⁺ transport. Current research 

on LiBH4-based solid-state electrolyte materials mainly focuses on 

enhancing their room-temperature ionic conductivity. The most 

effective method include the anion/cation substitution, introduction of 

a second phase, and interfacial engineering. All of them aim to improve 
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lithium-ion mobility at lower temperatures to meet the practical 

demands of solid-state electrolytes. 

Maekawa et al.76 first stabilized the LiBH4 high temperature phase to 

room temperature using lithium halide LiX (X = Cl, Br, and I). They 

found that the addition of LiX effectively reduced the activation energy 

of Li ion diffusion and the phase-transition temperature. Moreover, the 

larger the radius of the halide ions, the more significant the reduction 

of the phase transition temperature and the greater the enhancement of 

lithium-ion conductivity (Fig. 1.13a). Among all compositions, the 

3LiBH4-LiI solid solution exhibited the highest conductivity. The X-

ray diffraction (XRD) pattern at room temperature proved the presence 

of the hexagonal LiBH4 phase (Fig. 1.13b), and the 7Li NMR spectra 

also revealed fast ionic dynamics (Fig. 1.13c). This improvement is 

attributed to the incorporation of the highly polarizable I- anions into 

the LiBH4 framework, which expands the lattice and weakens the 

electrostatic interactions between Li+ and BH4
-, thereby enhancing Li+ 

mobility. 

Sveinbjörnsson et al.77 prepared LiBH4-LiI solid solutions with LiI 

contents ranging from 6.25 to 50 % by ball milling and annealing. They 

observed that the phase-transition temperature decreased linearly with 

increasing LiI content (< 25%) and fell below room temperature when 

the content exceeded 12.5% (e.g., Figure 1.13d). At 40% LiI content, 

the LiBH4-LiI solid solution exhibits ionic conductivity exceeding 1 × 
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10-4 S cm-1 at 30 ºC (e.g., Fig. 1.13e). Myrdal et al.78 combined density-

functional theory (DFT) calculations and quasi-elastic neutron 

scattering (QENS) to investigate the mechanism of the LiBH4-LiI solid 

solution system. They found a high concentration of Frenkel defects 

(5×1018 cm-3) with a formation energy of 0.44 eV, and a migration 

barrier of only 0.20-0.30 eV. The high concentration of defects, the low 

formation energy, and the low diffusion energy barrier contribute to the 

excellent ionic conductivity of the LiBH4-LiI solid solution system. 

 

Fig. 1.13 (a) Temperature dependence conductivity of LiBH4, LiI and LiBH4-LiX, (b)XRD  

patterns of LiBH4-LiI at room temperature, (c) 7Li NMR spectra for LiBH4 and 3LiBH4-LiI 76. 

(d) LiI concentration dependence of phase-transition temperatures for the (1-x) LiBH4+xLiI 

composite, (e) Temperature dependences of conductivity of LiBH4 and LiBH4-LiX 

composite77. 

Beyond halide substitution, introducing [NH2]
- ionic groups has also 
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effectively enhanced the conductivity of LiBH4
79,80. Matsuo et al.80 

synthesized the Li2(BH4)(NH2) and Li4(BH4)(NH2)3, which both 

exhibited a high room-temperature ionic conductivity of 2.0 × 10-4 S 

cm−1, four to five orders of magnitude higher than those of pristine 

LiBH4 and LiNH2 (e.g., Fig. 1.14a). The ion diffusion activation 

energies of Li2(BH4) (NH2) and Li4(BH4) (NH2)3 are 0.56 and 0.26 eV, 

respectively, confirming fast ion conduction characteristics. Meanwhile, 

the 7Li NMR spectra of both materials display obvious motional 

narrowing at room temperature, indicating excellent lithium-ion 

dynamics. In addition, the 7Li NMR spectra consists of Gaussian 

(representing low ionic conductivity) and Lorentzian (representing high 

ionic conductivity) parts (Fig. 1. 14b). Structure analysis (e.g., Fig. 1. 

14c) reveals abundant Li vacancies: 18 Li (1) and 18 Li (2) vacancies 

in Li2(BH4) (NH2)3; 12 Li (1), 12 Li (2), and 8 Li (3) vacancies in 

Li4(BH4) (NH2)3. The smaller Li(2) sites (0.09 nm) in Li2(BH4)(NH2) 

restrict Li+ migration, explaining its slightly lower conductivity 

compared to Li2(BH4)(NH2)3, whose larger vacancy network (0.11-0.17 

nm) provides more efficient transport pathways. 

Overall, introducing [NH2]
− ions increases Li⁺ vacancies and lattice 

polarizability while enhancing anion dynamics, collectively improving 

the ionic conductivity of amide-borohydride solid electrolytes. 
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Fig. 1. 14 (a) Temperature dependences conductivity of LiBH4, LiNH2, Li2(BH4) (NH2) and 

Li4(BH4) (NH2)3, (b) 7Li NMR spectra for Li2(BH4) (NH2) and Li4(BH4)(NH2)3, (c) Crystal 

structures of Li2(BH4) (NH2) and Li4(BH4) (NH2)3
81

. 

The introduction of cations has also proved to be an effective strategy 

for improving the ionic conductivity in LiBH4. Ley et al.82,83 prepared 

LiM(BH4)3Cl (M = La, Ce, Gd) materials by high-energy ball milling, 

achieving ionic conductivities of 2.3 × 10-4, 1.0 × 10-4, and 3.5 × 10-4 S 

cm−1 at 20 ºC, respectively. They are four orders of magnitude higher 

than that of LiBH4 under the same conditions. Nguyen et al.84 further 

determined that lithium-ion diffusion activation energies are 0.40, 0.21, 

and 0.32 eV for these compounds (LiM(BH4)3Cl (M = La, Ce, Gd)), 

respectively, confirming their fast ion conduction properties. Among 

them, LiCe(BH4)3Cl mixed with carbon exhibited the stability against 

Li-ln alloy with an electrochemical window reaching 7.0 V, while the 

absence of further validation makes it difficult to confirm whether this 

reflects a true electrochemical window. In the crystal structure of the 

LiM(BH4)3Cl (M = La, Gd, and Ce) compounds, three Cl atoms and 

three [BH4]
- groups are coordinated to each lanthanide atom to form an 
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octahedral coordination environment (Fig. 1.15(a)). LiCe(BH4)3Cl 

crystalline in the cubic crystal system I4̅3m, a = 11.7204(2) Å, and its 

framework consists of the lithium cations and tetranuclear anion 

clusters, [Ce4Cl4(BH4)12]
4-, with Ce-Cl and Ce-B distances of 2.961(6) 

and 2.74(2) Å, respectively. Combined analysis using synchrotron 

radiation powder X-ray diffraction (SR-PXD) data, powder neutron 

diffraction (PND) data, and DFT optimization demonstrated that Li 

occupies 2/3 d of 12d Wyckoff site in the LiCe(BH4)3Cl structure82. Lee 

et al.85 further found that the LiCe(BH4)3Cl structure also contains a 

stable 6d site, which plays an important role in Li-ionic conductivity. 

These sites are shown in Fig. 1.15(b). In a related study, Roedern et 

al.86 reported the synthesis, structure, and ion transport of the bimetallic 

borohydrides LiY(BH4)4 and NaY(BH4)4. Compared with their 

precursors, LiY(BH4)4 exhibits a room-temperature ionic conductivity 

of 1.26 × 10-6 S cm−1, while NaY(BH4)4 reaches 6.92 × 10-7 S cm−1. The 

authors attribute the improvement to the [Y(BH4)4]
− complex anion 

framework and the pronounced unit-cell expansion (≈14% for the Li 

compound and ≈7.5% for the Na analogue), which likely widens Li⁺ 

diffusion pathways and lowers migration barriers. 
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Fig. 1.15 (a) Schematic diagram of the crystal structure of LiM(BH4)3Cl (M = La, Ce, Gd) 

and Isolated tetranuclear anionic clusters [M4Cl4(BH4)12]4− (M = La or Gd) with a distorted 

cubane M4Cl4 core83. (b) Schematic diagram of crystal structure of LiCe(BH4)3Cl with Li, Ce, 

and Cl colored in blue, yellow, and green, respectively, 12d Wyckoff sites and their three-

dimensional network and combination of 12d (in blue) and 6b (in magenta) sites and their 

three-dimensional network85. 

The incorporation of a second phase into the LiBH4 lattice has also 

been explored for conductivity improvement. Zhang et al.87 introduced 

ammonia (NH3) into LiBH4 to form the molecular complex 

Li(NH3)nBH4 (0＜n ≤ 1), introducing partial occupation of Li sites, 

leading to the formation of lithium vacancies within the lattice. 

Meanwhile, Li⁺ ions in the local environment can migrate into adjacent 

vacant sites via a vacancy-mediated hopping mechanism, thereby 
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facilitating long-range ionic transport. (Fig. 1.16). As a result, Li (NH3) 

BH4 achieved a Li⁺ conductivity of 2.21 × 10-3 S cm−1 at 40 °C, which 

represents a substantial improvement compared to pristine LiBH4. 

 

Fig. 1.16 Structure of Li (NH3) BH4
87

. 

Grinderslev et al.88 synthesized a methylamine-lithium borohydride 

complex (LiBH4·CH3NH2). This compound crystallizes in a monoclinic 

layered structure (space group P21/c), where CH3 groups separate 

continuous LiBH4 layers and create interlayer voids that act as fast-ion 

transport channels. At room temperature, LiBH4·CH3NH2 exhibits a Li+ 

conductivity of 1.24 × 10-3 S cm−1 with negligible electronic conduction 

and a stability window of ~2.1 V (vs Li+/Li) and shows compatibility 
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with TiS2 cathode in all-solid-state lithium batteries at 30 ℃, 

demonstrating the strong potential of amine-ligated borohydrides as 

solid electrolytes. 

Interfacial engineering is also a promising approach to improve the 

ionic conductivity of LiBH4-based solid electrolytes. Blanchard et al.89 

achieved a lithium-ion conductivity of 1.0 × 10-4 S cm−1 at 40 ºC by 

confining LiBH4 with mesoporous SiO2 MCM-41 (Fig. 1.17), nearly 

three orders of magnitude higher than that of bulk LiBH4 at the same 

temperature. The activation energy decreased from 0.69 and 0.53 eV 

(for the low- and high-temperature phases, respectively) to 0.43 eV. 

Choi et al.90 further systematically investigated the interfacial 

contribution by comparing composites of LiBH4 with fumed SiO2 and 

Al2O3 prepared via high-energy ball milling. They found that both types 

of oxides effectively promoted interfacial ionic transport, with LiBH4-

Al2O3 composites reaching a conductivity of 2.0 × 10-4 S cm−1 at room 

temperature, surpassing that of the SiO2 system. This enhancement was 

attributed to the formation of an interfacial amorphous layer and the 

partial stabilization of the hexagonal LiBH4 phase induced by surface 

interactions, which demonstrated the existence of the interfacial effect. 

Based on these findings, Lu et al.91 combined halide substitution and 

interfacial effects by fabricating Li4(BH4)3I-SBA-15 via melt 

infiltration (Fig. 1.17(d)). The resulting material reached an ionic 

conductivity of 2.5 × 10-4 S cm−1 at 35 ºC and maintained a wide 

electrochemical stability window up to 5.0 V (vs Li+/Li). More recently, 
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Zeng et al.92 showed that nanoconfinement of LiBH4 into mesoporous 

Al2O3 could stabilize the hexagonal phase near ambient temperature, 

achieving a conductivity of 3.2 × 10-4 S cm−1 at 75 ºC and showing good 

interfacial compatibility with Li metal. 

 

Fig. 1.17 (a) Schematic representation of MCM-41, TEM of MCM-41 (b) before and (c) after 

melt infiltration (d) A schematic diagram of the preparing process of Li4(BH4) 3I in SBA-15, 

TEM of (e,g) SBA-15 and (f,h) Li4(BH4) 3I-SBA-15; (i–k) SEM-EDS mapping images of 

Li4(BH4) 3I-SBA-15; (l) nitrogen adsorption isotherms of samples93,90.  

Beyond oxides, interfacial coupling with two-dimensional materials 

such as MoS₂ can also promote ion mobility. Liu et al.94 reported that 

coupling LiBH4 with MoS₂ layers enhances the ionic conductivity to 

~10-4 S cm−1 at room temperature, attributed to strong interfacial 

coupling that induces Li⁺ redistribution and creates interlayer diffusion 

pathways. Wu et al.95 demonstrated that defect-rich BN induces 

tetrahedral deformation of BH4
-, weakening Li-H interactions and 
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promoting subsurface Li⁺ migration. The LiBH4-10 wt% BN composite 

exhibits a Li⁺ conductivity of 1.2 × 10-4 S cm−1 at 25 °C and an 

electrochemical window of 5.0 V (vs Li⁺/Li). The 

Li|LiBH4−BN|LiFePO₄ all-solid-state battery delivered stable cycling 

and high capacity retention, confirming the interfacial and structural 

benefits of BN modification (Fig. 1.18). Other 2D materials, g-C3N4, 

further enhance interfacial polarization and mechanical stability. For 

instance, Hu et al.96 prepared Li16(BH4)13I3g-C3N4, which reached 3.15 

× 10-4 S cm−1 at 30 °C and achieved an excellent long-term cycling 

stability in Li||Li symmetric batteries. 
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Fig. 1.18(a) Temperature-dependent conductivities of various LiBH4/d-BN composites and 

pristine LiBH4; (b) Activation energy of LiBH4/d-BN composites and LiBH4. (c) and (d) Li 

solid-state NMR spectra of LiBH4/2(d-BN) and LiBH4 at 303 K95. 

Nevertheless, the room-temperature ionic conductivity of most 

borohydrides remains relatively low, and their interfacial stability with 

Li/Na metal is not yet fully understood. Therefore, this thesis aims to 

address these challenges through rational composite design. 

1.3.3 [BnHn]2- anion-based electrolytes (n = 10, 12) 

Li2BnHn/Na2BnHn (n = 10, 12) hydrides are intermediate products 

obtained after the dehydrogenation of corresponding MBH4 (M= Li, 
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Na). In their nearly spherical [BnHn]
2- framework, the B-B bonds exhibit 

higher bond energy, which provides greater chemical stability 

compared to MBH4. They are not reactive toward moisture or thermal 

decomposition at high temperature, but tend to form stable crystalline 

hydrates with water97. Fig. 1.19 illustrates the geometric structures of 

[B10H10]
2- and [B12H12]

2-, presenting distinctive cage-like structures. 

Na2B12H12 adopts an ordered monoclinic crystal structure at room 

temperature, and it transforms into a body-centered cubic (bcc) phase 

at 256 ℃ with numerous vacancies and off-center sub-lattices, enabling 

fast sodium ion conduction106. Similarly, Na2B10H10 undergoes a 

transition to a disordered face-centered cubic (fcc) phase at 87 ºC, 

exhibiting a Na ion conductivity of 0.01 S cm−1 at 110 ºC, which is two 

orders of magnitude higher than that of ordered Na2B10H10 and 

Na2B12H12 under the same conditions98. In contrast, the transition 

temperatures of Li2B10H10 and Li2B12H12 are much higher, exceeding 

600 K, limiting their ionic conductivity at room temperature99. 

Nevertheless, Joseph et al.100 reported that ball-milled Li2B12H12 

exhibited an ionic conductivity of 3.1×10-4 S cm−1 at room temperature, 

with an electrochemical stability window of 6.0 V (vs Li+/Li). This 

exceptional performance is attributed to the presence of the borane-

related impurities101. Although these closo-borate hydrides exhibit high 

conductivity after the order-disorder transition, their transition 

temperatures remain relatively high. To overcome this issue, 

introducing both cations and anions has been shown to effectively lower 
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the transition temperature. He et al.102 synthesized a bimetallic 

LiNaB12H12 material, which displayed a reduced transition temperature 

(488 K) compared with the single-metal Li2B12H12 (615 K) and 

Na2B12H12 (529 K), achieving an ionic conductivity of 0.79 S cm−1 at 

550 K, outperforming single-metal Li2B12H12 and Na2B12H12. Yoshida 

et al.103 prepared a composite electrolyte Na2B10H10-Na2B12H12 by ball 

milling and found that the electrolyte with optimal composition  (1:3 

molar ratio) exhibited a Na-ion conductivity of 3.16×10-4 S cm-1 at 

303K. 
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Fig. 1.19 The structures of [BH4]-, [B10H10]2-, [B12H12]2-, [CB9H10]- and [CB11H12]- anions104. 

Furthermore, He et al.105 successfully synthesized a novel sodium-

based solid electrolyte, Na3NH2B12H12, by high-energy ball milling 

NaNH2 with Na2B12H12. As shown in Fig. 1.20(a), the crystal structure 

of Na3NH2B12H12 preserved the stable boron-cage framework, showing 

the ionic conductivity of 1.0 × 10-4 S cm−1 at 372 K, which increases 

with temperature following Arrhenius behavior (Fig. 1.20(c)). When 

Na3NH2B12H12 was employed as the solid electrolyte in 

Na|Na3NH2B12H12|Na3NH2B12H12/TiS2 all-solid-state sodium battery, it 

exhibited stable charge-discharge performance (Fig. 1.20(d)). It also 
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displayed a wide electrochemical stability window of approximately 

10.0 V at 10 mV s−1 (vs Na+/Na) (Fig. 1.20(b)), while the high scan 

rates decrease the detection of electrolyte reduction or oxidation106. 

Therefore, the real stability windows are often narrower than 

experimentally observed. Braun et al. reveal that the slow kinetics at 

room temperature easily masked the onset of decomposition under 

standard electrochemical measurement conditions107. The ionic 

conductivity of NaCB11H12
108, Na3NH2B12H12

109, and NaCB9H10
110 are 

higher than those of precursors NaNH2 and Na2B12H12. These findings 

highlight that anion substitution is an effective strategy to tailor the 

crystal structure and ion transport properties of borohydride-based 

materials, thus offering a viable route for designing high-conductivity 

solid electrolytes. 
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Fig.1.20 (a) Crystal structure (Pna21) of Na3NH2B12H12, (b) Cyclic voltammogram of 

Na3NH2B12H12. (c) Temperature-dependent ionic conductivity of Na3NH2B12H12. (d) Charge 

and discharge curve of all-solid-state Na | Na3NH2B12H12|TiS2/Na3NH2B12H12 at 353 K. 
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1.4 Objectives of this thesis 

Conventional liquid electrolytes, due to their flammability, cannot 

meet the requirements for developing batteries with high energy density 

and high safety. Complex metal borohydrides have received significant 

interest as solid-state electrolytes for next-generation lithium and 

sodium batteries. While most borohydrides have low room-temperature 

ionic conductivity (<10-8 S cm−1). Previous studies have demonstrated 

that the incorporation of inorganic oxides, like Al2O3 and SiO2, into 

LiBH4 via molten infiltration can significantly enhance its ionic 

conductivity 89,111–113. Such improvements are generally attributed to 

the formation of interfacial regions that facilitate Li⁺ transport and the 

partial stabilization of the high-conductivity phase89. Despite its proven 

effectiveness, molten infiltration suffers from several limitations, 

including the need for high-temperature equipment, hydrogen pressure, 

extended synthesis time, and high processing costs. These factors 

hinder its applicability for industrial production of all-solid-state battery 

systems. In contrast, mechanical ball milling offers a simple, energy-

efficient, and scalable approach for preparing composite electrolytes 

without the need for melt processing or solvent-based methods114. The 

objective of this doctoral thesis is to enhance the ionic conductivity of 

borohydride-based materials by facile mechanical ball-milling, and to 

investigate their application as solid-state electrolytes in secondary 

metal batteries.  
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In Chapter 3, we investigate the influence of zeolite on the ionic 

conductivity of LiBH4. The selection of zeolite is motivated by its 

exceptionally high surface area, low cost, and widespread application 

in catalysis115. We hypothesize that its three-dimensional network 

structure can effectively contact with LiBH4 and promote the formation 

of efficient Li⁺ transport pathways. Compared with other inorganic 

oxides, zeolite is expected to deliver a more pronounced enhancement 

in ionic conductivity due to its unique porous architecture and structural 

compatibility with LiBH4. Furthermore, when employed as a 

component of solid-state electrolytes in lithium-metal batteries, zeolite 

offers high chemical stability and intrinsic electronic insulating 

properties, which can effectively suppress the growth of lithium 

dendrites and thereby enable improved electrochemical performance.  

Based on the confirmed positive impact of zeolite on LiBH4, we 

extended the application of zeolite to sodium-based borohydrides in 

Chapter 4. Given the low ionic conductivity of NaBH4, Na2B12H12 with 

a cage-like structure, was selected as the research material, and zeolite 

was incorporated to form composite electrolytes. This approach enables 

us to evaluate the role of zeolite in enhancing the ionic conductivity of 

large-structure borohydrides. We hypothesize that zeolite can 

significantly improve the ionic conductivity of Na2B12H12 through its 

porous architecture and favorable interfacial interactions. Moreover, 

when utilized as solid-state electrolytes in sodium-metal batteries, these 

zeolite-containing composites are expected to exhibit superior 
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electrochemical performance, analogous to their lithium-based 

counterparts.  

Chapters 3 and 4 have demonstrated that adding zeolite, a three-

dimensional inorganic framework, into LiBH4 and Na2B12H12 can 

markedly enhance their ionic conductivity and electrochemical stability. 

Previous studies have reported that combining LiNH2 with LiBH4 

yields composite electrolytes with significantly improved 

conductivity116. Therefore, in Chapter 5, we investigate the interfacial 

effects of LiBH4-LiNH2 composites with two-dimensional BN, a 

material characterized by a high surface area and intrinsically low 

electronic conductivity117–119. This study aims to couple the advantages 

of chemical modification with the structural features of two-

dimensional materials to achieve superior ionic conductivity and 

electrochemical performance.  

Current research on ionic substitution of cations and anions in 

borohydride-based solid electrolytes has so far mainly focused on 

inorganic metal borohydrides. However, the use of organic 

borohydrides has remained largely unexplored, despite their potential 

to offer new structural and dynamic flexibility through cation 

substitution. In Chapter 6, we try to integrate a series of R4NBH4 into 

LiBH4, to figure out the relationship between cation alkyl-chain length, 

crystal structure, melting point, and ionic transport. 

Through these systematic studies, the thesis aims to develop high-
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performance borohydride-based solid-state electrolytes and broaden 

their practical feasibility in Li/Na ion batteries, providing innovative 

ideas and approaches for their future application in all-solid-state 

batteries. 
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Chapter 2 Characterization and 

measurement 
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Abstract 

The physical and chemical properties of the different materials, 

including structure, components, dynamics et al. have been 

characterized via various analytical techniques, such as X-ray 

diffraction (XRD), synchrotron X-ray diffraction, infrared spectroscopy 

(FTIR), etc. Electrochemical impedance spectroscopy (EIS), linear 

sweep voltammetry, and galvanostatic cycling performance with 

different current densities were conducted with assembled symmetrical 

cells to investigate the electrochemical properties of as-prepared 

electrolytes. 

2.1 Mechanical Ball-milling 

Mechanical ball-milling is a typical synthesis method to prepare solid 

materials, largely avoiding the use of solvents. During the process, the 

powder samples are placed in a sealed jar together with small metal 

shaker balls. When the jar rotates, the balls hit the powders against the 

jar walls, creating strong impacts and friction, which help the solid 

materials to mix and react with each other. Compared with other 

synthesis methods, mechanical ball-milling is also easier to scale up for 

large-scale production, making it suitable for practical applications in 

energy materials. 

In this thesis, we employed a planetary ball mill (XQM-0.4A, 

Changsha) for all sample preparation (Fig.2.1). Since our materials are 
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highly sensitive to air and moisture, all milling procedures were carried 

out inside an argon-filled glovebox. For each ball-milling process, the 

milling speed, duration time, and ball-to-powder ratio were carefully 

adjusted to achieve good mixing and reaction. To prevent excessive 

milling and overheating, short break times were added between the 

milling cycles. 

 

Fig. 2.1 The photograph of planetary ball mill (XQM-0.4A, Changsha). 

2.2 Powder X-ray Diffraction 

X-ray diffraction is commonly used to analyze the structure and 

composition of materials. In X-ray diffraction, a regular array of 

spherical waves adds constructively in a few specific directions, 

determined by Laue equations.  
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In this thesis, powder X-ray diffraction (PXRD) measurements were 

carried out with an Incoatec X-ray generator (mixed Mo Kα radiation, 

weighted average λ = 0.71073 Å) operated at 50 kV and 1000 μA and a 

MAR345 image plate detector. Air sensitive samples are filled into 

glass capillaries in an argon glovebox. Measured samples were not 

reused for other characterization techniques. The data were integrated 

by the Fit2D software (ESRF) using a calibration with a standard LaB6 

sample. 

 

2.3 Synchrotron X-ray Diffraction  

Synchrotron X-ray diffraction was used to study the structural 

evolution of the samples as a function of temperature (T). Compared to 

X-ray diffraction, synchrotron radiation has several advantages for 

high-resolution diffraction measurements, such as a much more intense, 

highly collimated beam, tunable wavelengths, and excellent 

monochromatization. It is the electromagnetic radiation emitted 

typically by electrons moving close to the speed of light when they 

change the direction of their movement. 

In this thesis, the diffraction data were collected at the European 

Synchrotron Radiation Facility (ESRF, Grenoble, France), at Swiss-

Norwegian Beam Lines, BM01, and at the high-resolution powder 

diffraction beamline, ID22. 
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Compared to conventional ex-situ measurements, in-situ diffraction 

provides a third parameter-temperature (T), in addition to the diffraction 

intensity and 2θ position. This allows us to directly follow the evolution 

of diffraction patterns as the temperature changes. The collected 

diffraction data were subsequently analyzed to identify the phase 

composition and structural changes. Moreover, the high-quality 

synchrotron data were further refined and modeled using the FOX and 

FullProf software packages to determine the crystal structure and refine 

atomic positions by Rietveld method. These analyses provided reliable 

structural insights supporting the discussion of phase formation and 

ionic transport mechanisms. 

2.4 Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical 

technique that investigates the structure, dynamics, and interactions of 

molecules by the magnetic properties of certain atomic nuclei. In this 

work, liquid-state 11B NMR spectroscopy was employed to probe the 

chemical environment of boron species. Placing the sample in a strong 

magnetic field causes its atomic nuclei to align with the field. The 

sample is then subjected to a radiofrequency pulse, causing the nuclei 

to absorb energy and transition to a higher energy state. When the nuclei 

return to their original state, they release energy in the form of 

electromagnetic radiation, which is detected and quantified by the NMR 

instrument. 
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2.5 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical 

technique that combines computer technology with infrared 

spectroscopy to determine the infrared absorption spectra of samples 

for identification purposes. Due to the ability of molecules in the sample 

to absorb infrared light through energy level transitions, FTIR analysis 

can provide information about the functional groups and chemical 

structures of unknown substances in powdered samples. FTIR analysis 

is characterized by high sensitivity, high measurement accuracy, and 

high resolution, making it widely used in scientific research. 

Infrared spectra were collected between 400 and 4000 cm-1 by FTIR 

with an attenuated total reflectance accessory (ATR/FTIR) in an Argon 

glovebox.  

2.6 Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) analysis was conducted to 

evaluate the thermal stability of the samples. Approximately 10 mg 

samples were placed into sealed alumina holders with lids. The samples 

were subjected to heating under an Ar atmosphere with the desired 

temperature range at a rate of 5 ℃ per minute.  

2.7 Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) is used for the investigation of 

the changes in the physical and chemical properties of materials 
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induced by heat. Measurements are usually performed either as a 

function of temperature at constant heating rate, or as a function of time 

at a constant temperature by considering the mass loss. In this work, 

experiments were conducted using a NETZSCH STA 409 PC analyzer. 

Typically, 5-10 mg of samples was loaded in an alumina pan and heated 

from room temperature to 300 ℃, at a rate of 5 ℃ per min. 

2.8 Nitrogen Physisorption 

Nitrogen physisorption measurements are performed on the 

Micromeritics TriStar Surface Area and Porosity Analyzer. As samples 

were dried before storage, as described in Section 2.2.1, no further 

activation was performed before measurements. Sample preparation 

was performed in an argon glovebox and transferred to the Analyzer 

shortly before the measurement in an airtight glass physisorption tube. 

In a typical measurement, between 50 mg and 100 mg of samples were 

measured. Measurement temperatures were carried out at 77 K, cooled 

by liquid nitrogen. In nitrogen physisorption, the sample-containing 

tube is degassed under vacuum before the experiment. Step by step, a 

small amount of nitrogen is introduced into the tube and absorbed onto 

the sample. By comparing the amount of introduced nitrogen and the 

relative nitrogen pressure (p/p0, where p and p0 are the equilibrium and 

saturation pressure of nitrogen at 77 K) the volume of adsorbed nitrogen 

can be calculated. Similar steps can be performed in the desorption 

process, yielding a desorption isotherm curve. Although these 
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measurements are performed below atmospheric pressures and at a low 

temperature, the measured volumes will be converted to standard 

temperature and pressure (STP, T=273.15K and p=1 bar). This STP is 

used in the practical environment of the synthesis. 

2.9 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is one of the most widely used 

electron microscopy techniques, capable of providing high-quality 

images with excellent spatial resolution. When a sample is exposed to 

a high-energy electron beam, information about its morphology, 

structure, composition, grain orientation, and crystallography can be 

obtained. 

In this thesis, the surface of samples was coated with a thin layer of 

gold or carbon and fixed onto the sample holder using conductive 

adhesive tape. They were then quickly transferred into the SEM 

chamber to minimize exposure to air before measurement. The SEM 

measurements in this work were carried out at an accelerating voltage 

of 10 kV and an emission current of 10 μA. 

2.10 X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive 

analytical technique used to determine the elemental composition, 

chemical states, and electronic states of the elements within a material. 

In this work, XPS analyses were carried out on an ESCALAB 250 Xi 
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spectrometer with Al Kα X-ray source (λ=0.83401nm) under a base 

pressure of 5×10 10 Torr. The sample was initially cold-pressed into a 

pellet inside an argon-filled glove box and then mounted on a sample 

holder, which was transferred using a special container from the glove 

box to the XPS facility to prevent air exposure. The Ar+ ion sputtering 

was conducted at 2000 eV (400 µm spot size) using a sputtering area of 

2.5mm×2.5mm to obtain the XPS depth profiles. 

 

2.11 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an efficient and 

non-destructive technique used to characterize the ionic conductivity of 

solid electrolytes in solid-state batteries. The ionic conductivity of SSEs 

is measured by electrochemical impedance spectroscopy (EIS). Nyquist 

plots are recorded in the frequency range between 7 MHz and 100 mHz 

with an AC voltage of 100 mV. In this work, the EIS measurement 

results were obtained by using Biologic SP-300. The SSEs are pressed 

into pellets with a diameter of 9 mm and a thickness of 0.6-1.0 mm, 

approximately under the cold pressure of 600 MPa. The measurement 

pellets are prepared in a symmetric cell which consists of two blocked 

electrodes (stainless steel, SS) and one SSE, to assemble SS|SSE|SS 

using a Swagelok mold (Fig. 2.2). EIS measurements were carried out 

from 30 ℃ to 80 ℃ with 0.33 ℃ min-1 at an interval of 10 ℃. Each 

temperature point was required for a holding of 30 minutes to ensure 
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data reproducibility of the measurement. The ionic conductivities of 

SSEs are determined using Eqn (1) 

       σ =
𝐿

𝑅𝑆
             (1) 

where 𝑳 (in cm) is the thickness of the SSEs, 𝑹 (in Ω) is the value 

of bulk resistance extracted from the complex EIS plots, and 𝑺 (in cm 

2) is the area of the SEEs.  

 

Fig. 2.2 The photograph of the Swagelok cell for EIS. 

The activation energy 𝐸𝑎 can be calculated according to the Nernst-

Einstein equation and the Arrhenius equation (2). 

        ln σT  =
𝐸𝑎

𝐾𝐵𝑇
+ 𝐶         (2) 
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Where 𝛔  is conductivity, 𝐶  is the pre-exponential factor, 𝐾𝐵  is 

Boltzmann’s constant, and T is the temperature (K). 

2.12 Direct Current (DC) Polarization 

The electronic conductivity of the complex electrolyte was obtained 

by Direct Current (DC) polarization. For the DC test, solid-state 

electrolyte pellets were covered by two stainless steel electrodes on 

both sides at a DC voltage of 500 mV. Electronic conductivity can be 

calculated by Eqs (1) and (3). 

       𝑅 =
𝑈

𝐼
              (3) 

2.13 Linear Sweep Voltammetry (LSV) 

The electrochemical stability of the SSE is investigated by linear 

sweep voltammetry (LSV). LSV is conducted for the [SS|SSEs|SS] 

CR2032 coin cell. For all LSV measurements, the cells took a 3-hour 

rest period at the desired temperature and then were subjected to 

measurements by Biologic SP-300. LSV measurements were conducted 

within a voltage range from open circuit potential to 4.0 V versus Li+/Li 

(Na+/Na) at a scanning rate of 0.1 mV s−1. 

2.14 Galvanostatic Cycling Test 

Galvanostatic cycling is a common electrochemical technique used 

to study the performance of batteries by monitoring the voltage 

response of a system under a constant current.  
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In a lithium (or sodium) symmetric cell, both the anode and cathode 

are lithium (or sodium) metal foils, and the solid-state electrolyte is 

sandwiched between them. This setup is widely used to evaluate the 

stability of solid electrolytes, interfacial resistance, and lithium/sodium 

plating-stripping behavior without interference from cathode materials. 

In this work, lithium (or sodium) symmetric cells were assembled 

inside an argon-filled glovebox to prevent exposure to air and moisture. 

After assembly, the cells were kept at room temperature for 5 h to ensure 

sufficient contact between the electrolyte and the electrodes. The 

cycling tests were then carried out under constant current conditions to 

assess the interfacial compatibility and overall cycling stability of the 

solid-state electrolytes. 

Assembling Li or Na-metal cells with a cathode is essential for 

studying the practical electrochemical performance of solid-state 

electrolytes under real operating conditions. Typically, the cathode 

active material, solid electrolyte, and conductive carbon were mixed in 

a certain ratio to prepare a composite cathode. The composite cathode, 

solid-state electrolyte, and lithium metal were then symmetrically 

assembled to fabricate the all-solid-state battery (Fig. 2.3). Li4Ti5O12 

(LTO) is commonly selected as the cathode material in borohydride-

based studies because of its moderate operating voltage around 1.55 V 

vs. Li⁺/Li. It exhibits negligible volume change during lithium insertion 

and extraction, which helps maintain a stable electrode-electrolyte 
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interface throughout cycling. 

 

Fig. 2.3 Diagram of fabricating the all-solid-state battery. 
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Chapter 3 Zeolite-Integrated LiBH4 Solid 

Electrolytes with Enhanced Ionic 

Conductivity for Li batteries 
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Abstract 

Solid-state batteries are widely regarded as a cornerstone of next-

generation energy storage technologies, offering intrinsic safety and the 

potential for superior energy density through the safe utilization of 

lithium metal anodes compared to conventional liquid-electrolyte 

systems. Among the diverse solid-state electrolyte candidates, lithium 

borohydride (LiBH4) has attracted considerable attention owing to its 

excellent thermodynamic stability against Li metal. However, its 

practical application is severely constrained by its extremely low room-

temperature ionic conductivity (~10-8 S cm−1) and poor phase stability. 

Here, we design a LiBH4-zeolite composite via a facile ball-milling 

route to exploit strong interfacial interactions between LiBH4 and the 

mesoporous framework. Compared with conventional oxide additives 

(Al2O3, SiO2, ZrO2), zeolite provides abundant surface sites and 

interconnected nanochannels that stabilize the interfacial Li⁺ 

environment and facilitate fast ion transport. The optimized composite 

electrolyte delivers a room-temperature ionic conductivity of 1.49 × 10-

5 S cm-1, three orders of magnitude higher than pristine LiBH4 and 

increases further to 1.53 × 10-4 S cm−1 at 80°C. Additionally, it exhibits 

a wide electrochemical stability window (0.22-2.86 V vs. Li/Li+), 

negligible electronic conductivity （~10-10 S cm−1）, and exceptional 

interfacial compatibility with lithium metal, enabling stable cycling 

over 200 hours at 0.1 mA cm−2. When coupled with a Li4Ti5O12 cathode, 

the composite solid electrolyte enables the all-solid-state cell to deliver 
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near-theoretical specific capacities at 100 °C with low polarization. 

These findings demonstrate that zeolite scaffolds can regulate LiBH4 

ion transport and interfacial stability, providing a scalable and cost-

effective route toward high-performance solid-state batteries.  
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3.1 Introduction 

The development of solid-state electrolytes represents a paradigm 

shift in lithium-ion battery technology, as they address the intrinsic 

limitations of conventional liquid electrolytes, including flammability, 

poor thermal stability, and incompatibility with high-energy-density 

lithium metal anodes1. By eliminating volatile organic solvents, solid-

state electrolytes not only enhance safety but also enable the integration 

of advanced electrode materials, thereby paving the way for batteries 

with higher energy densities and longer lifespans2–5. Among the various 

candidates, lithium borohydride (LiBH4) has emerged as a particularly 

attractive material6,7. In its high-temperature hexagonal phase, LiBH4 

exhibits high ionic conductivity exceeding 10-3 S cm−1 (above 393K), 

along with a wide electrochemical stability window and low density.8 

These intrinsic properties highlight its potential as an alternative to both 

liquid electrolytes and conventional oxide- or sulfide-based solid 

electrolytes. However, its practical application remains severely limited 

by the extremely low ionic conductivity at room temperature (~10-8 S 

cm-1) and poor compatibility with high-voltage cathodes, arising from 

the highly reductive nature of the BH4
- anion. 

To overcome these challenges, extensive strategies have been 

proposed to optimize the ionic conductivity and stability of LiBH4-

based electrolytes. Anion substitution ([I-], [Cl-], [Br-])9–12, has been 

shown to stabilize the high-temperature hexagonal phase at lower 

temperatures. Incorporation of neutral molecules such as NH3 or 
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CH3NH3
13–16 can also enhance the ionic conductivity of LiBH4, 

however, their operating temperature must be carefully controlled due 

to instability above 60 °C. Another widely explored approach is the 

introduction of nanoscale scaffolds or insulating oxides to confine 

LiBH4 within nanoscale domains, thereby reducing diffusion barriers 

and stabilizing its conductive phase. For instance, incorporating LiBH4 

into mesoporous SiO2
17–20 or Al2O3

21,22 through melting has been shown 

to improve lithium-ion mobility, albeit through high-cost and complex 

processes. The LiBH4-SiO2 composite, in particular, achieves high 

ionic conductivity due to the formation of a conductive interfacial 

layer23. Collectively, these studies underscore the critical role of 

interfacial interactions on the electrochemical behavior of LiBH4.  

Zeolites, with their uniform pore sizes, high surface areas, and 

interconnected channels, have been extensively employed in catalysis24 

and gas adsorption25. They are also inherently attractive for energy 

storage applications because of their abundance, low processing cost, 

and scalability. Moreover, zeolites exhibit excellent thermal and 

chemical stability, making them suitable as additives or separators in 

electrolyte systems26–28. Their intrinsically low electronic conductivity 

further contributes to safety by suppressing lithium dendrite formation29. 

Despite these advantages, the application of zeolites in solid-state 

batteries remains underexplored, with the only prior report involving 

LiX zeolite membranes in Li-air batteries30. This knowledge gap 

highlights the untapped potential of zeolite-based composites for 
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addressing the challenges of ionic transport and interfacial stability in 

solid-state electrolytes. 

In this chapter, we investigate the effect of integrating mesoporous 

Y-type zeolites with LiBH4 via a simple ball-milling process. The 

optimized composite, 720-LiBH4 (1:2), achieves an impressive lithium-

ion conductivity of ~10-4 S cm−1 at 80 °C and demonstrates stable 

cycling in symmetric Li||Li cells. The enhanced performance is 

attributed to the homogeneous dispersion of LiBH4 within the zeolite 

framework, which facilitates the formation of a conductive interfacial 

layer. Furthermore, the Li4Ti5O12|720-LiBH4 (1:2) |Li all-solid-state 

battery exhibits excellent cycling performance at both 80 °C and 100 °C. 

This chapter establishes interfacial engineering as a baseline design 

strategy, providing a reference framework for the subsequent 

exploration of more advanced and intrinsically driven modification 

approaches in later chapters. 
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3.2 Results and discussions  

Structural characterization 

Table 3.1 List of samples. 

Sample Zeolite type Zeolite: LiBH4 Mass Ratio 

760-LiBH4(1:3) 760 1:3 

760-LiBH4(1:2) 760 1:2 

760-LiBH4(1:1) 760 1:1 

760-LiBH4(2:1) 760 2:1 

720-LiBH4(1:3) 720 1:3 

720-LiBH4(1:2) 720 1:2 

720-LiBH4(1:1) 720 1:1 

720-LiBH4(2:1) 720 2:1 

 

The LiBH4-zeolite composite electrolytes were synthesized through 

a one-step ball-milling process (Table 3.1). The structural features of 

720-LiBH4 and 760-LiBH4 composites with different weight ratios after 

4 hours of ball-milling were systematically investigated. Table S3.1 

summarizes the physical differences between the two kinds of zeolites 

(720 and 760). Notably, the key difference between zeolite 720 and 760 

is that Zeolite 720 has a lower Si/Al ratio and a higher specific surface 

area. Figs. S3.1 and S3.2 present SEM images and corresponding EDS 

mappings of pristine zeolites 720 and 760, showing flake-like 

morphologies with diameters of ~500 nm. The selection of zeolite as 
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the host matrix, instead of conventional mesoporous SiO2, is due to its 

superior structural robustness under mechanochemical conditions. The 

amorphous and thin-walled framework of mesoporous SiO2 may 

undergo significant pore collapse when subjected to the intense shear 

and impact forces during ball-milling. 

 

Fig. 3.1. (a-b) FTIR spectroscopy and (c-d) XRD pattern of zeolite-LiBH4 composites and 

LiBH4. 

The FTIR absorbance spectra of the zeolite-LiBH4 composites with 

different mass ratios, together with those of pure LiBH4 and the zeolites 

720 and 760, are shown in Figs. 3.1(a) and 3.1(b). LiBH4-BM exhibits 

characteristic [BH4
-] stretching vibrations between 2000 and 2500 cm−1, 

with bending modes at ≈1121 and 1089 cm−1. For zeolite 720 and 760, 
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broad Si-O-H bands are observed in the 500-1300 cm−1 region31. In the 

zeolite-LiBH4 (2:1) composite, the B-H stretching bands broaden 

significantly compared to LiBH4-BM, suggesting that [BH4
-] units 

reside in a more heterogeneous local environment, likely due to partial 

confinement within zeolite pores. As the LiBH4 content increases, 

zeolite-related bandsolids (500-1300 cm−1) weaken progressively, 

indicating the physical coverage of zeolite by LiBH4 and enhanced 

interfacial interactions within the zeolite-LiBH4 composites.  

XRD results further corroborate these findings (Fig. 3.1(c) and 1(d)). 

All ball-milled mixtures retain the features of the raw materials, with 

distinct LiBH4 peaks and broad reflections from the zeolites 720 and 

760. No new phases were detected, implying no chemical reaction 

between LiBH4 and the zeolite during milling. However, the diffraction 

peaks of LiBH4 are significantly attenuated in the zeolite-LiBH4 (2:1) 

composite compared to LiBH4-BM32. This attenuation, together with 

the broad reflections from the zeolite, indicates that LiBH4 is highly 

dispersed and may exist in a disordered or nanocrystalline state within 

the zeolite host. These observations confirm that ball milling generates 

intimate contact between LiBH4 and the zeolite framework. 

Conductivity of zeolite-LiBH4 Composites 
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Fig. 3.2. (a) Temperature-dependent conductivities of zeolite-LiBH4 materials with different 

mass ratios as well as LiBH4-BM; (b) calculated activation energy of zeolite-LiBH4 materials 

and LiBH4-BM;(c) -(d) ionic conductivities and composition-dependent activation energy of 

zeolite (720,760)-LiBH4 with different mass ratio (X). 

The ionic conductivity was evaluated using cold-pressed pellets (9 

mm diameter, 0.5-1.0 mm thickness) by electrochemical impedance 

spectroscopy (EIS) over a range of temperatures. Nyquist plots 

collected over 25-120 °C (Fig. S3.3) show typical semicircles at high 

frequency and linear tails at low frequency. LiBH4-BM exhibits a large 

semicircle corresponding to ~15,091 Ω at 80 °C, reflecting its high 

resistance, the calculated ionic conductivity only reaches ~10-6 S cm−1. 

In contrast, 720-LiBH4 composites with mass ratios of 1:1, 1:2, 1:3, and 
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2:1 show much lower resistances of ~1069, 840, 946, and 3041 Ω, 

respectively, among which the 1:2 composition exhibits the lowest 

impedance. Similarly, 760-LiBH4 composites with mass ratios of 1:1, 

1:2, 1:3, and 2:1 exhibit resistances of ~2286, 2243, 1524, and 4323 Ω, 

respectively. The reduced semicircle diameters clearly indicate that 

zeolite incorporation significantly lowers the resistance of LiBH4. 

A detailed comparison of the ionic conductivities at different zeolite-

to-LiBH4 mass ratios revealed that the optimal composition varied 

between the two zeolites. The results are summarized in Fig. 3.2(a) and 

Table S3.2. At 40 ℃, the incorporation of zeolite significantly 

enhanced the ionic conductivity of LiBH4, even at low loading. For 

instance, 720-LiBH4 and 760-LiBH4 with a mass ratio of 1:3 exhibited 

conductivities of 1.36 × 10-5 S cm−1 and 3.79×10-6 S cm−1, respectively. 

Increasing the zeolite content further improved conductivity, with 

720-LiBH4 (1:2) achieving the highest value of 2.21 × 10-5 S cm−1 at 

40 °C, comparable to the conductivity reported for LiBH4 infiltrated in 

mesoporous Al2O3
33. In contrast, LiBH4-BM displayed a much lower 

conductivity of 6.48×10-7 S cm−1, only slightly higher than that of 

pristine LiBH4. All zeolite-LiBH4 composites, therefore, exhibited 

superior conductivity compared with LiBH4-BM, with the 720-LiBH4 

(1:2) sample delivering the highest ionic conductivity. However, 

excessive zeolite loading led to reduced ionic conductivity, likely due 

to the insulating nature of zeolites, which hinders Li⁺ transport 
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pathways. For example, at a 2:1 mass ratio, the conductivity of 760-

LiBH₄ declined slightly. This behavior can be rationalized by 

considering the distribution of LiBH4 within the zeolite framework: at 

low zeolite content, LiBH4 fills the pores and forms a continuous 

interfacial network, while at excessive zeolite content, LiBH4 becomes 

isolated within the framework, disrupting conduction pathways. 

Consequently, the ionic conductivity of zeolite-LiBH4 composites 

increases with zeolite addition up to an optimal ratio, beyond which it 

decreases due to overloading. 

Previous studies have demonstrated that the ionic conductivity of 

LiBH4 can be enhanced by incorporating oxide compounds such as 

SiO2 and Al2O3.
6,19,34,35 However, the degree of enhancement varies 

depending on the chemical composition and the structural 

characteristics of the insulating additives. Hiroki et al.35 highlighted 

that the morphology and interface structure of Al2O3 significantly 

impact the lithium ion conductivity. In this work, zeolites proved highly 

effective in increasing the conductivity of LiBH4. At 80 °C, the 760-

LiBH₄ composite achieved its maximum conductivity of 6.19 × 10-5 S 

cm−1 at a 1:1 mass ratio, whereas the 720-LiBH4 composite reached 

1.53 × 10-4 S cm−1 at a 1:2 ratio, the highest value among all zeolite-

LiBH4 composites, approximately two orders of magnitude higher than 

that of LiBH4-BM （6.49 × 10-6 S cm−1）. By contrast, LiBH4-BM 

exhibited an initial conductivity of ~10-7 S cm−1 at 25 ℃, which sharply 

increased to ~10-3 S cm−1 near 120 ℃ due to its phase transition. At 
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elevated temperatures, the ionic conductivity of the zeolite-LiBH4 

composites approached that of LiBH4-BM, indicating that LiBH4 itself 

dominates the charge transport in this regime. 

The effect of ball-milling duration on the conductivity of the 

composites was further investigated. Taking 720-LiBH4 (1:2) as an 

example, the ionic conductivity initially increased and then decreased 

with prolonged milling. As shown in Fig. S3.4, the sample milled for 4 

hours exhibited the highest ionic conductivity of 1.53 × 10-4 S cm−1 at 

80 °C, surpassing those obtained at both shorter and longer milling 

durations. Comparison with other zeolite-LiBH4 composite systems 

further confirms that 720-LiBH4 (1:2) milled for 4 hours demonstrates 

the most pronounced enhancement in ionic conductivity due to their 

higher surface area and the greatest potential for practical application in 

this study. 

Based on EIS results at various temperatures, the activation energies 

(Ea) of the composites in the low-temperature (LT) zone (25-110 ℃) 

were determined by linear fitting of the data shown in Fig. 3.2b using 

the Arrhenius equation (eq 1). The Ea of the zeolite-LiBH4 composites 

ranged from 0.49 to 0.70 eV, all substantially lower than that of LiBH4-

BM (0.75 eV). This reduction in energy barrier highlights the role of 

the zeolite framework in promoting Li⁺ diffusion. Among the 720-

LiBH4 composites, the lowest activation energy (0.54 eV) was observed 

for 720-LiBH4 (1:2) (Fig. 3.2(c)), while the 760-LiBH4 composite 

exhibited its minimum (0.43 eV) at a 1:1 ratio, consistent with its 



Chapter 3 

 

91 

 

highest ionic conductivity. (Fig. 3.2(d)) These results suggest that 

physical properties such as specific surface area and Si/Al ratio affect 

not only the ionic conductivity but also the activation energy. Based on 

the above results, 720-LiBH4 (1:2), which combined the highest ionic 

conductivity with the lowest activation energy, was selected along with 

pristine LiBH4 for subsequent electrochemical performance evaluations. 

BET and TGA analysis 

This conductivity enhancement is attributed to the structural 

characteristics revealed by nitrogen adsorption/desorption isotherms 

(Fig. 3.3). After incorporating LiBH4 into the zeolite scaffold, the 

nitrogen adsorption amounts are remarkably decreased. The adsorption 

isotherms of 720-LiBH4 (1:2) and 760-LiBH4 (1:2) presented distinct 

hysteresis loops in the P/P0 range 0.7-1.0, which is indicative of 

combined mesoporous and microporous structures in the zeolite-LiBH4 

composites. The Brunauer-Emmett-Teller (BET) surface area of 720-

LiBH4 (1:2) is 74.11 m2 g−1, which is higher than that of 760-LiBH4 (1:2) 

(51.52 m2 g−1) but lower than that of pristine zeolite CVB720 and 

CVB760 of 804 m2 g−1 and 754 m2 g−1, respectively.(Fig. S3.5). The 

Barrett-Joyner-Halenda (BJH) pore-size distribution revealed average 

pore sizes of ~3.05 and 2.68 nm for 760-LiBH4 (1:2) and 720-LiBH4 

(1:2), respectively (Fig. 3.3(b)). These unique structural features, 

particularly the preserved mesoporosity and relatively high surface area, 

are expected to enhance the electrolyte-electrode interface and thereby 

facilitate ionic conduction.  
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Thermogravimetric analysis (TGA) was performed to evaluate the 

thermal stability of 720-LiBH4 (1:2) (Fig. S3.6). The composite 

exhibited negligible weight loss below 100 °C, indicating stable thermal 

behavior in this range. Optical images further reveal that the 720-LiBH4 

(1:2) pellet maintained a fully solid state without visible softening or 

melting at 80 ℃ (Fig. S3.7). These observations collectively 

demonstrate the favorable thermal stability of 720-LiBH4 (1:2). 

 

Fig. 3.3 (a) Nitrogen physisorption isotherms for 720-LiBH4 (1:2) and 760-LiBH4 

(1:2); (b) pore-size distribution plots for 720-LiBH4 (1:2) and 760-LiBH4 (1:2). 

Electrochemical performance for solid-state 

electrolyte 

To evaluate the practical electrochemical performance of 720-

LiBH4(1:2) in Lithium batteries, we firstly assessed the electrochemical 

properties of the 720-LiBH4 (1:2) composite, its electronic conductivity, 

and Li⁺ transference number were measured using a symmetric 

stainless-steel cell. As shown in Fig. 3.4(a), the steady-state current 
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under a polarization voltage of 0.5 V for 30,000 s at 80 °C yielded an 

electronic conductivity of 6.16 × 10-10 S cm−1. This value is nearly six 

orders of magnitude lower than the Li⁺ ionic conductivity, confirming 

negligible electronic conductivity in the composite. The calculated Li⁺ 

transference number exceeded 0.999, indicating that Li⁺ migration 

overwhelmingly dominates the overall conductivity. Such extremely 

low electronic conductivity is highly advantageous for suppressing 

lithium dendrite growth at the negative electrode and improving the 

cycling stability of solid-state batteries. 

To explore the application potential of 720-LiBH4 (1:2) as a solid-

state electrolyte in lithium-based batteries, its electrochemical stability 

and compatibility with Li metal were examined. Fig. 3.4(b) shows the 

LSV curves of the Li|720-LiBH4 (1:2) |SS cell recorded from open-

circuit voltage (OCV) to 4.0 V at a scan of 0.1 mV s-1 at 80 ℃. The 

anodic scan shows the onset of oxidation at ~ 2.86 V (vs. Li+/Li), which 

is wider than that of pristine LiBH4 (~ 2.0 V) (vs. Li+/Li)33 and higher 

than the value reported for LiBH4-MgO composite (2.3 V vs. Li+/Li)36. 

In the cathodic scan, reduction occurs at ~ 0.22 V (vs. Li+/Li). These 

results indicate that 720-LiBH4 (1:2) remains electrochemically stable 

within the potential range from 0.22 to 2.86 V (vs. Li+/Li), thereby 

making it suitable for integration with a wider variety of cathode 

materials in all-solid-state batteries.  

The lithium dendrite suppression capability and cycling stability of 

the 720-LiBH4 (1:2) composite were further evaluated by galvanostatic 
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charge-discharge (GCD) testing using a symmetric Li|720-LiBH4 (1:2) 

|Li cell at 80 °C. As shown in Fig. 3.4(c), the voltage profile of the 

Li|720-LiBH4 (1:2) |Li cell exhibited remarkable long-term stability, 

maintaining a consistently low overpotential of ~10 mV and stable 

cycling for over 270 hours without noticeable voltage fluctuations at a 

current density of 0.1 mA cm−2. In contrast, the Li|LiBH4-BM|Li 

symmetric cell failed after only 15 h due to severe interfacial instability 

and short-circuiting, demonstrating its poor interfacial compatibility. 

These results suggest that the incorporation of zeolite into LiBH4 

effectively mitigates interfacial instability between LiBH4 and lithium 

metal, thereby significantly improving interfacial compatibility. More 

impressively, at a higher current density of 0.5 mA cm−2 (Fig. 3.4(d)), 

the Li|720-LiBH4 (1:2) |Li symmetric cell maintained stable cycling for 

over 160 h, further confirming the robust and stable interface formed 

between lithium metal and the zeolite-LiBH4 composite electrolyte. To 

determine the maximum sustainable operating current density, the 

critical current density (CCD) was measured (Fig. S3.8). The CCD for 

the symmetric Li|720-LiBH4 (1:2) |Li cell reached 2.8 mA cm-2 at 

80 °C, which is higher than those reported for many other borohydride 

composite solid electrolytes34,37,38.This excellent dendrite suppression 

capability and high CCD underscore the promise of 720-LiBH4 (1:2) as 

an ideal model system for studying interfacial stabilization in 

borohydride-based solid electrolytes.” 
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Fig. 3.4. (a) DC polarization curve of the as-prepared 720-LiBH4 (1:2) composite; (b) LSV 

curve of 720-LiBH4 (1:2); Galvanostatic Li plating/stripping profiles of the Li|720-LiBH4 

(1:2)|Li cell (red) and the Li|LiBH4-BM|Li cell (black) at 80 °C: (c) at 0.1 mA cm−2 and (d) at 

0.5 mA cm−2. 

Finally, to explore the practical applicability of 720-LiBH4 (1:2) as a 

solid-state electrolyte in Li-metal batteries, its electrochemical 
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performance was investigated in a full-cell configuration using 

Li4Ti5O12 (LTO) as the cathode and lithium metal as the anode. 

Galvanostatic charge-discharge tests were conducted at 80 °C and 

100 °C under a current density of 0.1 C (1C= 175mAh g−1), and the 

results are shown in Fig. 3.5. At 80 °C, the LTO|720-LiBH4 (1:2) |Li 

cell exhibited typical charge-discharge behavior. The initial discharge 

capacity reached 164.4 mAh g−1, corresponding to 94% of the 

theoretical capacity of LTO, albeit with a relatively large polarization. 

However, the reversible specific capacity decreased to approximately 

80 mAh g−1 after 10 cycles, likely due to interfacial resistance 

accumulation and incomplete Li⁺ transport pathways at this moderate 

temperature. Notably, when the operating temperature was increased to 

100 ℃, the electrochemical performance was significantly improved. 

At the same current density, the LTO|720-LiBH4(1:2) |Li cell displayed 

well-defined and flat charge/discharge plateaus at approximately 1.55 V 

with much lower polarization. The discharge capacity remained close 

to the theoretical value of ~172 mAh g−1 for up to 8 cycles, indicating 

excellent Li⁺ transport kinetics and stable electrode–electrolyte 

interfaces at elevated temperature. These results demonstrate the good 

short-term interfacial compatibility of 720-LiBH₄ (1:2) with LTO 

electrodes, while further improvements in cycling performance are 

expected through electrode and interface optimization. 



Chapter 3 

 

97 

 

 

Fig. 3. 5. (a) Discharge-charge curves at 1st, 2nd, 3rd, and 10th cycle at 0.1 C at 80 ℃ and (c) 

cycling performance; (b) Discharge-charge curves at 1st, 2nd, and 8th cycle at 0.1 C at 100 ℃ 

and (d) cycling performance. 

 

3.3 Conclusions 

In summary, we have developed a series of zeolite-LiBH4 

composite solid-state electrolytes through a simple ball-milling 

approach. The results demonstrate that both the zeolite type and mass 

ratio play decisive roles in governing the ionic conductivity of LiBH4-

based electrolytes. Compared with conventional oxide additives, zeolite 

provides a more ordered and interactive framework and moderate 
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zeolite loading promotes the formation of continuous Li+ transport 

pathways, thereby enhancing conductivity and lowering the activation 

energy for Li+ migration. Among the investigated compositions, the 

720-LiBH4 (1:2) composite exhibited the best performance, delivering 

an ionic conductivity of approximately 1.53 × 10-4 S cm−1 at 80 °C, 

excellent interfacial stability against lithium metal, and long-term 

cycling stability exceeding 200 hours. Notably, this composite also 

showed outstanding compatibility with the Li4Ti5O12 cathode, retaining 

near-theoretical discharge capacities at elevated temperatures. These 

findings highlight zeolite-modified LiBH4 as a promising solid 

electrolyte platform for high-performance solid-state lithium metal 

batteries. Looking ahead, the exploration of alternative zeolite 

frameworks and further optimization of composite architectures may 

yield even greater improvements in ionic conductivity, electrochemical 

stability, and cathode compatibility. This study thus provides valuable 

insights into the design of borohydride-based solid electrolytes for next-

generation energy storage systems. 
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3.4 Experiment section 

Synthesis 

Commercial Y zeolites (CVB720 and CVB760) were obtained from 

Zeolyst International. CVB720 and CVB760 have the Si/Al ratio of 30 

and 60, respectively. LiBH4 was bought from Aladdin, purity > 95%. 

LiBH4 was used as received without further purification. Zeolite Y 

type): CVB 720 and CVB 760 zeolites were dried under dynamic 

vacuum at 250 ℃ for 12 hours before use.  

Zeolite-LiBH4 composite was synthesized by Ball-milling. 720-

LiBH4 and 760-LiBH4 were prepared with different kinds of mass ratios 

(A: B) of 1:1, 1:2, 1:3, and 2:1. For each experiment, 0.8g of the mixture 

was loaded into a stainless-steel milling jar in a glove box filled with 

argon. The ball-to-sample weight ratio was kept at 13:1. Two 

compositions of LiBH4 and 720, 760 were mechanically milled at 400 

rpm for 4 hours with a planetary ball mill (XQM-0.4A, Changsha). All 

samples were milled in cycles of 3 min milling followed by 2 min 

breaks to overcome heating effects. For comparison, LiBH4 was ball-

milled (named LiBH4-BM) under the same conditions to evaluate the 

effect of mechanochemical treatment on the Li-ion conductivity. After 

milling treatment, the mixtures were collected in an Argon-filled glove 

box for further structural and property characterizations. All 

manipulations of the samples during the experiment were conducted 
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within an Argon atmosphere in a glove box (p(O2) < 0.1 ppm, p (H2O) 

< 0.1 ppm) 

Characterization 

X-ray diffraction (XRD) measurements were carried out with two 

Incoatec X-ray generators (mixed Mo Kα radiation, weighted average 

λ = 0.71073 Å) with mar345 operated at 50 kV and 1000 μA. XRD 

sample preparation is performed in an Argon glovebox. A small number 

of samples were placed in the 0.7mm glass capillary tubes and 

transferred to the diffractometer. Measured samples were not reused for 

other characterization techniques. The data were integrated by the 

Fit2D software (ESRF) to analyze. 

Infrared spectra were collected between 400 and 4000 cm-1 by FTIR 

with an attenuated total reflectance accessory (ATR/FTIR) on a Bruker 

α II spectrometer in an Argon-filled glovebox. SEM observations were 

conducted on an FEI Sirion 200 equipped with an EDS analysis unit. 

The morphology of the zeolite samples was characterized with a 

scanning electron microscope (SEM, ZEISS Gemini 300, Germany). 

TGA analysis was performed on a NETZSCH STA 449 F3 Jupiter 

instrument equipped with a stainless-steel oven, housed inside an 

argon-filled glovebox. Measurements were performed at a heating rate 

of 5 K min -1 under constant Ar flow (total flow of 100 mL min -1), from 

25 to 300 °C. 
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The surface areas (SBET) and total pore volumes (Vp) of composites 

were obtained by N2 adsorption at 77k in a JW-BK200C automatic 

surface analyzer (JWGB Sci & Tech, Beijing). The specific surface 

areas of composites were derived by fitting with a Brunauer-Emmett-

Teller isotherm, and the total pore volume was obtained from the 

absorbed volume of nitrogen at p/p0=0.95. 

Electrochemical Test 

The ionic conductivity of solid-state electrolytes (SSEs) was 

measured by electrochemical impedance spectroscopy (EIS). Nyquist 

plots were recorded in the frequency range between 7 MHz and 100 

mHz with an AC voltage of 100 mV. The SSEs were pressed into pellets 

with a diameter of 9 mm and a thickness of 0.5~1.0 mm approximately 

under the pressure of 600 MPa. The measurement pellets were prepared 

in a symmetric cell which consists of two blocked electrodes (stainless 

steel, SS) and one SSE, to assemble SS|SSE|SS. All measurements were 

carried out within the temperature range from 25 to 120 ℃ with 0.33 ℃ 

min−1 at an interval of 10 ℃. Each temperature point was required for 

a holding of 30 minutes to ensure data reproducibility of the 

measurement. The ionic conductivities of SEEs are determined using 

Eq. (1) 

                       σ =
𝐿

𝑅𝑆
                     (1) 

Where 𝐿 (in cm) is the thickness of the SSEs, 𝑅 (in Ω) is the value 

of bulk resistance extracted from the complex EIS pots and 𝑆 (in cm 2) 
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is the area of the SSEs. The electrochemical stability of SSEs was 

investigated by linear sweep voltammetry (LSV). LSV was conducted 

for the SS|SSE|Li coin cell at a sweep rate of 0.1 mV s-1 over a potential 

range of open circuit potential (OCV) to 4.0 V and OCV to 0 V (vs. 

Li/Li+). 

The electronic conductivities of 720-LiBH4 were evaluated by a 

CHI660e (Shanghai Chenhua Co. Ltd) electrochemical workstation via 

direct-current (DC) polarization. For DC tests, pellets were covered by 

two stainless steel electrodes on both sides with a DC voltage of 0.5 V 

at 80 ℃. The resistance R can be calculated by the working voltage and 

steady current. Then electronic conductivity can be obtained by eq. (1) 

and (2). 

                   𝑅 =
𝑈

𝐼
                 (2) 

The activation energy 𝐸𝑎 can be calculated according to the Nernst-

Einstein equation and the Arrhenius equation (3). 

             ln σT  =
𝐸𝑎

𝐾𝐵𝑇
+ 𝐶            (3)  

Where σ  is conductivity, 𝐶  is the pre-exponential factor, 𝐾𝐵  is 

Boltzmann’s constant, and T is the temperature (K). 

The stability of 720-LiBH4 (1:2) against Li metal was evaluated by 

assembling symmetric Li|720-LiBH4 (1:2) |Li cells at a current density 

of 0.1 mA cm-2 and 0.5 mA cm−2 at 80 ℃. For all-solid-state batteries 

assemblies, Li foil (9 mm) was used as the counter electrode. The 

working cathodes material was prepared by hand grinding of 720-
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LiBH4 (1:2), Li4Ti5O12 (LTO) and Super P with a mass ratio of 40: 40: 

20 for 20 min. Typically, 60 mg of 720-LiBH4 (1:2) powder was pressed 

into a pellet at 500 MPa, then 4 mg of working cathode material was 

pressed on the side of the electrolyte, and 9 mm diameter Li foil was 

covered on the other side in turn. Li|720-LiBH4 (1:2) |LTO cells were 

galvanostatic charged and discharged in a potential range from 1.0 V to 

2.0 V (vs Li+/Li) by using Neware battery test systems. 
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3.5 Support information 

 

Fig. S3.1. SEM image of zeolite (a-b) 720 and (c-d) 760. 
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Fig. S3.2. EDS mapping of (a-b) 720 and (c-d) 760. 

 

 

Fig. S3.3. (a) EIS plot of 720-LiBH4 (1:2) materials at different temperatures; (b) EIS plot of 

LiBH4-BM and zeolite-LiBH4 composites at 80 ℃. 
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Fig. S3.4. Temperature-dependent ionic conductivity for 720-LiBH4 (1:2) for various ball-

milling time. 

 

Fig. S3.5 (a) Nitrogen physisorption isotherms for CVB720 and CVB760. (b) Pore diameter 

of CVB720 and CVB760. 
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Fig. S3.6. TGA curve of 720-LiBH4 (1:2) from RT to 300 ℃. 

 

 

 

Fig. S3.7. Optical photo of 720-LiBH4 (1:2) pellets at RT and 80 ℃. It remains solid state 

during the heating process from room temperature to 80 ℃. 
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Fig. S3.8. Critical current density test of the Li|720-LiBH4 (1:2) |Li cell at 80 ℃. 
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Table S3.1. Physical properties of zeolite 720 and 760. 

 

 

a 10.1016/j.micromeso.2020.110114, 10.1002/cphc.202000062; b10.1021/jp953006x, ICP 

calculated for HY (FAU zeolite) with formula Hx(AlO2)x(SiO2)192-x; c 

10.1080/09593330.2019.1650833;  

  

https://doi.org/10.1016/j.micromeso.2020.110114
https://doi.org/10.1002/cphc.202000062
https://pubs.acs.org/doi/full/10.1021/jp953006x
https://asia.iza-structure.org/IZA-SC/framework.php?STC=FAU
https://doi.org/10.1080/09593330.2019.1650833
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Table S3.2. Ionic conductivities of samples at different temperatures. 
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Abstract 

Solid-state sodium batteries are promising for large-scale energy 

storage due to the abundance and low cost of sodium. Among various 

solid electrolytes, closo-type complex hydrides such as Na2B12H12 have 

shown high Na⁺ conductivity, reaching 0.1 S cm−1 at 256 °C during a 

phase transition. However, achieving high conductivity near room 

temperature remains challenging. In this work, we developed a zeolite-

Na2B12H12 composite designed to enhance Na⁺ conduction through 

interfacial engineering. Inspired by our previous zeolite-LiBH4 system, 

zeolite addition enables efficient Na⁺ migration through better 

dispersion and interfacial pathways. The optimized composite achieved 

a high ionic conductivity of 2.04×10-5 S cm−1 at room temperature and 

~10-3 S cm−1 at 90 °C. Moreover, it exhibited stable long-term cycling 

in a Na‖Na symmetric cell at 80 °C, showing good compatibility with 

sodium metal. These results demonstrate that zeolite incorporation is a 

simple and effective strategy to enhance both the conductivity and 

interfacial stability of complex hydride electrolytes, providing new 

insights for the development of high-performance solid-state sodium 

batteries. 

4.1 Introduction 

Solid-state sodium batteries (SSSBs) have been regarded as potential 

candidates for large-scale storage devices due to their rich resource 



Chapter 4 

 

119 

 

distribution and low cost of sodium compared to Li metal1. However, 

the development of high-performance solid electrolytes remains a 

critical barrier to the implementation of safe and efficient SSSBs. 

Conventional oxide- and sulfide-based electrolytes, such as NaSICON2, 

Na3PS4
3, and Na3PSe4

4, offer promising ionic conductivities but often 

suffer from limitations such as high processing temperatures, moisture 

sensitivity, and interfacial instability with sodium metal. Consequently, 

alternative solid electrolytes that combine high ionic conductivity, good 

chemical stability, and facile synthesis are urgently needed. 

Among the various candidates, complex hydrides based on closo-

type boron clusters have recently attracted attention as potential solid 

electrolytes for alkali-metal batteries5–10. Notably, Na2B12H12 has been 

reported to have a superior Na+ ion conductivity of 0.1 S cm−1 at 256 °C 

following a phase transition from its monoclinic to disorder body-

centered cubic (bcc) phase11. Nevertheless, at near-ambient 

temperatures, Na2B12H12 stabilizes in an ordered monoclinic phase with 

very low Na⁺ conductivity (10-7-10-8 S cm−1), severely restricting its 

practical application. Thus, stabilizing the disordered structure or 

creating fast-ion conduction pathways at lower temperatures has 

become a key challenge. 

To address this issue, several approaches have been proposed to 

enhance Na⁺ mobility in closo-hydrides. Mechanical milling can reduce 

crystallite size and partially stabilize the high-temperature phase of 
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Na2B12H12, thereby improving conductivity12. Other research on 

Na2B12H12 mainly focuses on its polymorphic phase transitions, ionic 

conductivity, and composite formation with other borohydrides. For 

example, Na3NH2B12H12 can achieve 1.0 × 10-4 S cm−1 at 99 ℃13, and 

Na3BH4B12H12 can stabilize a high conductivity of 10-3 S cm−1 at room 

temperature14. Moreover, halide anion-substitution is also reported to 

markedly increase the conductivity of Na2B12H12, as in Na2B12H12‑xIx  

with ionic conductivity approaching ~10-1 S cm−1 at 360 K15. While 

these methods can improve conductivity, they often involve anion 

substitution or limited structural modification. A simpler and broadly 

applicable method is therefore desirable. 

Interfacial engineering using oxide or porous scaffold has recently 

emerged as a promising alternative for improving the electrochemical 

properties of borohydrides16–19, However, its effectiveness strongly 

depends on the chemical compatibility between the hydride and the 

oxide scaffold. For example, early studies on NaBH4 nanoconfined in 

mesoporous silica (MCM-41) reported only minor conductivity 

improvement due to extensive oxidation of BH4
- at the silica pore walls, 

forming insulating borates that suppresses ion transport20. While recent 

studies on lithium closo-borates demonstrate that large, highly stable 

polarizable [B12H12]
2- anion interacts more gently with oxide surfaces, 

enabling Li2B12H12-Al2O3
21 to achieve a high lithium-ion conductivity 

2.73 × 10-5 S cm−1 at 30 ℃ while maintaining a wide electrochemical 

window (~3.8V vs. Li+/Li). These observations imply that closo-borates 



Chapter 4 

 

121 

 

may be suited for oxide-based interface engineering, yet this concept 

remains largely unexplored for sodium borohydrides.  

Building on the insights gained in Chapter 3, where zeolite 

frameworks significantly enhance Li⁺ conductivity in LiBH4. In this 

chapter, we extended this approach to a large closo-type anion B12H12
2-. 

It is noted that the complete removal of diglyme from solution-

synthesized Li2B12H12 is challenging due to the strong coordination 

between Li⁺ and ether molecules. Therefore, Na2B12H12 was selected as 

a model system. Zeolites offer several advantages as an oxide scaffold: 

high specific surface area, tunable acidity, structural rigidity, and well-

defined pore architectures. These features collectively allow dense 

hydride–oxide interfacial contact without inducing chemical 

degradation, providing ideal conditions to probe interface-assisted Na⁺ 

transport. 

In this work, we investigate zeolite-Na2B12H12 composites prepared 

via mechanochemical synthesis using zeolites CVB720 and CVB760, 

with different SiO2/Al2O3 ratios and surface areas. Notably, the zeolite-

Na2B12H12 composite achieved a conductivity of 2.04×10-5 S cm−1 at 

room temperature and ~10-3 S cm−1 at 90 °C. Besides, it exhibits 

excellent electrochemical stability (>3.94 V) and stable Na 

plating/stripping over extended cycling at 80 °C. Combining structural, 

spectroscopic, surface, and electrochemical analyses, we reveal a 

unified mechanism of interface-induced activation that governs fast-ion 
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conduction in closo-type hydride-oxide composites. This study reveals 

a simple route to activate fast Na⁺ transport in closo-type hydrides, 

providing new insights for the design of high-performance and cost-

effective solid-state sodium electrolytes. 
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4.2 Results and discussions  

Table 4.1 Sample of composites. 

Sample Zeolite type Zeolite: Na2B12H12 

(Mass Ratio) 

760-Na2B12H12(1:1) 760 1:1 

760-Na2B12H12(1:2) 760 1:2 

720-Na2B12H12(1:1) 720 1:1 

760-Na2B12H12(1:2) 720 1:2 

 

Na2B12H12 material was prepared by the reaction of NaBH4 and DMS 

BH3 in diglyme solvent at 160 ℃, following the previous reported 

procedures (Fig. 4.1(a)). Solid-state 11B NMR was conducted to verify 

the boron species in Na2B12H12. The main double peak at ~15 ppm is 

attributed to B12H12
2- (Fig. 4.2(b)), which was consistent with previous 

literature22,23. These results demonstrate the successful synthesis of 

phase-pure Na2B12H12. 
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Fig. 4.1(a) Schematic illustration of the synthesis of Na2B12H12 and zeolite- Na2B12H12 

composites; (b) 11B NMR spectra of Na2B12H12. 

The composition of zeolite-Na2B12H12 composites was further 

examined by FTIR spectroscopy and PXRD pattern (Fig. 4.2). The 

FTIR spectra (Fig. 4.2 (a)) of both pristine Na2B12H12 and its zeolite 

composites display the typical B-H stretching vibration bands, and B-

H bending modes of Na2B12H12 are located at 2403 and 700 cm-1, 1074 

cm-1 is the vibration of a B-B bond that belongs to the boron cage23. No 

new absorption bands are observed upon compositing with zeolite, 

indicating that during the mechanochemical ball-milling synthesis of 

the composite samples, the structure of the B12H12
2- anion remained 

unchanged. Peaks at 1300 and 500 cm−1 identify the presence of zeolite 

720 and 760. Compared to CVB720, CVB760, and pure Na2B12H12. 

Importantly, no B-O vibration band is detected between 900-1100 cm-1, 

indicating that no interfacial reaction or oxidation occurred between 

Na2B12H12 and the zeolite framework. This behavior differs sharply 

from the previously reported NaBH4-MCM-41 composite prepared by 

a melt-infiltration process, in which molten NaBH4 readily reacts with 
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the siliceous surface24. 

The XRD pattern of zeolite-Na2B12H12 composites is shown in Fig. 

4.2(b), with the diffraction peaks of zeolites and a strong peak at 2θ = 

6.96°, which is related to Na2B12H12. These results mean that zeolite 

introduction does not change the boron-hydride [B12H12]
2- framework 

during ball-milling. Instead, it introduces physical mixing and 

interfacial contact without inducing chemical reactions or new 

crystalline phases. This demonstrates that the mechanochemical 

process primarily modifies the microstructure and interfacial 

environment rather than affecting the intrinsic anion framework. The 

following section explores how such structural modification affects 

ionic conductivity.  

 

Fig. 4.2 (a) FTIR spectroscopy of zeolite- Na2B12H12 and pure Na2B12H12. (b) XRD pattern.  

Ionic conductivity of zeolite-Na2B12H12 

The ionic conductivities of pristine Na2B12H12 and the zeolite-
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Na2B12H12 composites were first evaluated by EIS in the temperature 

range of 25-90 °C. As shown in Fig. S4.1 and Fig. 4.3, the impedance 

data of pure Na2B12H12 consists of a semicircle in a high frequency 

region at 40 °C, indicating that the resistance value is over 500 kΩ. 

When the temperature increased to 80 ℃, the value of resistance was 

still 19 kΩ, indicating poor ionic transport. In contrast, the diameters of 

semicircles in the EIS spectra of zeolite- Na2B12H12 composites are 

much smaller than that of pure Na2B12H12. At 80 ℃, 720-Na2B12H12(1:2) 

resistance is only 180 Ω, demonstrating that zeolite incorporation 

greatly enhances ionic mobility. 

The temperature-dependent ionic conductivities of pure Na2B12H12 

and zeolite- Na2B12H12 composites were summarized in Fig. 4.4(a) and 

Table S4.1. At room temperature, pure Na2B12H12 displayed a 

significantly lower ionic conductivity of 9.07×10-8 S cm−1 at 40℃, 

whereas all zeolite- Na2B12H12 composites showed an enhanced ionic 

conductivity compared to pure Na2B12H12. Among them, 720-

Na2B12H12(1:2) shows the best performance, achieving the ionic 

conductivity of 2.04×10-5 S cm−1 at the ambient temperature, which is 

nearly three orders of magnitude over pure Na2B12H12 and the 

conductivity up to 1.29×10-3 S cm−1 at 90 ℃. In contrast, the 

conductivity of NaBH4-MCM41 composite20 is only 10 times higher 

than that of NaBH4. Other zeolite-Na2B12H12 composites also show 

significant improvements; the 760-Na2B12H12 (1:2) sample reaches 1.03 

× 10-5 S cm−1 at room temperature and 7.33 × 10-4 S cm−1 at 90 °C, 
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while the 720-Na2B12H12 (1:1) composite exhibits a conductivity of 

5.15 × 10-6 S cm−1 at room temperature and 4.14 × 10-5 S cm−1 at 90 °C. 

The 760-based 1:1 composite shows slightly lower conductivity among 

all composites. This similar tendency was observed in the zeolite-

LiBH4 system in Chapter 3, where 720-based composites 

outperformed those using 760. This correlation highlights the key role 

of the zeolite’s surface area: the higher specific surface area of zeolite 

720 provides more active interfaces and continuous Na⁺ transport 

pathways, thus facilitating interfacial ion migration and enhancing 

overall conductivity. 

 

Fig. 4.3 EIS plots of zeolite- Na2B12H12 composites 

The activation energies for Na⁺ conduction were calculated from the 
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Arrhenius plots and are shown in Fig. 4.4 (b). The pure Na2B12H12 

shows the highest activation energy (Ea) of 0.75 eV, consistent with its 

poor conductivity. In comparison, the zeolite-Na2B12H12 composites 

exhibit significantly lower Ea values: 0.35 eV for 720-Na2B12H12 (1:1), 

0.41 eV for 760-Na2B12H12 (1:1), 0.58 eV for 760-Na2B12H12 (1:2), and 

0.60 eV for 720-Na2B12H12 (1:2). Interestingly, although the 720(1:2) 

sample has a slightly higher activation energy than that of its 1:1, it still 

displays the highest conductivity over the entire temperatures range. 

This behavior indicates that Na⁺ transport in the composite is no longer 

governed only by bulk migration barriers. Instead, the dominant 

contribution arises from a percolating interfacial transport network 

formed between Na2B12H12 and the high-surface-area zeolite scaffold. 

Therefore, owing to its superior ionic conductivity and favorable 

activation energy, the 720-Na2B12H12 composite with a 1:2 mass ratio 

was selected for subsequent electrochemical measurements, as it 

provides an optimal balance between ionic transport efficiency and 

energy barrier, thereby motivating further investigation of its interfacial 

conduction mechanism. 
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Fig. 4.4 (a) Temperature-independent conductivity of pure Na2B12H12 and zeolite-Na2B12H12 

composites. (b) Ea value of pure Na2B12H12 and zeolite-Na2B12H12 composites. 

The surface chemical composition was performed using X-ray 

photoelectron spectroscopy (XPS) on 720-Na2B12H12 (1:2) composite. 

The high-resolution B 1s spectrum (Fig. S4.2) exhibits a single peak 

centered at ≈ 187.7 eV, corresponding to the B12H12
2- anion. It is unlike 

the reported Li2B12H12-Al2O3, which showed a B-O bond due to the 

interaction between Li2B12H12 and Al2O3
21. No additional features are 

detected at higher binding energy in the 720-Na2B12H12 (1:2) composite. 

This shows that no oxidation or chemical reaction occurs between -

Na2B12H12 and the zeolite surface during the composite formation 

process. Collectively, it reveals the chemical stability between 

Na2B12H12 and zeolite, thereby excluding the formation of any 

intermediate phases at the interface that could account for the enhanced 

Na⁺ conductivity in the composites. 

To further verify the interfacial effect responsible for the improved 



Chapter 4 

 

130 

 

ionic conductivity. Brunauer-Emmett-Teller (BET) analysis was 

conducted for the 720-Na2B12H12 (1:2) composite in Fig. 4.5. The 

specific surface area of the pristine zeolite 720 was measured in 

Chapter 3 to be 804 m2 g−1, while that of the composite decreased 

markedly to 10.17 m2 g−1. The reduction in surface area indicates that 

particles have fully covered the zeolite surface, forming continuous 

interfacial contact. In reactive systems such as NaBH4-MCM-41, 

similar coverage would aggravate interfacial oxidation. However, in the 

chemically stable zeolite-Na2B12H12 system, increased interfacial area 

directly translates into more continuous and energetically favorable Na⁺ 

migration pathways. The BET results thus confirm the physical 

infiltration model proposed by XPS and conductivity data, showing that 

dense interfacial layers are the structural origin of enhanced Na⁺ 

conduction. 

 

Fig. 4.5 (a) Nitrogen physisorption isotherms for 720-Na2B12H12 (1:2); (b) pore-size 

distribution plots for 720-Na2B12H12 (1:2) 



Chapter 4 

 

131 

 

In addition to conductivity, both electrochemical stability and 

electronic insulation properties also need to be considered for 

promising electrolytes in Na-based batteries. The electrochemical 

potential window of 720-Na2B12H12(1:2) and pure Na2B12H12 were 

examined by Linear sweep voltammetry (LSV) (Fig. 4.6(a)). 

Measurements were conducted using a Na|720-Na2B12H12(1:2) |SS coin 

cell, at a scanning rate of 0.1 mV s−1 and over a voltage range from 

open-circuit voltage (OCV) to 4.0 V at 80 ℃. The LSV curve shows 

that the current remains negligible up to 3.94 V (vs Na+/Na), indicating 

720-Na2B12H12(1:2) shows a broad electrochemical stability window 

and excellent oxidative stability. This value is slightly higher than that 

of Na2B12H12 (3.85 V) and NaB11H14 (2.6 V)25. Even though 

Na3NH2B12H12 has been reported to have a wide electrochemical 

window of 0-10 V,13 its actual stability range may be smaller, as that 

value was not determined through oxidation measurements starting 

from OCP. This suggests that 720-Na2B12H12(1:2) composite is suitable 

for employing a high-voltage cathode in sodium-based batteries. The 

electronic conductivity (σe) of the sample 720-Na2B12H12(1:2) at 80 ℃ 

was determined to be 1.15 × 10-6 S cm−1 based on DC polarization 

measurements (Fig. 4.6(b)), which is approximately 3 orders of 

magnitude lower than σ (Na+). Therefore, the 720-Na2B12H12(1:2) 

composite is an ion conductor, and the electron conductivity is 

negligible, which will effectively suppress the growth of dendrites.  

To further evaluate the structural stability of the composite 
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electrolyte, in-situ XRD was carried out on the 720- Na2B12H12 (1:2) 

sample from 20 °C to 100 °C (Fig. S4.3). The diffraction patterns 

exhibit no noticeable change in peak position, intensity, or width across 

the entire temperature range. The main reflections of Na2B12H12 remain 

constant, and no new peaks corresponding to decomposition or phase 

transformation are detected. This result indicates that both the 

[B12H12]
2- framework and the composite structure are thermally stable 

below 100 °C. 

 

 

Fig. 4.6 (a) LSV curve of pure Na2B12H12 and 720-Na2B12H12(1:2) composite. (b) DC curve 

of 720- Na2B12H12(1:2). 

The Na dendrite suppression capability of 720-Na2B12H12(1:2) was 

evaluated using the galvanostatic cycling (GC) test of a Na|720-

Na2B12H12(1:2) |Na symmetric cell at 80 ℃ with a current density of 

0.1 mA cm−2, with 1 hour plating/stripping intervals as shown in Fig. 

4.7(a). The cell exhibits fully reversible sodium plating and stripping 

with a stable overpotential of approximately 125 mV. Remarkably, the 
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voltage remains nearly constant at 125 mV over 60 hours of continuous 

cycling without any noticeable increase or short-circuiting. This 

excellent stability demonstrates the good interfacial compatibility 

between the composite electrolyte and the sodium metal anode, as well 

as the ability of 720-Na2B12H12(1:2) to effectively suppress sodium 

dendrite growth during cycling. To further evaluate the interfacial 

stability of the composite electrolyte, electrochemical impedance 

spectroscopy (EIS) was performed on the Na|720- Na2B12H12(1:2) |Na 

symmetric cell before and after galvanostatic cycling (Fig. 4.7). The 

Nyquist plots exhibit a single semicircle in the high-frequency region, 

corresponding to the combined bulk and interfacial resistance of the cell. 

Before cycling, the total resistance was approximately 900 Ω, which 

only slightly increased to 930 Ω after 60 hours of continuous Na 

plating/stripping at 80 °C. This negligible change displays that the 

composite electrolyte maintains intimate interfacial contact with the 

sodium metal anode, without significant formation of interphase or side 

reactions during cycling. Together with the stable overpotential of ~125 

mV observed in the galvanostatic test, these results demonstrate the 

excellent chemical and electrochemical compatibility of the 720-

Na2B12H12(1:2) composite with sodium metal, as well as its stability 

under cycling. Thus, the composite exhibits both high ionic 

conductivity and outstanding interfacial stability, fulfilling the essential 

requirements for solid-state sodium batteries. 
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Fig. 4.7 (a) Galvanostatic Na plating/stripping profiles of the Na|720-Na2B12H12(1:2) |Na cell 

at 80 ℃. (b) EIS curve of Na|720-Na2B12H12(1:2) |Na before and after cycling for 60 hours. 

4.3 Conclusion 

In summary, a series of zeolite-Na2B12H12 composites was 

successfully synthesized and systematically investigated as potential 

solid-state electrolytes for sodium batteries. Structural analyses 

evidence that no chemical reaction or phase transformation occurred 

between Na2B12H12 and zeolite during the mechanochemical process. 

Instead, the incorporation of zeolite markedly enhanced Na⁺ transport 

through interfacial effects. Among the prepared samples, the 720- 

Na2B12H12 (1:2) composite exhibited the highest ionic conductivity of 

1.29 × 10-3 S cm−1 at 90 °C, which is about three orders of magnitude 

higher than that of pure Na2B12H12, and a reduced activation energy of 

0.60 eV. The improvement in ionic conductivity is mainly attributed to 

the enlarged interfacial area and continuous Na⁺ migration pathways 

provided by the high specific surface area and three-dimensional porous 

architecture of zeolite 720. 
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Electrochemical measurements further verified the excellent stability 

and interfacial compatibility of the composite electrolyte. The 720-

Na2B12H12(1:2) sample showed a wide electrochemical window of 3.94 

V (vs. Na⁺/Na) and a low electronic conductivity of approximately 10-6 

S cm−1. In the Na|SSEs|Na symmetric cell, stable and reversible sodium 

plating/stripping was achieved at 80 °C with an overpotential of about 

125 mV, which remained constant over 60 hours of cycling without 

short-circuiting. This behavior indicates good interfacial contact 

between the composite electrolyte and the sodium metal anode and 

suggests effective suppression of interfacial instability under the tested 

conditions. 

Overall, this study reveals that the introduction of zeolite is not only 

beneficial for LiBH4-based systems but is also highly effective for 

Na2B12H12 and other closo-type complex hydrides. The zeolite 

incorporation strategy offers a promising route to enhance both Na⁺ 

conductivity and interfacial stability, providing valuable insights for the 

design of cost-effective and high-performance solid electrolytes for 

next-generation sodium-based solid-state batteries. 

4.4 Experiment section 

Synthesis 

The synthesis procedure to obtain preparation of Na2B12H12 is 
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adapted from Wang et al22. It should be noted that this process requires 

utmost caution for safety. Commercial NaBH4 (95%, Alfa Aesar) 

powder was directly used without further purification. 0.38 g of NaBH4 

was dissolved in 20 mL anhydrous diglyme in a 100mL Schlenk flask. 

Then, 5.4 mL borane dimethyl sulfide complex (DMS·BH3) was added 

dropwise to the solution, which was attached to a Schlenk line. After 

stirring for 24 hours at 160 ℃, the mixture was dried at 200℃ for 24 

hours and cooled down to room temperature. And then it should be 

washed by diglyme (3 × 5mL) and filtered. The solid product was 

finally vacuum dried at 80 ℃ for 12 hours to remove the diglyme 

residue. The final white product was transferred into an argon-filled 

glove box. 

Zeolite Y type (from Zeolyst): CVB720 (SiO2/Al2O3 mole ratio: 30) 

and CVB760 (SiO2/Al2O3 mole ratio: 60). Zeolite was dried under 

dynamic vacuum at 250℃ for 12 hours prior to use. Zeolite- Na2B12H12 

composites were synthesized by Ball-milling:720-Na2B12H12 and 760- 

Na2B12H12 were prepared with different kinds of mass ratios of 1:1 and 

1:2. For each experiment, 0.8 g of the mixture was loaded into a 

stainless-steel milling jar in a glove box filled with argon. The ball-to-

sample weight ratio was kept at 13:1. Two compositions of Na2B12H12 

and 720, 760 were mechanically milled at 400 rpm for 4h with a 

planetary ball mill (XQM-0.4A, Changsha). All samples prepared were 

milled for 3 min, and 2 min breaks were taken to overcome heating 

effects. All manipulations of the samples during the experiment were 
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conducted within an Argon atmosphere in a glove box (p(O2) < 0.1 ppm, 

p (H2O) < 0.1 ppm) 

XRD patterns were collected by an MAR345 image plate detector 

with Mo Ka radiation (λ = 0.71072 Å). NMR spectra were measured on 

Bruker Avance 500 spectrometer at 160.46 MHz for 11B. FTIR spectra 

were recorded by the attenuated total reflectance (ATR) on Bruker a II 

spectrometer in an argon-filled glovebox. The X-ray photoelectron 

spectroscopy (XPS) measurements were performed on ESCALAB 

250Xi, and the sample was prepared in an Ar-filled glovebox. After well 

sealing, the sample stage is transferred to the chamber to avoid contact 

with air as much as possible. 

Sodium ionic conductivities were measured with electrochemical 

impedance spectroscopy (EIS) in a frequency range from 7 MHz to 100 

mHz by pressing samples into a solid pellet with a diameter of 0.6-1.0 

mm in a sandwich structure of two stainless steels. The conductivity 

was calculated by the following equation: 

σ =
𝐿

𝑅𝑆
                   (1) 

Where R represents the resistance of EIS, S represents contact area 

of SSE, and L is the thickness of the SSE (0.6~0.9 mm). The activation 

energy can be calculated by the Arrhenius equation: 

ln σT  =
𝐸𝑎

𝐾𝐵𝑇
+ 𝐶                     (2) 



Chapter 4 

 

138 

 

Linear sweep voltammetry (LSV) measurements were conducted on 

an electrochemical workstation (EC Lab) with a scanning rate of 0.1 

mV S−1 and a voltage range from open circuit potential to 5.0 V. The 

composite samples were pressed into a pellet under 600 MPa, then 

sandwiched by Na metal foil and stainless steel into a CR2032 coin cell. 

The DC polarization was measured by two pieces of stainless steels 

(SS) electrodes with a constant voltage of 0.5 V for 13,000 s. The 

electronic conductivity can be calculated by following equation: 

𝑅 =
𝑉

𝐼
                  (3) 

Cell assembly 

Symmetric Na|zeolite-Na2B12H12|Na cell was evaluated by galvanostatic 

discharge/charge measurements using EC-LAB at 80 °C with a current density 

of 0.1 mA cm−2. 
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4.5 Support information 

 

Fig S4.1 EIS plots of pure Na2B12H12 at 40 ℃, 60 ℃, and 80 ℃. 
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Fig. S4.2 B1s XPS spectra of 720-Na2B12H12 (1:2) composite. 

 

Fig. S4.3 Synchrotron In-situ XRD of 720- Na2B12H12(1:2) from 30-100℃.  
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Table S4.2. Ionic conductivities of samples at different temperatures. 

  

Sample 720-

Na2B12H12(1:1) 

720-

Na2B12H12(1:2) 

760-

Na2B12H12(1:1) 

760-

Na2B12H12(1:2) 

Na2B12H12 

σ25℃ 

(S cm−1
) 

2.27×10-6 2.04×10-5 3.65×10-6 1.02×10-5 9.07×10-8 

σ30℃ 

(S cm−1
) 

5.15×10-6 2.21×10-5 4.72×10-6 1.46×10-5 1.57×10-7 

σ40℃ 

(S cm−1
) 

1.02×10-5 3.63×10-5 8.22×10-6 2.51×10-5 3.35×10-7 

σ50℃ 

(S cm−1
) 

1.15×10-5 6.62×10-5 1.40×10-6 4.21×10-5 1.01×10-6 

σ60℃ 

(S cm−1
) 

1.46×10-5 1.23×10-4 1.90×10-6 6.69×10-5 2.19×10-6 

σ70℃ 

(S cm−1
) 

1.69×10-5 2.24×10-4 3.12×10-6 1.16×10-4 6.00×10-6 

σ80℃ 

(S cm−1
) 

2.63×10-5 6.86×10-4 4.63×10-6 3.26×10-4 1.05×10-5 

σ90℃ 

(S cm−1
) 

4.14×10-5 1.29×10-3 6.39×10-55 7.33×10-4 1.19×10-5 
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Chapter 5 Enhancing Ionic Transport and 

Li-Metal Compatibility in LiBH4-2LiNH2 via 

BN Interfacial Engineering 
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Abstract 

Adding a small amount of BN significantly increases the ion 

conductivity of the LiBH4-2LiNH2 system owing to the formation of 

the highly conductive interface between the two phases. The LiBH4-

2LiNH2-10%BN achieves an ionic conductivity as high as 1.17 × 10-3 

S cm−1 at 35 °C. Remarkably, symmetric Li|LiBH4-2LiNH2-10%BN|Li 

cells exhibit long-term plating/stripping stability for >200 h at room 

temperature and >180 h at 50 °C with low polarization, successfully 

obviating the need for Li-In alloy anodes. Moreover, the practical 

feasibility of the electrolyte is validated in a solid-state Li|LiBH4-

2LiNH2-10%BN|Li4Ti5O12 full cell, which delivers reversible charge-

discharge capability. 

These results demonstrate that BN-based interfacial engineering 

enables fast Li⁺ conduction and robust Li-metal compatibility, offering 

a practical and scalable route to high-performance hydride solid-state 

electrolytes. 

5.1 Introduction 

With the growing demand for electric vehicles and large-scale energy 

storage systems, the development of batteries with higher energy 

density and improved safety has become one of the major areas of 

research1,2. However, conventional liquid organic electrolytes present 

potential safety risks3,4. All-solid-state batteries (ASSBs), employing 



Chapter 5 

 

148 

 

solid-state electrolytes (SSEs), offer significant advantages in safety, 

thermal stability, and potential energy density5,6, and have been 

regarded as promising candidates for new battery systems. 

Among various SSEs, LiBH4-based hydrides have attracted 

considerable attention due to their excellent chemical compatibility 

with lithium metal, outstanding mechanical strength, and high Li⁺ 

conductivity in the hexagonal phase (>10-3 S cm−1 at 393 K) 7. At room 

temperature, however, LiBH4 adopts an orthorhombic phase with a very 

low conductivity (~10-8 S cm−1)8. To address this issue, strategies such 

as anion substitution (I-, Br-, Cl-)8–11 and molecular complexation (NH3 

and CH3NH3)
12–14 have been proposed to enhance its room-temperature 

conductivity but often require complex or high-temperature processing.  

The LiBH4-LiNH2 composites represent an important advance 

because the introduction of [NH2]
- anions increases lithium vacancies 

and lowers migration barriers, thereby improving Li-ion conductivity 

to ~10-4 S cm−1 near room temperature15,16. Nonetheless, LiBH4-LiNH2 

SSEs still face two main challenges: (1) their room-temperature 

conductivity (~10-4 S cm−1) remains below the practical threshold (>10-

3 S cm-1); and (2) poor interfacial stability with lithium metal leads to 

rapid capacity decay. Prior interfacial-engineering approaches have 

attempted to address these issues. SiO2 nanoscaffolds can improve the 

conductivity of LiBH4-LiNH2 via stabilization of a highly conductive 

phase18 but involve high inactive-mass content and show no 
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demonstrated Li-metal compatibility. Similarly, introducing g-C3N4 

into LiBH4-LiNH2 can construct continuous Li⁺ transport networks, 

lower interfacial impedance, significantly increase room-temperature 

conductivity, and improve interfacial stability, achieving superior long-

cycle performance22, but stable long-term Li-metal cycling requires the 

use of Li-In alloy anodes. 

Recently, two-dimensional (2D) materials have emerged as 

promising additives for hydride-based SSEs. BN, a layered 2D material 

with high thermal stability, a wide band gap, and excellent chemical 

inertness, has reduced grain-boundary resistance and facilitated Li⁺ 

migration in LiBH4, thereby enhancing conductivity19. MoS2 has also 

been introduced in LiBH4 and Li4(BH4)3I to achieve high conductivity 

at room temperature.20,21 However, BN has not yet been applied to the 

LiBH4-LiNH2 system. Given its large specific surface area and 

chemical stability, BN is expected to further enhance ionic conductivity 

due to outstanding interfacial stability. 

As shown in Chapters 3 and 4, interface engineering provides an 

effective baseline strategy for enhancing ion transport in borohydride-

based solid-state electrolytes by forming interfacial regions for fast ion 

conduction. Although such methods can significantly increase 

conductivity without changing the borohydride lattice structure, the 

mechanical stability, interface integrity, and chemical robustness of the 

composite structure will further affect its performance. In this chapter, 



Chapter 5 

 

150 

 

we investigated LiBH4-2LiNH2-BN composite as an advanced 

interfacial model system, in which both anion chemistry and interfacial 

stabilization contribute to ionic transport. The LiBH4-2LiNH2 

electrolyte containing 10 wt% BN (LBN-10%) achieves an ionic 

conductivity of 1.17 × 10-3 S cm−1 at 35 °C with a broad electrochemical 

window. It is worth noting that BN simultaneously enhances 

conductivity and dramatically improves Li-metal compatibility, 

enabling stable cycling with pure Li metal for >200 hours at room 

temperature, an achievement not previously reported for the LiBH4-

LiNH2 system. Meanwhile, the practical applicability of this electrolyte 

is demonstrated through its compatibility with Li4Ti5O12 in all solid-

state batteries. This dual enhancement represents a significant step 

toward practical hydride-based SSEs. 

5.2 Results and discussion 

The XRD pattern of the as-prepared BN powder and the ball-milled 

BN is shown in Fig. S5.1. For the ball-milled BN, the broadening of the 

main peak after the mechanical process, and the disappearance of some 

diffraction peaks mean that BN has been refined. Fig. 5.1(a) compares 

the XRD patterns of three different BN contents of LiBH4-2LiNH2-BN 

composites and LiBH4-2LiNH2. The XRD pattern of LiBH4-2LiNH2 

corresponds with the previous lecture. For the BN-added samples, the 

LiBH4-2LiNH2 still dominates the XRD peaks. When the content of BN 

is 5%, the diffraction peaks of BN in the pattern are almost invisible, 
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suggesting that the BN may form an amorphous phase after ball milling. 

Moreover, with the increasing content of BN, the peaks of BN become 

apparent. Nevertheless, the introduced BN does not affect the structure 

of LiBH4-2LiNH2. FT-IR spectra further illustrates whether BN affects 

the B-H bonds in the LiBH4-2LiNH2. The vibration bands of B-H 

(2200~2300 cm−1) and B-N (1337 cm−1) corresponding to LiBH4-

2LiNH2 and BN are identified in Fig. 5.1(b). With the increasing 

content of BN, the B-N bonds in the LiBH4-2LiNH2-BN composite 

become sharper. Fig. 5.1(c)-(d) shows typical SEM images of LiBH4-

2LiNH2-10%BN. The particle size after ball-milling was determined to 

be approximately 2-3 μm. In addition, some flat structures were 

observed around the particles, which were likely attributed to BN 

attached to the surface of LiBH4-2LiNH2 during the ball-milling process. 

These BN-electrolyte contacts are expected to play a central role in 

enhancing Li⁺ transport by reducing grain-boundary resistance. 
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Fig. 5.1 (a) XRD patterns; (b) FTIR spectra of LiBH4-2LiNH2, BN-BM, and LiBH4-2LiNH2-

x%BN materials; (c)-(d) SEM images of LiBH4-2LiNH2-10%BN materials. 

 

Following the morphological analysis, X-ray Photoelectron 

Spectroscopy (XPS) was employed to definitively identify the chemical 

state of boron and demonstrate the distribution of BN at the interface. 

As shown in Fig. 5.2, the high-resolution B 1s spectrum of the LiBH4-

2LiNH2-10%BN composite reveals three distinct chemical 

environments. The peak at 188.35 eV corresponds to the B-H bonds 

within the LiBH4-2LiNH2 matrix, while the prominent peak at 190.57 

eV is characteristic of B-N bonds in h-BN. The minor peak at 192.02 

eV is attributed to trace surface oxidation inevitable during sample 
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transfer22. Crucially, despite BN constituting only a fraction of the total 

mass, the B-N signal intensity is comparable to that of B-H. Given the 

surface-sensitive nature of XPS, this high B-N proportion serves as 

robust evidence that BN nanosheets are enriched at the surface of the 

electrolyte particles. This BN-rich interface is the key structural feature 

responsible for the enhanced transport properties discussed below. 

 

Fig. 5.2 B1s XPS spectra of LiBH4-2LiNH2-10%BN. 

The ionic conductivity tests of composites were conducted by 

assembling symmetric stainless-steel cells with the solid-state 

electrolyte pellet thickness of 0.7-1.0mm. Fig. 5.3(a) shows EIS 

diagrams of Nyquist diagrams of LiBH4-2LiNH2, LiBH4-2LiNH2-

x%BN composites, and LiBH4-10% BN at 60 ℃. The typical Nyquist 
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plot of sample LiBH4-2LiNH2 and LiBH4-10% at 60 ℃ consists of a 

semicircle in a high-frequency region and a linear tail in a low-

frequency region. While LiBH4-2LiNH2-x%BN only exhibits a straight 

line intersecting the real axis, the absence of a semicircle suggests the 

fast Lithium-ion migration inside the bulk. The diameters of semicircles 

of LiBH4-2LiNH2, LiBH4-2LiNH2-5%BN, LiBH4-2LiNH2-10%BN, 

LiBH4-2LiNH2-15%BN composites, and LiBH4-10% BN reveal the 

total resistance of 149.6 Ω, 60.5 Ω, 40 Ω, 42.5 Ω, and 2079 Ω, 

respectively. It is obviously found that LiBH4-2LiNH2-x%BN has a 

smaller resistance than that of LiBH4-2LiNH2 and LiBH4-10% BN. Fig. 

5.3(b) shows the EIS results of LiBH4-2LiNH2-10%BN composite at 

various temperatures. The resistance gradually decreases with 

increasing temperature, demonstrating enhanced ionic conductivity at 

high temperature. 

 

Fig. 5.3 (a) Electrochemical impedance spectroscopy (EIS) plots for LiBH4-2LiNH2, LiBH4-

2LiNH2-x%BN composites, and LiBH4-10% BN at 60 ℃. (b) EIS plots for LiBH4-2LiNH2-

10%BN at different temperatures. 

The temperature-dependent (20-60 ℃) ionic conductivity (Fig. 5.4(a) 
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and Table 5.1) shows that BN incorporation significantly enhances 

room-temperature Li⁺ transport in the LiBH4-2LiNH2 system. Even 

with only 5% BN, the conductivity can reach 3.24×10-4 S cm−1 at 20 ℃. 

While it is only ~10-7 S cm−1 for pristine LiBH4-2LiNH2 under the same 

conditions. Increasing the BN content to 10 wt% further improves the 

ionic conductivity to 5.34×10-4 S cm−1, representing an enhancement of 

approximately three orders of magnitude compared with the 

unmodified composite. For comparison, LiBH4-10% BN exhibits ionic 

conductivity of 1.3 ×10-6 S cm−1, higher than pristine LiBH4
23 and 

LiBH4-2LiNH2 but still far lower than that of LiBH4-2LiNH2-10%BN. 

Subsequently, when the mass content of BN exceeds 10 wt%, the 

conductivity begins to decrease, likely due to excessive BN interrupting 

continuous Li⁺ percolation pathways. It is worth noting that previous 

studies have already demonstrated that BN incorporation enhances the 

ionic conductivity of LiBH4
19, the interaction at the BN/hydride 

boundary induces lattice deformation and creates a conductive 

subsurface layer. This results in a percolation network where the 

insulating additive paradoxically acts as an enabler for fast ionic 

conduction. Our results not only corroborate this established interfacial-

enhancement mechanism but also reveal an additional benefit: BN is 

even more effective in promoting Li⁺ transport in the LiBH4-2LiNH2 

system, where the presence of [NH2]
- facilitates vacancy formation. The 

BN further modifies these interfacial regions, enabling Li⁺ to migrate 

more efficiently across particle boundaries and thereby lowering the 
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overall activation energy. This cooperative effect explains why the 

LiBH4-2LiNH2-10%BN composite achieves substantially higher room-

temperature conductivity than either LiBH4-2LiNH2 or LiBH4-BN. 

At elevated temperatures, similar trends are observed. When heated 

to 35 ℃, the ionic conductivity of LiBH4-2LiNH2 sharply increases to 

~10-4 S cm−1, which is consistent with previous reports24. Meanwhile, 

the conductivity of LiBH4-2LiNH2-10%BN attains the highest value of 

1.17 × 10-3 S cm−1, revealing that BN-induced interfacial engineering 

simultaneously boosts the intrinsic LiBH4-2LiNH2 transport 

mechanism and further enhances Li⁺ mobility through fast-ion 

interfacial pathways. 

 

The activation energy was derived from the slope in the Arrhenius 

plots from 20 ℃ to 60 ℃. A summary of activation energy is shown in 

Fig. 5.4(b). For LiBH4-2LiNH2, the Ea of the low temperature phase 

(between 20 and 35 °C) is 2.98 eV, whereas in the high-temperature 

region (above 40 ℃), the Ea values decrease substantially to 0.41 eV. 

In contrast, the Ea values of samples of LiBH4-2LiNH2-5%BN, LiBH4-

2LiNH2-10%BN, LiBH4-2LiNH2-15%BN, and LiBH4-10% BN are 

0.42 eV, 0.47 eV, 0.58 eV, and 0.96 eV, respectively, as determined from 

20 to 60 ℃. All LiBH4-2LiNH2-x%BN composites have a lower 

activation energy, demonstrating that BN incorporation effectively 

reduces the energy barrier for Li⁺ migration within the solid electrolyte. 
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In particular, LiBH4-2LiNH2-5%BN and LiBH4-2LiNH2-10%BN 

samples show a lower activation energy value of 0.42 eV and 0.47 eV, 

which fall within the typical values of superior ionic conductors (< 0.5 

eV)25. This substantial decrease indicates that BN introduces favorable 

Li⁺ diffusion pathways at the composite interfaces. Rather than acting 

as a conductive filler26, BN functions as an interfacial facilitator that 

restructures transport bottlenecks originally dominated by LiBH4-

2LiNH2 grain boundaries. 

 

 

Fig. 5.4 (a) Temperature-dependent ionic conductivity of LiBH4-2LiNH2, LiBH4-2LiNH2-

x%BN composites, and LiBH4-10% BN. (b) Ea value of LiBH4-2LiNH2, LiBH4-2LiNH2-

x%BN composites, and LiBH4-10% BN. aEa low temperature (LT) phase determined from 

25 °C to 35 °C. b Ea high temperature (HT) phase determined from 35 °C to 60 °C. 
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Table 5.1 Conductivity of samples. 

 

To ensure that the BN additive does not introduce significant 

electronic conduction, the DC polarization measurement was conducted 

at a voltage of 500 mV for 13,000 s at 50 ℃ in Fig. 5.5(a). The 

electronic conductivity of LiBH4-2LiNH2-10%BN was determined to 

be on the order of 10-7 S cm−1, which was four orders of magnitude 

lower than its ionic conductivity. Consequently, the calculated Li+ 

transference number reaches 0.999, indicating that nearly all charge 

transport is carried by Li⁺ ions. Such a high transference number is 

critical for suppressing lithium dendrite formation and is one of the key 

criteria for an ideal solid-state ionic conductor. The differential 

scanning calorimetry (DSC) curve of composites showed the transition 

temperature in Fig. S5.2. Pristine LiBH4-2LiNH2 exhibits a pronounced 

endothermic transition near ~35 °C, corresponding to its structural 

phase change. Upon BN incorporation, this transition shifts to ~45 °C, 

suggesting that BN modifies the local structural environment and 

slightly stabilizes the composite framework. This shift is consistent 



Chapter 5 

 

159 

 

with the interfacial interactions between BN and the hydride matrix and 

further supports the role of BN in tuning both the transport and thermal 

behavior of the LiBH4-LiNH2 system. 

Linear sweep voltammetry (LSV) was employed to evaluate the 

apparent electrochemical stability window of the SSE, which is critical 

to choosing a suitable cathode for solid-state electrolytes. A Li| LiBH4-

2LiNH2-10%BN|SS was assembled and measured at 50 ℃. As shown 

in Fig. 5.5(b), the LSV curve indicates that there is no component 

decomposition until 3.25 V (vs Li/Li+), suggesting an apparent 

electrochemical stability window over 3.0 V, which is much wider than 

that of ~2.0 V in previous lectures27. The improved oxidative stability 

observed here may be associated with the chemical inertness of BN and 

its interfacial effects28, which can delay the onset of decomposition. 

This finding highlights an additional advantage of BN interfacial 

engineering: stabilizing both ionic transport and the electrochemical 

window. 

 

Fig. 5.5 (a) DC polarization curve of the LiBH4-2LiNH2-10%BN. (b) LSV curve of the 
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Li//SS cell within the potential windows of OCV to 4.0 V at a scan rate of 0.1 mV s-1 at 50 ℃. 

The interfacial compatibility between the electrolyte and lithium 

metal was assessed using a symmetric Li| LiBH4-2LiNH2-10%BN|Li 

cell at a current density of 0.05 mA cm−2 at RT (Fig. 5.6). The 

remarkably low overpotential (~ 5 mV) and stable cycling over 200 

hours clearly demonstrate the outstanding interfacial compatibility 

between BN-modified electrolyte and lithium metal. Notably, this level 

of stability represents a significant improvement over previously 

reported LiBH4-2LiNH2-g-C3N4 composites, which could only sustain 

Li||Li symmetric cycling for ~60 hours at 30 °C and required Li-In alloy 

anodes for long-term operation22. In contrast, BN-modified composite 

enables stable Li plating/stripping directly with a pure Li anode, thus 

avoiding the need for expensive alloy-protected electrodes6 and 

highlighting the unique advantage of BN-based interfacial engineering 

in hydride solid electrolytes. 
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Fig. 5.6 Galvanostatic cycling curves of Li|LiBH4-2LiNH2-10%BN|Li cell at 0.05 mA cm-2 

and at RT. 

To further evaluate the compatibility at elevated temperatures, the 

symmetric Li|LiBH4-2LiNH2-10%BN|Li cell was tested at 50 °C. As 

shown in Fig. 5.7 (a) and (b), the cell operated at 0.1 mA cm-2 with 1-

hour current intervals. The overpotential remains exceptionally low, 

reaching a maximum of only ~7 mV. Importantly, the voltage profile 

remains highly stable over 180 hours of continuous cycling. The ability 

of the LiBH4-2LiNH2-10%BN composite to maintain such stability 

under more aggressive conditions demonstrates that BN interfacial 

engineering effectively suppresses thermally accelerated side reactions, 

ensuring uniform Li plating/stripping even at higher operating 

temperatures. 
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Fig. 5.7 (a) Galvanostatic cycling curves of Li|LiBH4-2LiNH2-10%BN|Li cell at 0.1 mA 

cm-2 and at 50 °C.(b) The detailed voltage plateau of Li stripping/plating at selected durations. 

 

The Li dendrite suppression capability of the LiBH4-2LiNH2-

10%BN was further examined by galvanostatic charge-discharge (GCD) 

of a symmetric Li| LiBH4-2LiNH2-10%BN|Li cell at 50 °C under 

increased current density (Fig. 5.8). The cell exhibits highly stable and 

reversible over-potential and increases smoothly with current density, 

which means a uniform Li plating and stripping process. As the current 

density gradually increased to 1.5 mA cm−2, a sudden voltage change 

occurred, indicating a critical current density to suppress the formation 

of Li dendrites. These results demonstrate the excellent interfacial 

compatibility and robust electrochemical stability of the LiBH4-

2LiNH2-10%BN composite electrolyte under demanding high-current 

operation. Table S5.1 summarizes the ionic conductivity and Li-metal 

compatibility of the LiBH4-2LiNH2-10%BN electrolyte in comparison 

with previously reported hydride-based solid electrolytes. The data 
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clearly show that our BN-hydride composite achieves a uniquely 

favorable combination of high room-temperature conductivity and 

long-term stability against pure Li metal. 

 

Fig. 5.8 Galvanostatic charge and discharge curves of Li|LiBH4-2LiNH2-10%BN|Li cell at 

increasing current densities at 50 °C. 

To evaluate the practical applicability of the LiBH4-2LiNH2-10%BN 

electrolyte in all-solid-state lithium batteries, we chose Li4Ti5O12 (LTO) 

as the cathode and Lithium metal as the anode to assemble Li|LiBH4-

2LiNH2-10%BN|LTO cell. Fig. 5.9 presents the galvanostatic charge-

discharge profiles of the Li|LiBH4-2LiNH2-10%BN|LTO cell for the 

first three cycles under 0.1 C at 50 ℃ (1C=175 mAh g−1). The cell 

exhibits well-defined and flat voltage plateaus at approximately 1.55 V 

and 1.58 V, corresponding to the characteristic redox reaction of LTO.  

The narrow voltage hysteresis observed here indicates excellent 

interfacial contact and fast ionic kinetics, which are enabled by the BN-

modified electrolyte. The cell delivers a reversible specific capacity of 
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approximately 139 mAh g−1, demonstrating high utilization of the active 

material. The overlapping profiles of the 2nd and 3rd cycles further 

suggest good initial reversibility. This successful proof-of-concept 

displays that the LiBH4-2LiNH2-10%BN electrolyte possesses 

sufficient ionic conductivity and electrochemical stability to support the 

operation of solid-state lithium metal batteries. 

 

Fig. 5.9 Charge and discharge profiles of Li|LiBH4-2LiNH2-10%BN|LTO cell at 0.1 C and 

at 50 °C. 

 

5.3 Conclusion 

In this work, a series of LiBH4-2LiNH2-BN composite solid 
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electrolytes was successfully synthesized through a simple, scalable, 

and solvent-free mechanochemical route. Systematic structural and 

electrochemical analyses demonstrate that BN fundamentally improves 

both bulk Li⁺ transport and Li-metal compatibility predominantly 

through interfacial engineering, rather than bulk chemical modification. 

Among all compositions, the LiBH4-2LiNH2-10%BN composite 

exhibits the most balanced performance, delivering a high ionic 

conductivity of 1.17 × 10-3 S cm−1 at 35 °C, a significantly broadened 

electrochemical stability window (~3.25 V), and a substantially reduced 

activation energy for Li⁺ migration. 

Crucially, BN incorporation imparts remarkable interfacial stability 

toward lithium metal. Symmetric Li|SSE|Li cells using the 10% BN 

composite maintain stable plating/stripping for over 200 hours at room 

temperature and 180 hours at 50 °C, all with low polarization and 

without the need for Li-In alloy anode. This behavior highlights that BN 

primarily stabilizes the electrode-electrolyte interface, rather than 

altering the intrinsic bulk properties of the electrolyte. Furthermore, the 

practical feasibility of this electrolyte was preliminarily validated 

through the reversible operation of a Li|LiBH4-2LiNH2-10%BN|LTO 

cell. 

 In summary, compared with established modification strategies, the 

BN-assisted approach presented here offers a simpler, more scalable, 

and more practically relevant pathway. The BN-assisted interfacial 
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modification not only boosts ionic transport but also resolves the critical 

anode interface bottleneck, paving the way for the practical application 

of lightweight and high-energy-density solid-state batteries.
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5.4 Experimental section 

Synthesis 

Commercial LiBH4 (Sigma, 95%), LiNH2 (TCI, 95%), and BN (500 

nm, Zhongye material) were used as received. BN powder was dried 

under dynamic vacuum at 200℃ for 10h, then transferred to an Ar-filled 

glove box. LiBH4 and LiNH2 were mixed with a mole ratio of 1:2, 

named LiBH4-2LiNH2, and then mixed with a different mass fraction 

(5, 10, and 15wt%) of BN, named LiBH4-2LiNH2-x% BN. Then the 

mixture of LiBH4-2LiNH2-x% BN was milled on a planetary ball mill 

(XQM-0.4A, Changsha) at 500 rpm for 5 hours. The weight ratio of 

ball-to-powder is 13:1. For comparison, LiBH4-10% BN was 

synthesized in the same conditions. All manipulations of the samples 

during the experiment were conducted in an Ar-filled glovebox with 

water and oxygen below 0.1 ppm. 

Characterization  

XRD patterns were collected by an MAR345 image plate detector 

with Mo Ka radiation (λ = 0.71072 Å). FTIR spectra were recorded by 

the attenuated total reflectance (ATR) on Bruker Alpha spectrometer in 

an argon-filled glovebox. DSC was conducted under Ar flow (total flow 

of 100 mL min−1). Morphological characterization was achieved 

through Scanning Electron Microscopy (SEM), employing a ZEISS 

AURIGA FIB-SEM system. 
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Cell assemblies and Electrochemical measurement 

The solid-state electrolyte pellets were prepared at 600 MPa with a 

diameter of 9 mm and a thickness of approximately 0.7-0.9 mm. The 

Electrochemical Impedance Spectroscopy (EIS), direct polarization 

(DC) method, and Linear Sweep Voltage (LSV) measurements were 

tested by the EC-lab electrochemical workstation. For EIS 

measurement, the temperature ranged from 20 to 60 ℃ at an interval of 

10 ℃. The symmetrical Swagelok cell was prepared by placing the 

solid electrolyte pellet between two stainless-steel blocking electrodes. 

To ensure optimal conductivity, carbon-coated aluminum was applied 

to both sides of the solid electrolyte pellets. All the cells were 

maintained at a constant temperature for 1 hour before the measurement. 

The frequency range of the impedance measurements was set from 7 

MHz to 100 mHz. The ionic conductivity can be obtained from the 

following equation: 

σ =
𝐿

𝑅𝑆
                   (1) 

Where R represents the resistance of EIS, S represents contact area 

of SSE and L is the thickness of the SSE (0.6~0.9 mm). The activation 

energy can be calculated by the Arrhenius equation: 

ln σT  =
𝐸𝑎

𝐾𝐵𝑇
+ 𝐶           (2) 

The DC polarization was measured by two pieces of stainless steel (SS) 

electrodes with a constant voltage of 0.5 V for 13,000 s. The electronic 
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conductivity can be calculated by the following equation: 

𝑅 =
𝑉

𝐼
              (3) 

The Li|SSE|Li symmetric cells (SSE: LiBH4-2LiNH2-10%BN) were 

assembled in CR2032 cells for galvanostatic discharge/charge 

measurements. 

The Li4Ti5O12, SSE, and super P (conductive carbon black) were 

placed in a mortar with the mass ratio of 4:4:2 and mixed by hand for 

10 mins to form a homogeneous material, which was used as the 

cathode. The SSE (70 mg) was loaded in a 9 mm-diameter die and 

uniaxially cold-pressed at 400 MPa and held the pressure for 3 mins. 

Subsequently, 4 mg of composite cathode materials as a cathode, and 

Li foil as an anode, were assembled to assemble the solid-state battery 

in CR2032 cells. The fabricated batteries were measured at 0.1 C 

charging/discharging rate, in the voltage range of 1.0 V-1.8V (vs Li/Li+) 

at 50 °C. 
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5.5 Support information 

 

Fig. S5.1 PXRD pattern of BN and BN-ball milling. 
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Fig. S5.2 DSC curve of LiBH4-2LINH2 and LiBH4-2LINH2-BN composites. 
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Table S5.1. A comparison of the electrochemical properties of our work with the previously 

reported LiBH4-based state electrolyte cells. 

Electrolytes Ionic conductivity 

(S cm−1) 

Symmetrical Li||Li cells References 

LiBH4-2LiNH2-BN 1.17×10-3 (35℃) 200 hours at RT This work 

LiBH4-2LiNH2 2.0×10-4 (RT) - 15 

LiBH4-2LiNH2-g-C3N4 1.5×10-3 (30℃) 60 hours at 45 ℃ 18 

LiBH4-2LiNH2-SiO2 5.0×10-4 (30℃) - 17 

LiBH4-BN 1.15×10-4 (40℃) 500 hours at 70 ℃ 19 

LiBH4-MoS2 ~10-4 (RT) 45 hours 20 

LiBH4-LiI-MoS2 2.78×10-4 S (RT) 35 hours 21 
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Chapter 6 Discovery of Hybrid Organic-

Inorganic Lithium Borohydrides: 

Correlating structure, thermal stability, and 

ionic transport behavior 
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Abstract 

The structural engineering of complex hydrides has traditionally 

relied on metal cation substitution or anion mixing. Hybrid organic-

inorganic design has long been proposed as a promising yet unrealized 

strategy for tuning the structural and transport properties of complex 

borohydrides. Herein, we present the first systematic synthesis and 

characterization of a new class of hybrid organic-inorganic lithium 

borohydrides, derived from the incorporation of tetraalkylammonium 

cations (R4N
+, R = Methyl (Me), Ethyl (Et), Butyl (Bu)) into the LiBH4 

lattice. X-ray diffraction and spectroscopic analyses reveal that the 

incorporation of organic cations induces the formation of distinct 

mixed-cation crystalline phases (PH1 and Li-rich PH2), rather than 

simple physical mixtures. By varying the alkyl chain length, we 

establish a clear correlation between cation size, lattice connectivity, 

thermal stability, and lithium-ion transport behavior. Specifically, the 

methyl-substituted phase (Me4NLi2(BH4)3, PH2) crystallizes in a Pnma 

symmetry and exhibits s a favorable compromise between lattice 

flexibility and structural integrity. This new hybrid structure enables 

fast lithium-ion transport (7.55×10-5 S cm−1 at 90 °C) with an extended 

oxidative stability to 3.7 V (vs Li+/Li), surpassing pristine LiBH4. In 

contrast, larger Et4N
+ and Bu4N

+ cations generate excessive free 

volume, suppressing BH4
- reorientation and destabilizing the crystal 

lattice, ultimately yielding low ionic conductivity. These findings 
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establish organic-cation incorporation as a powerful route to access 

novel hydride frameworks to tune structure-dynamics-transport 

relationships and to explore their electrochemical potential. 
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6.1 Introduction 

Conventional modification strategies, such as anion substitution with 

halides6–8 or amides8–11, or the introduction of molecular additives9, 

primarily rely on increasing lattice disorder to enhance ion mobility. 

While effective in activating fast-ion conduction, these approaches 

inevitably destabilize the crystal framework, leading to lowered melting 

points or severely narrowed electrochemical stability windows. This 

persistent trade-off highlights a critical gap in borohydride chemistry: 

the lack of structural design strategies that decouple lattice dynamics 

from framework stability. 

Organic-inorganic hybridization offers an unexplored degree of 

freedom for structural engineering. Unlike rigid metal cations, large and 

anisotropic organic cations (e.g., tetraalkylammonium R4N
+) possess 

unique steric and electronic tunability10–12. The incorporation of such 

cations into metal hydride is not merely a physical mixing process; it 

holds the potential to drive the formation of new crystallographic 

phases with distinct coordination environments and expanded free 

volumes. Pioneering studies have successfully demonstrated this 

concept in multivalent metal systems. For instance, bulky organic 

cations (e.g., Me4N
+ and Bu4N

+) have been incorporated into yttrium 

(Y3+)13,14
 or rare-earth-based (Ho, Tm, Yb) borohydrides15 and 

magnesium borohydride (Mg(BH4)2)
16 to alter their thermal or 

magnetic properties. However, these findings cannot be directly 
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translated to lithium-based systems. LiBH4 possesses distinct 

coordination chemistry and ionic transport requirements essential for 

solid-state batteries. To date, the systematic creation of hybrid lithium 

borohydrides has not been studied. Specifically, whether organic 

cations can be successfully incorporated into LiBH4, and how they 

influence the critical electrochemical stability, remain open questions. 

Previous chapters have demonstrated that interfacial engineering, 

through the incorporation of inorganic hosts such as zeolites or two-

dimensional BN, can effectively enhance the ionic conductivity and 

electrochemical stability of LiBH4-based electrolytes. In this chapter, 

we investigate whether organic cations can be systematically 

incorporated into the LiBH4 framework to regulate crystal chemistry 

and dynamic behavior. By reacting LiBH4 with tetraalkylammonium 

borohydrides (R4NBH4, R = Me, Et, Bu), we identify two distinct types 

of mixed-cation phases: a stoichiometric phase (PH1) with limited Li⁺ 

connectivity and a LiBH4-rich phase (PH2) featuring more continuous 

Li-based substructures. Through a combined structural, thermal, and 

electrochemical study, we demonstrate how the size of the organic 

cation governs lattice dimensionality, anion dynamics, and lithium-ion 

transport, thereby establishing organic-cation engineering as a viable 

structural design strategy for complex hydrides. 

6.2 Results and Discussion 
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Structural evolution and phase formation in R4N-

LiBH4 systems 

Table 6.1. Summary of Synthesized Hydride Phases. 

Name Chemical Formula Li: [R4N] Molar Ratio 

Me4N-PH1 (CH3)4NLi(BH4)2 1.15 

Me4N-PH2 (CH3)4NLi2(BH4)3 2.30 

Et4N-PH1 - 1.15 

Et4N-PH2 - 2.30 

Bu4N-PH1 - 1.15 

Bu4N-PH2 - 2.30 

 

A summary of the investigated R4N-Li-BH4 systems is provided in 

Table 6.1. The formation of novel R4N-LiBH4 (R=Me, Et, Bu) hybrid 

phases was first examined by PXRD. Unlike simple physical mixtures, 

high-energy ball milling of LiBH4 with Me4NBH4 drives a chemical 

transformation, yielding novel hybrid phases that depend on the molar 

ratio. As shown in Fig. 6.1, the PXRD patterns of Me4N-Li-BH4 

samples with a 1:1 molar ratio (Me4N-PH1), several new reflections 

occurred, which cannot be assigned to either pristine LiBH4 or TMAB, 

evidencing the formation of a new mixed-cation borohydride phase. 

Increasing the LiBH4 content to a 1:2 ratio leads to the emergence of 

additional reflections, generally broader and distinct from those 
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observed for PH1. This indicates the formation of the second phase, 

hereafter referred to as Me4N-PH2. At still higher LiBH4 content (3:1 

to 7:1), the characteristic peaks of LiBH4 become increasingly 

dominant, implying the presence of unreacted LiBH4 in the sample. 

Overall, these results demonstrate that phase formation in Me4N-Li-

BH4 is highly dependent on the LiBH4: TMAB molar ratio. Adjusting 

this ratio yields either a single mixed-cation phase (PH1 or PH2) or two-

phase mixtures containing one mixed-cation phase together with excess 

LiBH4, reflecting different extents of structural ordering and reaction 

completeness 

 

Fig. 6.1. PXRD spectra of Me4NBH4:LiBH4 mixtures after ball-milling with different molar 

ratios. 

To clarify the structural regulation induced by organic cations 
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incorporation, the crystal structures of the Me4N-Li-BH4 system were 

determined through PXRD analysis and Rietveld refinement. Two 

distinct phases can be clearly identified: (Me4N)Li(BH4)2 (PH1) (Immm) 

and (Me4N)Li(BH4)2(PH2) (Pnma). A detailed comparison of the two 

phases is summarized in Table 6.2. 

In the Me4N-PH1 phase, the crystal structure consists of liner 

[Li(BH4)2]
- complex anions charge-balanced by (Me4N)⁺ organic 

cations. Each Li⁺ cation is coordinated by four nearly tetrahedral BH4
- 

tetrahedra through Li-H interactions, which are analogous to those 

reported in NH4Li2(BH4)3
17. The Li-H distances range from 1.9 to 2.2 

Å, corresponding to Li-B separations of approximately 2.4-2.7 Å, 

indicating a slightly asymmetric coordination environment around Li⁺ 

and confirming Li+ can build the cation framework with 

tetrahydroborate anion (BH4
-)18. The incorporation of the bulky 

(Me4N)+ cations disrupts the three-dimensional [Li(BH4)4] network of 

LiBH4, yielding a more open and weakly connected one-dimensional 

[Li(BH4)2]
- units19,20. 

Interestingly, increasing the LiBH4 content to a 1:2 ratio drives the 

crystallization of a Li-rich phase, the Me4N-PH2 adopts a lower 

symmetry (Pnma) and exhibits a distinct connected anionic framework, 

in which each Li⁺ cation is predominantly coordinated by three BH4
- 

groups, giving rise to a continuous one-dimensional [Li2(BH4)3]
- chain 

extending along the b axis. Unlike reported NH4Li2(BH4)3, where BH4
- 
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complexes connect two or four Li+ to form a fully three-dimensional Li-

BH4 framework, the one-dimensional connectivity of Me4N-PH2 is 

more likely associated with the large steric footprint of Me4N
+ cation, 

which restricts and prevents the formation of higher-dimensional 

frameworks. The chain topology of PH2 closely resembles that 

structure of Li2A(BH4)3 (A= Rb, Cs)18. The Li-H and Li-B distances 

(1.75-2.15 Å and 1.82-2.92 Å, respectively) reveal a more asymmetric 

and anisotropic coordination environment than in PH1. 

The transformation from Immm to Pnma is accompanied by lattice 

expansion and the generation of additional Li sites. Both phases adopt 

one-dimensional ion chains interconnected by a dihydrogen-bond 

network, highlighting the structural adaptability of the Me4N-Li-BH4 

system upon phase evolution. (Fig. 6.2). 
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Table 6.2 Structural data for new tetramethylammonium lithium borohydride. 

 

 

Fig. 6. 2 Crystal structures of (a) (Me4N)Li(BH4)2 and (Me4N)Li2(BH4)3. 

Chemical formula (Me4N) Li(BH4)2 (Me4N) Li2(BH4)3 

Sample temperature RT RT 

Crystal system orthorhombic orthorhombic 

Space group Immm (No.71) Pnma (No.62) 

a (Å) 15.33360 18.5790 

B (Å) 9.08991 6.7427 

C (Å) 6.83738 9.8723 

β (º) 90 90 

V(Å3) 953.001 1236.73 
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A similar phase evolution trend is observed when comparing the 

PXRD patterns of the Et4N-Li-BH4 and Bu4N-Li-BH4 systems (Fig. 

6.3), where both 1:1 and 2:1 molar ratios give rise to new reflections 

superimposed on residual LiBH4 peaks. This suggests partial formation 

of mixed-cation phases coexisting with unreacted LiBH4 domains. The 

systematic appearance of new peaks across all R4N
+ species confirms 

that chemical interaction, rather than mechanical mixing, drives phase 

formation. However, with increasing cation size, the diffraction peaks 

become broader and less intense, reflecting enhanced lattice distortion 

and reduced crystallinity induced by the bulky alkyl chains. This 

observation implies that the organic cations introduce substantial free 

volume and positional disorder, which may alter the dynamic behaviour 

of the BH4
- anions and thereby influence ionic transport properties. 

 

Fig. 6.3 PXRD pattern of (a) Et4N-Li-BH4 and (b) Bu4N-Li-BH4. 
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Lattice vibration and anion dynamics revealed by 

FTIR spectroscopy 

The local bonding environments and dynamic behavior of the BH4
- 

groups were analyzed by Fourier-transform infrared spectroscopy 

(FTIR). Fig. 6.4 shows the FTIR spectra of R4N-Li-BH4 (R=Me, Et, Bu) 

systems and their pristine components. Pristine LiBH4 exhibits two 

characteristic absorption bands at 2270 cm−1 corresponding to the B-H 

stretching vibration, and peaks at 1069 cm−1 originate from B-H 

bending modes20. After the introduction of the R4NBH4, new 

absorption bands appear near 1484-1490 cm−1 and 940-970 cm−1 

regions, assigned to C-H and C-N stretching vibrations10,21, respectively, 

confirming the presence of the R4N
+ group. For the Et4N-LiBH4 

composites, an additional absorption band emerges around 1600 cm−1, 

which is assigned to the C-H bending (scissoring) vibration of the CH2 

groups in the ethyl chains22. Notably, there is no absorption in the 2500-

3000 cm−1 region, which indicates a lack of B-O vibrational signatures. 

These observations confirm that BH4
- remains chemically intact, and 

that hybrid formation proceeds without partial oxidation or side 

reactions. 

Compared with pristine LiBH4, all Me4N-Li-BH4 composites display 

a red shift of the B-H stretching band. This change indicates weakened 

B-H interactions and partial charge delocalization between Li+, Me4N
+, 

and BH4
-. Meanwhile, the -H and C-N bands remain visible, confirming 
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the existence of the Me₄N⁺ cation during composite formation. 

 

 

Fig. 6.4 FT-IR spectra of (a) Me4N-Li-BH4, (b) Enlarge zoom of the vibration bands B-H, 

(c)Et4N-Li-BH4, and (d)Bu4N-Li-BH4. 

Thermal behavior of R4N-LiBH4 systems 

The thermal behavior of the R4N-Li-BH4 composites was 

investigated by differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA). For the Me4N-Li-BH4 system, 

synchrotron in-situ X-ray diffraction and differential scanning 

calorimetry (DSC) measurements were performed in PH2. The 

temperature-dependent XRD patterns (30-180 °C) show a gradual shift 
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in peak position and changes in intensity, indicating progressive 

structural rearrangement upon heating. It undergoes phase transitions at 

100 and 130 ℃, consistent with the first two endothermic features in 

the DSC curve. These transitions are attributed to structural 

rearrangements involving Li⁺ redistribution and BH4
- reorientation, 

reflecting increasing dynamic disorder.  

Upon further heating to 219 °C, the diffraction pattern collapses and 

is accompanied by a sharp endothermic event and measurable mass loss 

in TGA, confirming melting followed immediately by decomposition, 

which is lower than the melting point of LiBH4 (286 °C)2 and 

TMAB(235 °C)12, indicating reduced thermal stability of the composite. 

This melting point depression likely arises from the introduction of 

bulky Me4N⁺ cations, which disrupts the original LiBH4 crystalline 

framework, reduces lattice energy, and weakens electrostatic cation-

anion interactions. The resulting structural frustration and enhanced 

disorder lower the energy barrier for melting. A similar trend has been 

observed in the Mg(BH4)2-TMAB system16, suggesting a general effect 

of organic cation incorporation in borohydrides. 

In contrast, there are no phase-transition peaks that occur in Me4N-

PH1 according to DSC curve (Fig. S6.1), only a single endothermic 

peak appears at 217 °C, also accompanied by a pronounced weight loss, 

similar to that of PH2. Therefore, the upper limit of the thermal stability 

for Me4N-LiBH4 is around 219 °C. 
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Fig. 6.6 (a) In-situ SR-PXD of Me4N-PH2. (b) TGA-DSC curve of Me4N-PH2. 

Et4N
+ incorporation results in substantially weaker thermal stability 

compared to Me4N
+. In the Et4N-Li-BH4 systems, Et4N-PH1 exhibits a 

continuous structural transition between 50 °C and 86 °C according to 

in-situ XRD, consistent with a weak endothermic event observed in the 

DSC curve. This marks the onset of structural rearrangement. At 

approximately 105 °C, all diffraction peaks disappear, and a more 

pronounced endothermic peak appears near 100 °C in the DSC curve, 

indicating melting with complete loss of long-range order. No mass loss 

is observed until temperatures approach ~200 °C. The Et4N-PH2 shows 

an even more complex thermal behavior. Two distinct structural 

transitions occur around 50-70 °C and 70-100 °C, corresponding to the 

two endothermic events in the DSC curve. At approximately 148 °C, all 

diffraction peaks disappear, coinciding with an endothermic peak in the 

DSC but without detectable mass loss in TGA, indicating melting 

without decomposition. At higher temperatures (~200 °C), the TGA 

curve shows a sharp weight loss, confirming thermal decomposition of 
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the sample. These results demonstrate that Et4N
+ induces much stronger 

lattice frustration than Me4N
+, resulting in earlier structural collapse 

and a broader molten regime. 

 

Fig. 6.7 In-situ PXRD of (a) Et4N-PH1 and (c) Et4N-PH2 and corresponding TGA-DSC 

curve of (b) Et4N-PH1 and (d) Et4N-PH2. 

 

The Bu4N
+, the largest in this series, produces the most dramatic 

thermal destabilization. For Bu4N-PH1, the XRD patterns begin to 

change between 45 -50 °C, with peak deformation corresponding to a 

small endothermic signal and a minor mass loss (Fig. 6.8(b)). This 

suggests partial decomposition prior to melting, a behavior absent in the 

Me4N
+ and Et4N

+ systems. Between 50 -70 °C, the diffraction peaks 

gradually weaken and eventually disappear, indicating a melting 

process. A slow mass loss (~10%) accompanies this range, while a 
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major decomposition step occurs only near ~200 °C.  

For Bu4N-PH2, the XRD patterns remain unchanged up to 65 °C. 

However, between 65 -75 °C, peak intensities rapidly decrease, 

coinciding with a sharp endothermic peak in DSC and an initial weight 

loss in TGA, indicating that the sample begins to melt while partially 

decomposing. By 105 °C, no crystalline peaks are observed, confirming 

the molten state. Like PH1, significant decomposition occurs only at 

~200 °C. The thermal behavior of Bu4N-Li-BH4 is like that (Tm=78°C) 

in tetrabutylammonium yttrium borohydride (TBAYB)14, illustrating 

the general destabilizing influence of long alkyl chains in 

tetraalkylammonium borohydrides. 

 

Fig. 6.8 In-situ PXRD of (a) Bu4N-PH1 and (c)Bu4N-PH2 and corresponding TGA-DSC 

curve of (b) Bu4N-PH1and (d) Bu4N-PH2. 
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All samples exhibit multiple endothermic events below 250 °C, 

occurring at temperatures significantly lower than those of pristine 

LiBH4 and  tetraalkylammonium borohydrides (R4NBH4, where R = 

methyl (Me), ethyl (Et), and butyl (Bu))23,24, which correspond to 

successive solid-solid transitions or melting processes. As the size of 

the organic cation increases, the Li-BH4 framework experiences 

progressively greater steric expansion, rendering the lattice more prone 

to relaxation. At the same time, the electrostatic interactions between 

Li+ and BH4
- are weakened, lowering the lattice energy and reducing 

the resistance of the structure to thermal perturbation. The larger alkyl 

substituents also introduce enhanced dynamic-disorder in BH4
- 

reorientation and organic-cation motion, which further destabilizes the 

framework under heating. These effects collectively erode long-range 

structural connectivity, most prominently in the Bu4N
+ system. These 

results demonstrate that the size of the organic cation governs the 

balance between lattice rigidity and dynamic softening, ultimately 

determining the melting behavior and overall thermal stability of the 

hybrid borohydrides. 

Correlation between lattice dynamics and 

electrochemical properties 

Electrochemical impedance spectroscopy (EIS) was employed to 

evaluate the ionic transport behavior of the R4N-Li-BH4 composites 

within the temperature range of 40-90 °C (Fig. 6.9). All samples show 



 Chapter 6   

 

196 

 

semicircular Nyquist plots at low temperatures, which gradually shrink 

with increasing temperature, indicating thermally activated ionic 

conduction (Fig. S6.2-S6.4). The extracted conductivities and 

activation energies are summarized in Table 6.3. 

For each system, the LiBH4-rich borohydrides (PH2, nominal 2:1) 

exhibit significantly higher conductivity than the corresponding PH1 

(1:1) phase, highlighting the role of Li⁺ concentration and structural 

connection in facilitating ion migration. For Me4N-Li-BH4 system, 

Me4N-PH2 displays the highest ionic conductivity, reaching 7.55 × 10-

5 S cm−1 at 90 °C, representing a two-order-of-magnitude enhancement 

compared with pristine LiBH4
25. This enhanced performance is 

accompanied by a relatively low activation energy of 0.59 eV.  

Furthermore, the electronic conductivity of Me4N-PH2 was 

determined to be 6.72×10-9 S cm−1 by DC measurement at 90 °C (Fig. 

S6.5), which is more than four orders of magnitude lower than its ionic 

conductivity. Accordingly, the Li-ion transference number of Me4N-

PH2 was calculated to be higher than 0.999, indicating that the 

electronic conductivity is almost negligible in Me4N-PH2. These results 

validate that moderate structural distortion and active BH4
- reorientation 

promote Li⁺ mobility.  

Linear sweep voltammetry (LSV) was further conducted to assess the 

electrochemical stability of the Me4N-Li-BH4 system. No noticeable 

decomposition occurs until 4.49 V for Me4N-PH1 and 3.70 V (vs Li⁺/Li) 
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for Me4N-PH2 (Fig. S6.6). Both values are substantially higher than 

that of pristine LiBH4 (~2.0 V vs Li⁺/Li)26,27, indicating that the 

incorporation of the Me4N
+ cation effectively broadens the 

electrochemical stability window. The slightly lower oxidative stability 

of PH2 relative to PH1 may be attributed to its Li+ framework, which 

exposes BH4
- units more directly compared to the more compact PH1 

structure. This combination of ionic conductivity driven by structural 

dynamics and extended apparent electrochemical stability window 

under blocking conditions suggests potential compatibility with high-

voltage cathodes, which highlights Me4N-PH2 as a promising model 

system for exploring structure-dynamics-transport relationships in 

lithium borohydrides, with potential relevance to solid-state electrolyte 

applications. 

In contrast, the Et4N-PH2 and Bu4N-PH2 composites exhibit lower 

solid-state conductivities and higher activation energies. This decrease 

in conductivity can be attributed to the progressive increase in cation 

size, which introduces excessive free volume and suppresses 

cooperative BH4
- rotational dynamics, thereby limiting Li-ion transport. 

Notably, the Bu4N-PH2 sample exhibits two distinct activation 

energy regimes. In the low-temperature region (LT), a relatively high 

activation energy is observed, consistent with sluggish Li⁺ transport in 

a highly disordered and weakly connected framework. In contrast, a 

significantly reduced activation energy is obtained in the high-
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temperature region (HT), which is related to the sharp conductivity 

increase up to 10-2 S cm−1 at 90 °C, which coincides with the melting 

region identified in the DSC results. This behavior is characteristic of 

melt-assisted ion transport, where ion diffusion occurs within a partially 

liquid environment rather than through a crystalline conduction 

network. 

Taken together, these results establish a unified structure–dynamics–

transport relationship across the series. Optimal Li⁺ conduction is 

achieved when the organic cation induces moderate lattice softening 

that enhances BH₄⁻ reorientation while preserving sufficient structural 

connectivity for long-range Li+ percolation. The Me4N-PH2 phase 

exemplifies this balance, offering high ionic conductivity, negligible 

electronic contribution, and broad electrochemical stability. By contrast, 

excessively large cations (Et4N
+, Bu4N

+) over-soften the lattice, leading 

to fragmented Li⁺ pathways or melting at low temperatures and thus 

restricting solid-state ion transport. 
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Fig. 6.9 (a) Temperature-dependent ionic conductivity of Me4N-LiBH4, Et4N-Li-BH4 and 

Bu4N-Li-BH4.The Arrhenius curves for (b) Me4N-LiBH4, (c) Et4N-LiBH4, and (d) Bu4N-Li-

BH4. 
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Table 6.3 Ionic conductivity and Ea.  

Sample Li: [R4N] 

Molar Ratio 

σ (40℃) 

(S cm-1) 

σ (90℃) 

(S cm-1) 

Ea  

(eV) 

Me4N-Li-BH4 1:1 1.12×10-8  5.33×10-7  0.76 

2:1 4.14×10-8 7.55×10-5  0.59 

Et4N-Li-BH4 1:1 9.38×10-9  1.14×10-6 0.76 

2:1 3.04×10-8  3.44×10-5  1.12 

Bu4N-Li-BH4 1:1 1.27×10-8 1.64×10-3 0.82 (LT)/0.65 (HT) 

2:1 1.24×10-8  1.19×10-2 1.36 (LT)/0.54 (HT) 

 

The above results demonstrate that the incorporation of organic 

cations has a strong effect on both the thermal stability and ionic 

transport behavior of borohydride. This dual effect originates from the 

interaction between the crystal structure, anion dynamics, and cation-

induced structural disorder. In addition, Li ion concentration also plays 

an important role in forming different phases. A higher LiBH4 content 

favors the formation of the LiBH4-rich phase (PH2), which has more 

connected Li⁺ pathways, while a lower Li⁺ content leads to the mixed-

cation phase (PH1) with weaker conductivity. Therefore, both the 

amount of Li⁺ and the size of the organic cation jointly determine the 

structure and ion transport properties of the R4N-LiBH4 borohydrides. 

In the LiBH4-rich phase (PH2), the moderate lattice distortion 
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induced by the Me4N
+ cation softens the framework and promotes Li⁺ 

redistribution. Rather than simple expansion, this structural distortion 

is key to enhancing ion transport. Following the theoretical framework 

of Kim et al.28, the distorted lattice facilitates Li+ transport by enlarging 

migration channels and reducing the depth of potential wells. This leads 

to a flattened energy landscape that promotes rapid long-range diffusion 

in the hybrid structure. This lattice relaxation activates BH4
- 

reorientation, giving rise to a typical “paddle-wheel” effect29 that 

significantly lowers the Li⁺ migration barrier. Meanwhile, the partial 

weakening of Li-BH4 interactions slightly decreases the melting point 

while maintaining overall structural integrity. As a result, the Me4N-

PH2 phase achieves an excellent balance between high ionic 

conductivity and good thermal stability. 

When the alkyl chain length increases to Et4N
+ and Bu4N

+, steric 

effects become dominant. Larger organic cations create excessive free 

space and local strain, disrupting the continuous Li⁺ conduction 

pathways and suppressing cooperative BH4
- rotational motions. 

Consequently, the activation energy increases, the ionic conductivity 

decreases, and the lattice stability is compromised. In the Bu4N-LiBH4 

system, the melting temperature drops to approximately 50-80 °C, 

leading to early melting and quasi-liquid ionic diffusion. While too-soft 

lattice enhances ion movement but inevitably reduces thermal stability. 

Overall, both Li+ concentration and organic-cation size control the 
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relationship between the structure and properties of the R4N-LiBH4 

borohydrides: 

(1) Higher Li⁺ content promotes formation of LiBH4-rich phases (PH2) 

with enhanced Li⁺ transport; 

(2) Moderate lattice softening improves ion mobility while maintaining 

the structure stability; 

(3) Oversized organic-cations induce lattice instability and premature 

melting; 

(4) The overall performance exhibits a non-monotonic dependence on 

cation size (Me4N
+ > Et4N

+ > Bu4N
+). 

 

6.3 Conclusion 

This chapter has demonstrated that the incorporation of organic 

cations into lithium borohydrides offers a conceptually distinct route for 

regulating ionic transport through intrinsic lattice engineering. By 

systematically introducing tetraalkylammonium borohydrides with 

increasing alkyl-chain length, a series of mixed-cation lithium 

borohydride phases with markedly different structural and dynamic 

characteristics was obtained. 

A clear structure-dynamics-transport relationship is established: as 

the cation size increases, the lattice becomes progressively softer and 

less stable, leading to concurrent changes in ionic conductivity and 
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thermal stability. The LiBH4-rich Me4N-PH2 phase achieves an optimal 

balance between lattice flexibility and structural connectivity, 

exhibiting an intrinsic solid-state ionic conductivity of 7.55 × 10-5 S 

cm−1 at 90 °C with an extended apparent electrochemical stability 

window under blocking conditions while maintaining good thermal 

stability. The high conductivity observed in Bu4N-based phases 

originates from melt-assisted transport rather than intrinsic solid-state 

conduction, emphasizing the importance of maintaining structural 

integrity.  

While the hybrid organic-inorganic borohydrides investigated here 

do not yet represent optimized solid electrolytes for immediate 

application, this work demonstrates that intrinsic lattice modulation 

constitutes a powerful and complementary design strategy to interface-

dominated approaches. The insights gained in this chapter provide a 

conceptual foundation for integrating lattice engineering and interfacial 

control, which is further discussed in the general conclusions and 

perspectives of this thesis.
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6.4 Experimental Section 

All sample preparation was carried out in an argon-filled glovebox 

(H2O ≤ 1 ppm, O2 ≤ 1 ppm) to avoid moisture or oxygen contamination. 

The commercial lithium borohydride (LiBH4), tetramethylammonium 

borohydride ((CH3)4NBH4, Me4NBH4, TMAB), tetraethylammonium 

borohydride ((C2H5)4NBH4, Et4NBH4, TEAB), and n-

tetrabutylammonium borohydride ((C4H9)4NBH4, Bu4NBH4, TBAB) 

were all purchased from Sigma-Aldrich and used as received without 

further purification. 

Two compositions were prepared for each R4NBH4-LiBH4 system 

(R= Me, Et, and Bu), corresponding to molar ratios of 1:1.15 and 1:2.3, 

and are referred to as "PH1" and "PH2" phases, respectively. The 

mixtures were synthesized by high-energy ball milling of LiBH4 and 

R4NBH4 using a Fritsch Pulverisette 7 premium line planetary ball mill. 

Milling was performed in a 45 mL stainless steel jar containing three 

stainless steel balls (10 mm diameter; total mass = 41 g). The specific 

ball-to-powder mass ratios (BPRs) and sample compositions for each 

phase are summarized in Table 6.3. 

 

 

 

 



 Chapter 6   

 

206 

 

Table 6.3. Summary of Synthesized Hydride Phases. 

Name Chemical Formula Li: [R4N] Molar 

Ratio 

BPR 

(Ball-Powder 

Ratio) 

Me4N-PH1 (CH3)4NLi(BH4)2 1.15 359 

Me4N-PH2 (CH3)4NLi2(BH4)3 2.30 295 

Et4N-PH1 - 1.15 172 

Et4N-PH2 - 2.30 150 

Bu4N-PH1 - 1.15 207 

Bu4N-PH2 - 2.30 190 

 

Materials Characterization 

Powder X-ray diffraction (PXRD). PXRD measurements were 

performed using two Incoatec X-ray generators (mixed Mo Kα 

radiation, weighted average λ = 0.71073 Å). Due to the air sensitivity 

of the samples, powders were loaded into 0.7 mm glass capillaries 

inside an argon-filled glovebox. The diffraction patterns were recorded 

on a MAR345 image plate and integrated using the program Fit2D. 

In-situ synchrotron radiation powder X-ray diffraction (in situ SR-

PXD). In-situ synchrotron diffraction experiments were conducted at 

the beamline BM01 of the Swiss-Norwegian Beamlines (SNBL) at the 

European Synchrotron (ESRF, Grenoble, France) using a PILATUS 2M 

detector (Dectris, Switzerland). The incident X-ray wavelength was 
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0.77509 Å. Samples were sealed in glass capillaries under argon and 

subsequently heated from room temperature to 180 ℃ with a heating 

rate of 5 ℃ min−1 during data collection. 

 

Fourier Transform Infrared (FTIR) spectroscopy analysis. Infrared 

spectra were recorded between 400 and 4000 cm−1 using a Bruker α II 

spectrometer equipped with an attenuated total reflectance (ATR) 

accessory. All measurements were carried out in an argon-filled 

glovebox to avoid air exposure. 

Thermal properties. Samples were investigated by thermogravimetric 

analysis and differential scanning calorimetry (TGA/DSC) was 

performed on a NETZSCH STA 449 F3 Jupiter instrument equipped 

with a stainless-steel furnace and operated inside an argon-filled 

glovebox. Samples were heated from 25 °C to 600 °C at a constant 

heating rate of 5 °C min−1. 

Electrochemical Test 

The ionic conductivity of the solid-state electrolytes (SSEs) was 

determined by electrochemical impedance spectroscopy (EIS) using a 

BioLogic VMP-300 potentiostat. Nyquist plots were recorded over a 

frequency range of 7 MHz to 100 mHz, with an applied AC voltage 

amplitude of 100 mV. 

The SSE powders were pressed into solid pellets with a diameter of 
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9 mm and a thickness of approximately 0.5-1.3 mm under a cold 

pressure of 600 MPa. The pellets were assembled into symmetric 

Swagelok-type cells with stainless steel (SS) blocking electrodes, 

forming an SS|SSEs|SS configuration. 

EIS measurements were conducted between 40 °C to 90 °C. The 

temperature increased at 0.33 °C min−1, and impedance spectra were 

collected at 10 °C intervals. Before each measurement, the cell was 

equilibrated at the target temperature for 30 minutes to ensure thermal 

stability and reproducibility.  

The ionic conductivity (σ) was calculated using the following equation: 

                σ =
𝐿

𝑅𝑆
                  (1) 

Where 𝐿 (in cm) is the thickness of the SSEs, 𝑅 (in Ω) is the value 

of bulk resistance obtained from the complex EIS plots, and 𝑆 (in cm2) 

is the pellet cross-sectional area. 

Direct current (DC) polarization was conducted at 500 mV constant 

voltage to analyze the electronic conductivity.   

The linear scanning voltammogram (LSV) of the borohydride was 

obtained at 50 ℃ using a lithium foil (the reference electrode) and a 

stainless steel (the working electrode) sandwiching the pressed pellets. 

The range of the test voltage used was open circuit voltage (OCV) to 

5.0 V at the scanning rate of 0.1 mV s−1. 
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6.5 Support information 

 

Fig. S6.1 DSC curve of Me4N-PH1. 

 

 

Fig. S6.2 EIS plots of (a) Me4N-PH1 and (b) Me4N-PH2. 
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Fig. S6.3 EIS plots of (a)-(b) Et4N-PH1 and (c)-(d) Et4N-PH2. 
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Fig. S6.4 EIS plots of (a)-(b) Bu4N-PH1 and (c)-(d) Bu4N-PH2. 

 

 

Fig. S6.5 DC polarization plot of a SS|Me4N-PH2|SS. 
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Fig. S6.6 LSV curve of Me4N-LiBH4.
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Chapter 7 Conclusion and perspectives 
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7.1 Conclusion 

Research on solid-state electrolytes has already become an important 

trend in the field of new energy. And borohydrides, due to their potential 

high ionic conductivity and lightweight nature, show unique application 

prospects. This thesis investigated borohydride-based solid-state 

electrolytes through a combination of interfacial engineering and 

structure modification strategies, aiming to address three central 

challenges that hinder their practical application: low ionic conductivity 

at moderate temperatures, limited electrochemical stability, and 

insufficient interfacial compatibility with electrodes. 

Chapter 1 presented the background and motivation of this study, 

providing a brief introduction to the fundamentals of Li- and Na-based 

batteries as well as the classification and development of typical solid-

state electrolytes, and clarified the research objectives and directions 

for borohydride-based electrolytes. 

Chapter 2 briefly described the synthesis methods and the 

characterization techniques employed (XRD, FTIR, BET, EIS, CV, etc.), 

which laid the methodological foundation for the subsequent systematic 

study. 

Chapter 3 demonstrated the effect of zeolite confinement of LiBH4: 

due to zeolite’s porosity and high surface area, which facilitate the 

formation of continuous interfacial ion-transport pathways, a high ionic 
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conductivity of 10-4 S cm−1 at 80 ℃ with significantly reduced 

activation energies were achieved, consistent with an interfacial-

dominated transport mechanism. In addition, the composite electrolyte 

showed good compatibility in electrochemical applications; solid-state 

cells assembled with LTO cathodes exhibited stable cycling 

performance at 80 °C and 100 °C, further highlighting the relevance of 

the zeolite confinement strategy as an interfacial design concept for 

improving ionic transport in borohydride-based electrolytes.  

Chapter 4 extended the zeolite-based composite strategy to sodium 

borohydride systems. Na2B12H12-zeolite composites exhibited 

enhanced Na⁺ conductivity, indicating that this design approach is 

transferable across different alkali systems. Moreover, when employed 

as the solid electrolyte in Na||Na symmetric cells, the composite 

enabled stable cycling at 80 °C. These results demonstrate that the 

zeolite-based composite strategy is transferable to Na+-conducting 

borohydrides, reinforcing the general relevance of interfacial 

engineering for alkali-metal hydride electrolytes. 

In Chapter 5, the known conductive LiBH4-LiNH2 system was 

modified by the introduction of two-dimensional BN, revealing the 

synergistic role of 2D materials in interface engineering. The 

incorporation of BN not only enhanced the mechanical strength and 

interfacial stability of the composite electrolyte but also facilitated the 

formation of a mechanically robust and ionically favorable interfacial 
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architecture, improving ion transport across the interface. Benefiting 

from these effects, the composite electrolyte exhibited higher ionic 

conductivity and lower activation energy, along with enhanced 

electrochemical performance. In Li||Li symmetric cells, stable cycling 

behavior was observed at both room temperature and 50 °C, and shows 

good compatibility with LTO cathode, further confirming the 

significance of interface engineering strategies in advancing the 

practical potential of borohydride-based solid electrolytes. 

Chapter 6 systematically investigates a series of R4NBH4-LiBH4 

borohydrides. The study shows that these composites are not simple 

physical mixtures but new mixed-cation phases. Their crystal structures 

vary with composition, revealing clear differences at different cation 

ratios. The alkyl-chain length of the R4N⁺ cation strongly affects the 

melting point of the resulting phases. In addition, the ionic conductivity 

of these materials was measured. Notably, the Me4NBH4-LiBH4 sample 

with a molar ratio of 1:2 named Me4N-PH2 exhibited an ionic 

conductivity of 10-5 S cm−1 at 80 °C, providing new insight into 

improving the ionic conductivity of LiBH4-based borohydride. 

Chapter 7 summarized the major results and outlined future research 

directions, including a deeper understanding of ion transport at the 

atomic scale, improving interface stability with both cathodes and 

anodes, developing scalable synthesis methods, and exploring new 

nanoporous or hybrid hosts. 
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In summary, this thesis demonstrates that the introduction of rigid 

inorganic support as well as flexible organic constituents effectively 

enhances the ionic conductivity of borohydrides. This strategy not only 

provides a new perspective for the application of borohydrides as solid-

state electrolytes but also lays the groundwork for future optimization 

of ion transport through interface engineering and composite design. 

Nevertheless, several limitations remain in the present work. The 

fundamental understanding of interfacial ion transport mechanisms is 

still incomplete, particularly regarding the dynamic coupling between 

structural disorder and ion migration. In addition, the long-term 

electrochemical stability and compatibility with practical electrode 

materials have not yet been fully established. Furthermore, the 

scalability and reproducibility of some composite systems require 

further investigation for practical implementation. 

It is expected that addressing these challenges will play an important 

role in advancing borohydride-based solid electrolytes and accelerating 

their integration into next-generation all-solid-state batteries. 

7.2 Perspective 

So far, the results presented in this thesis demonstrate that both 

interfacial engineering and structure modification can effectively 

enhance the ionic transport properties of borohydride-based solid 

electrolytes. Although significant progress has been achieved, several 
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critical challenges must still be addressed before these materials can be 

practically implemented in all-solid-state batteries, particularly in 

systems requiring stable long-term cycling performance. 

A key direction concerns interfacial stability and compatibility with 

high-voltage cathodes. Although certain borohydride phases already 

exhibit expanded electrochemical stability windows up to ~3.8 V, 

coupling them with high voltage layered oxides such as Lithium nickel 

manganese cobalt oxides (NMC) or LiFePO4 still faces major obstacles 

due to interfacial chemical reactions and high contact resistance. Future 

work should therefore focus on developing tailored interfacial coatings 

or functional interlayers that enable stable, low-impedance contact 

between electrochemically inert borohydride electrolytes and high-

energy cathode materials. 

Beyond interfacial considerations, a deeper understanding of ion-

transport mechanisms at the atomic scale remains essential. Although 

structure-property relations have been established in this work, the 

precise coupling between anion reorientational dynamics, lattice 

softening, and lithium-ion migration pathways is not yet fully 

understood. Advanced experimental techniques, such as quasi-elastic 

neutron scattering or solid-state NMR combined with computational 

modeling, will be crucial to quantitatively disentangle these 

contributions and to guide the rational design of next-generation 

hydride electrolytes. 
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Another promising avenue lies in the exploration of multicomponent 

composite electrolytes. Recent studies have begun to investigate the 

role of borohydrides in polymer- and sulfide-based electrolytes, for 

example, as interfacial modifiers or functional additives to improve 

stability and enhance the continuity of ion-conducting networks1–3. 

Such research provides new perspectives for the utilization of 

borohydrides, particularly in the design of composite solid electrolytes. 

Looking forward, the integration of borohydrides with polymers, 

sulfides, and other classes of electrolytes may not only enable 

performance complementarity but also open more diverse and 

sustainable directions for the development of all-solid-state batteries. 

From an application-oriented perspective, scalability and processing 

compatibility represent additional challenges. Although 

mechanochemical synthesis provides a simple and solvent-free route 

for laboratory-scale material preparation, the translation of these 

approaches to industrially relevant processing conditions requires 

further investigation, including pellet fabrication, composite 

densification, and long-term stability under operating conditions. 

In summary, while this thesis establishes clear design principles for 

enhancing ionic transport in borohydride-based solid electrolytes, it 

also highlights that their successful deployment in all-solid-state 

batteries will depend on coordinated advances in interface engineering, 

mechanistic understanding, and materials processing. Addressing these 
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challenges will require interdisciplinary efforts spanning solid-state 

chemistry, electrochemistry, and materials engineering. 
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