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Abstract 
The ionic conductivity of LiBH4-Al2O3 composites was investigated, focusing on the effect of oxide 
morphology and surface functional groups. Composites were prepared by mixing mesoporous 
Al2O3 (wormhole), gamma Al2O3, and nanofiber Al2O3. All composites showed an improvement 
in ionic conductivity, with the 55 wt% mesoporous composites showing the highest ionic 
conductivity (4.6×10–5 S cm–1 at 30 °C) and lowest activation energy for ionic conduction (0.53 
eV for 30–100 °C). Notably, 7Li static nuclear magnetic resonance revealed that only the 
mesoporous composites exhibited a motionally narrowed line, indicative of highly mobile 
lithium ions. The proportion of highly mobile lithium ions in all composites was found to 
correlate with the specific surface area and specific pore volume of each Al2O3 type. Multiple 
structural analyses indicated the existence of fast lithium-ion conduction layers at the interface 
between LiBH4 and Al2O3. Additionally, the influence of mesoporous Al2O3 surface functional 
groups on ionic conductivity was explored. This study highlights the potential of using different 
oxide morphologies to better understand and visualize ionic conductivity enhancement 
interfaces. 
 



1. Introduction 
The pursuit of efficient energy storage devices is critical for achieving a sustainable society. 
Electrochemical energy storage in rechargeable batteries is particularly attractive and finds 
widespread use in applications ranging from wearable devices to electric vehicles. All-solid-state 
batteries are expected to exceed conventional liquid lithium-ion batteries in some key 
performance areas, notably enhancing safety. By replacing the flammable organic solvents in the 
electrolyte with a solid electrolyte, these batteries eliminate ignition risks and prevent 
electrolyte leakage.1–3 Furthermore, their compatibility with lithium metal and other high-
energy-density materials broadens the range of electrode materials, leading to performance 
levels that can exceed those of conventional liquid lithium-ion batteries.4 For these reasons, all-
solid-state batteries have garnered significant attention in recent years. However, designing 
suitable solid electrolytes that combine sufficient chemical and electrochemical stability with 
high ionic conductivity remains a major challenge. A variety of electrolytes have been identified 
to date. Among these, complex metal hydrides, such as LiBH4, Li2B12H12, LiAlH4, Li3AlH6, LiNH2, 
Li2NH, Li(NH3)nBH4, stand out.5–11 LiBH4, in particular, shows promising candidates for a solid 
electrolyte. Compared to oxide, sulfide, and polymer-based ionic conductors,12–14 complex metal 
hydrides exhibit several advantageous properties as solid electrolytes for all-solid-state batteries. 
For instance, LiBH4 is characterized by a low density due to its composition of light elements. It 
also offers high flexibility and excellent electrochemical stability against Li metal electrodes. In 
other words, it is possible to achieve a material that combines low weight, high electrochemical 
stability (up to 3 V vs. Li/Li+), and the ability to form a good interface with Li electrode materials. 
These unique features distinguish it from most other solid ionic conductors. A notable 
characteristic of LiBH4 is its structural phase transition from the orthorhombic low-temperature 
(LT) phase to the hexagonal high-temperature (HT) phase at around 110 °C.5 The HT phase 
exhibits high ionic conductivity of ~10–3 S cm–1. However, the ionic conductivity of LiBH4 in the 
LT phase drops significantly to ~10–8 S cm–1 at 30 °C.15 Therefore, ongoing research focuses on 
enhancing the ionic conductivity of LiBH4 at ambient temperature.  

It has been reported that the ionic conductivity of LiBH4 at ambient temperature can be 
improved through high-energy ball milling. This enhancement is caused by defects and a 
disordered lattice structure created during the high-energy ball milling process.11,16 The 
conduction in LiBH4 is thought to occur via lattice defects through an interstitial mechanism.17 
However, the ionic conductivity gradually decreases with each cycle, indicating instability during 
repeated cycling.18 Solid solutions of lithium halide, such as LiI, LiBr, and LiCl in LiBH4, can also 
improve ionic conductivity at ambient temperature. X-ray diffraction shows that the HT phase is 
detected even at ambient temperatures below the structural phase transition temperature. This 
is attributed to the stabilization of the conductive HT phase at ambient temperature. By replacing 
some of the BH4– anions with other anions, a homogeneous solid solution is formed, improving 
ionic conductivity.19–23  



A different approach to enhance ionic conductivity involves nanocomposite formation by 
mixing LiBH4 with metal oxides.24–27 Ionic conductivity improvements have been observed in 
nanocomposite synthesized through both high-energy ball milling and melt-infiltration 
techniques. Reports indicate that nanocomposites formed with high-surface-area or nanoporous 
oxides exhibit ionic conductivities up to three orders of magnitude higher than that of pristine 
LiBH4 at ambient temperature.28,29 This enhancement has been observed in various metal oxides, 
e.g., ZrO2, MgO, TiO2, Al2O3, SiO2, and CaO.18 While the exact mechanism behind the enhancement 
in ionic conductivity through nanocomposite formation is not fully understood, it is known that 
conductor-insulator interface effects are important. These effects may arise from the formation 
of a space charge layer, the development of a tertiary phase, or the stabilization of a conductive 
polymorph in the lithium-ion conductor.30–35  

In this study, we focus on the interface between LiBH4 and Al2O3 in composite lithium-ion 
conductors to investigate the mechanism of ionic conductivity enhancement. Although the 
effects of silica surface groups on the conductivity of LiBH4-SiO2 composites were investigated,36 
the effects of Al2O3 surface properties have not been clarified yet. Thus, we selected Al2O3 with 
distinct particle structures, i.e., mesoporous Al2O3 (wormhole), gamma Al2O3, and nanofiber 
Al2O3, as the metal oxide to be added to LiBH4. The effects of these particle morphologies on ionic 
conductivity are discussed. Although the mesoporous SiO2 with one-dimensional channels of 
mesopores (MCM-41 or SBA-15) was used as the host oxides in the previous studies,25–27 
the three-dimensional wormhole mesoporous Al2O3 was selected in this study for improving the 
conductivity. Gamma Al2O3 is also a kind of porous material with three-dimensional 
nanostructures. Different from these oxides, one-dimensional fiber Al2O3 with low porosity was 
selected to confirm the porosity and dimensionality effects of oxides. 
 
2. Experimental Section 
2.1. Sample synthesis 

All samples were handled in an argon-filled glovebox with an O2 concentration below 2 ppm. 
LiBH4 (purity 95%, Strem), mesoporous Al2O3 (purity N.A., Sigma Aldrich), gamma Al2O3 (purity 
99.99%, Kojundo Chemical Lab. Co., Ltd.), and nanofiber Al2O3 (purity ≥ 90%, Sigma Aldrich) 
powders were used as received. Mechanical ball milling was performed using a planetary ball-
milling apparatus (Fritsch, Pulverisette 7, Cr steel vessel with 15 zirconia balls). The ball-to-
powder weight ratio was 75:1. In this study, composite materials with different coating 
thicknesses of LiBH4 on Al2O3 were prepared, primarily with 55 wt% and 83 wt% Al2O3. The two 
different weight fractions of Al2O3 (55 and 83 wt% corresponding to 17 and 45 vol% of Al2O3, 
respectively) were ball milled at 400 rpm for 0.5 h in an Ar atmosphere to produce uniform 
composites. To study the effect of surface functional groups on ionic conductivity, surface 
conditions were modified via a vacuum heat treatment for 6 h at various temperatures. 
2.2. Characterization 



The surface structure of each Al2O3 particle was observed with a field emission gun scanning 
electron microscopy (FEGSEM, JEOL, JSM-7001FA, accelerating voltage of 15 kV) and 
transmission electron microscopy (TEM, JEOL, 2000FX, accelerating voltage of 200 kV). The 
average pore diameter, specific pore volume, and specific surface area of each Al2O3 particle were 
determined using the Brunauer-Emmett-Teller (BET, Yuasa Ionics, Autosorb 6AG AP-100021) 
model for N2-physisorption isotherms. The composite state of LiBH4 and Al2O3 was observed 
using high-angle annular dark-field scanning TEM (HAADF-STEM) and energy-dispersive X-ray 
spectroscopy (STEM-EDS) using a spherical aberration-corrected STEM (Cs-corrected STEM, FEI, 
Titan3 G2 60-300, accelerating voltage of 300 kV). Powder samples were dispersed on a 
Quantifoil copper grid and transported under an inert atmosphere using an Atmos Defend 
Holder (Mel-Build).  

The crystalline phase of samples was analyzed using X-ray diffraction (XRD, Rigaku SmartLab, 
with Cu Kα radiation). The XRD samples were covered with a polyimide sheet in a glovebox to 
prevent contact with air. For ionic conductivity measurements, sample powders were pressed 
into a pellet (7 mm diameter, ~2 mm thick). The ionic conductivities were measured using an 
alternating current impedance analyzer (AC impedance, HIOKI, IM3536) at temperatures 
ranging from 30 to 140°C in 10°C increments at a frequency range between 4 Hz and 8 MHz. 
Lithium foils (purity 99.9%, Alfa Aesar, thickness of 0.75 mm) were used as electrodes. Electronic 
conductivities were analyzed using a direct current polarization analyzer (DC impedance, Bio-
Logic SAS: SP-150). Chemical bonding states and lithium-ion dynamics were investigated using 
solid-state nuclear magnetic resonance (solid-state NMR, Bruker, Avance Neo 500) under a 
magnetic field of 11.74 T. The 3.2 mm Bruker ZrO2 rotors were filled with the powder samples. 
The 1H, 6Li, 11B, and 27Al magic-angle spinning (MAS) spectra were acquired with pulse widths of 
4.0, 1.6, 2.0, and 1.7 μs, respectively. The corresponding recycle delays were 10, 30, 5, and 2 s, 
respectively. Additionally, 7Li static NMR spectra were acquired using a single-pulse experiment 
with a pulse width of 3.8 μs. The MAS NMR spectra were recorded at a spinning speed of 20 kHz.  
 
3. Results and Discussion 
3.1. Nanostructure analysis of Al2O3 and the LiBH4-Al2O3 composites 

Three types of Al2O3 with different particle microstructures were used in this study: 
mesoporous Al2O3 (wormhole), gamma Al2O3, and nanofiber Al2O3. The mesoporous Al2O3 
utilized here is of the ‘‘wormhole’’ type, named for its random and scattered pore orientations, 
unlike the ordered mesoporous SiO2 or Al2O3 often used in previous studies.25,26,35 Table 1 shows 
the average pore diameter, specific pore volume, and specific surface area of each Al2O3 particle 
based on BET analysis. SEM and TEM images of the Al2O3 samples are shown in Figure 1 and 
Figure 2, respectively. The particle sizes of three types of Al2O3 were examined using SEM and 
TEM analysis. The particle sizes of mesoporous Al₂O₃ and gamma Al₂O₃ were found to be 5–30 
µm and 0.3–2 µm, respectively. For nanofiber Al₂O₃, the fiber diameter ranged from 0.2–1 µm, 



and the fiber length ranged from 0.3–30 µm. Mesoporous Al2O3 had a relatively large particle 
size; however, it had a porous structure and the largest specific surface area among the three 
Al2O3 samples. Gamma Al2O3 had a smaller particle size and specific surface area compared with 
mesoporous Al2O3. The difference in specific pore volume between mesoporous and gamma 
Al2O3 was not as pronounced as the difference in specific surface area. TEM images show that 
nanofiber Al2O3 had a fiber-like structure and exhibited the lowest specific pore volume and 
specific surface area of the three. 

STEM analysis was performed on the 55 wt% mesoporous Al2O3 composite. The LiBH4-ZrO2 
system has been analyzed in a previous study.28 Figure S1 presents TEM images of the 55 wt% 
mesoporous composite, while Figure 3 shows the HAADF-STEM image (a) and the corresponding 
STEM-EDS maps for B (b), Al (c), B overlayed with Al (d) and O (e). The distribution of B covered 
a broader area than that of Al, indicating that LiBH4 effectively coated the mesoporous Al2O3. 
Conversely, the O distribution closely matched that of B and was wider compared with Al. This 
observation can be explained by two possible mechanisms: (1) LiBH4, being a reductant, may 
have undergone a redox reaction with Al2O3 during the ball milling process, or (2) the 
mesoporous Al2O3, rich in physisorbed water and hydroxy groups, reacted with LiBH4. Indeed, 
the formation of B-O species (i.e., LiBO2 or LiB(OH)4) was observed in the 11B MAS NMR spectra, 
as shown in Section 3.3.  

 
3.2. Ionic conductivity and lithium-ion dynamics 
This section discusses the effect of mixing each Al2O3 sample with LiBH4 on ionic conductivity. 
AC impedance measurements were analyzed in 10 °C increments, from 30 to 140 °C. Figure 4 
shows the ionic conductivity of pristine LiBH4, 55 wt% mesoporous, 55 wt% gamma, and 55 wt% 
nanofiber. Additionally, Figure S2 shows the conductivity of pristine LiBH4 and 83 wt% Al2O3. 
Table S1 provides the coating thickness, pore filling rate, activation energy (Ea), and ionic 
conductivity of all composites. The Ea values were calculated by using the Arrhenius equation: σ 
= σ0 exp(–Ea/kT), where σ is ionic conductivity, σ0 is the pre-exponential factor, Ea is the 
activation energy, k is the Boltzmann constant, and T is the absolute temperature. The coating 
thickness was calculated using the specific surface area obtained from BET analysis, assuming 
uniform coverage of LiBH4. The pore filling rate was also calculated using the specific pore 
volume obtained from BET analysis, under the assumption that all the LiBH4 penetrated into 
Al2O3 pores. Regarding the possibility of pore filling via ball milling, it could be achievable to 
some extent, but not fully. Figure S3 shows the N2 adsorption isotherms of the 83 wt% and 100 
wt% mesoporous Al2O3 obtained by BET method. The isotherm of 100 wt% Al2O3 shows a 
capillary condensation step at a relative pressure of 0.4-0.8, the 83 wt% mesoporous Al2O3 shows 
a small step at a high relative pressure above 0.9. This result suggests that milling could lead to 
mesopore filling and form macropores in some regions. However, as shown in Table S1, the 
theoretically ideal pore filling rate for the 83 wt% mesoporous material is 65 %, indicating a 



discrepancy exists. Since the current BET measurements data are insufficient for quantitative 
evaluation, this will be addressed in future research. Coating thickness of LiBH4 in the composite 
from the BET analysis was roughly consistent with the observed thickness from TEM in LiBH4-
ZrO2 system. As shown in our previous study, the LiBH4 thickness for 75 wt% nano ZrO2 
composite was less than 30 nm from TEM observation,28 and this was consistent with the 
estimated thickness of 17.9 nm from the BET analysis as shown in Table S2 and S3. The specific 
surface area of ZrO2 were smaller than those of Al2O3, and pore diameter of ZrO2 was larger than 
that of Al2O3. Thus, the validity of BET measurement estimation for coating thickness and pore 
filling rate of LiBH4 would be increased for the systems with small specific surface area and large 
pore sizes. 

Compared to pristine LiBH4, all 55 wt% Al2O3 samples demonstrated approximately 1000-fold 
higher ionic conductivity at ambient temperatures. The 55 wt% mesoporous Al2O3 composite 
had the highest ionic conductivity of 4.6×10–5 S cm–1 at 30 °C, followed by 55 wt% gamma Al2O3 

at 1.9×10–5 S cm–1, and 55 wt% nanofiber Al2O3 at 7.4×10–6 S cm–1. This variation in ionic 
conductivity is attributed to differences in the microstructure of the Al2O3, which correlates with 
its specific surface area and pore volume. AC impedance measurements were conducted on two 
samples of 55 wt% mesoporous materials synthesized under the same conditions in a ball 
milling. As shown in the Figure S4, the variation was minimal, and it is likely that sample-to-
sample variation would be small for the 55 wt% mesoporous composite. 

The Ea values are indicated in Figures 4 and S2. The change in Ea that occurred between 55 wt% 
Al2O3 and 83 wt% Al2O3 is discussed. For the LiBH4-Al2O3 composites with gamma and nanofiber 
Al2O3, the Ea remained unchanged regardless of the Al2O3 mixing ratio. Contrastingly, the Ea of 
mesoporous Al2O3 decreased from 0.53 eV at 55 wt% to 0.44 eV at 83 wt%, a reduction of ~0.1 
eV, likely because of nanoconfinement effects. Table S1 shows that among all the composites, the 
83 wt% mesoporous Al2O3 had the lowest pore filling rate of 65%. This suggests that the Ea of 83 
wt% mesoporous Al2O3 is low because lithium-ion diffusion is primarily confined to the LiBH4-
Al2O3 interface, which is strongly influenced by nanoconfinement. The reason for the lower ionic 
conductivity of 83 wt% mesoporous Al2O3 compared with 83 wt% gamma Al2O3 is likely because 
the mesoporous sample is further from the optimal percolation threshold for lithium-ion 
diffusion. 

DC impedance was used to verify the electronic conductivity of the composites. Two symmetric 
cells were prepared for each composite, using Li/LiBH4-Al2O3/Li and Mo/LiBH4-Al2O3/Mo, with 
an applied voltage of +0.5 V in both setups. As shown in Figure 5, very low currents of 0.001–
0.002 µA were detected in Mo/LiBH4-Al2O3/Mo, while thousands of times larger currents of 5-
20 µA in Li/LiBH4-Al2O3/Li cells. This suggests negligible electronic conductivity in the 
composites when Mo was used as counter electrodes, indicating that LiBH4-Al2O3 composites 
behave as almost pure lithium-ion conductors.  

Figure 6 shows the results of the 7Li static NMR measurements conducted at 24 and 50 °C. A 



notable difference in peak shape was observed in the 55 wt% mesoporous sample compared to 
the other composites. All spectra were fitted with two Gaussian components, revealing a sharp 
peak, known as a motionally narrowed line, solely in the 55 wt% mesoporous sample. In contrast, 
the 55 wt% gamma and nanofiber samples mostly exhibited broad peaks that could not be clearly 
separated by fitting. The motionally narrowed line represents highly mobile lithium ions moving 
along the fast diffusion pathways in the interfacial regions.37 In previous studies using LiBH4-
LiI/Al2O3, a difference in the appearance of the motionally narrowed line was observed between 
bulk-conducting LiBH4-LiI and interface-conducting LiBH4-Al2O3.38 When comparing the two, the 
sharpened motionally narrowed line below 30 °C is primarily attributed to the interface effects 
of LiBH4-Al2O3. Therefore, the sharpened peak observed in this study is significantly influenced 
by the interface conduction of LiBH4-Al2O3. The fraction of motionally narrowed lines in the 55 
wt% mesoporous, gamma, and nanofiber composites at 24 °C were 10.0%, 6.2%, and 5.7%, 
respectively. The 55 wt% mesoporous sample displayed nearly twice the fraction of mobile 
lithium ions compared to the other composites. Similarly, the specific surface area of mesoporous 
Al2O3 was several times higher than that of other Al2O3. The specific surface area correlates with 
the fraction of motionally narrowed lines, which likely results from the fast Li conduction layers 
at LiBH4-Al2O3 interfaces. The high conductivity of mesoporous Al2O3 is a result of its surface 
area. We performed 7Li static NMR on 83 wt% mesoporous samples, and the results are shown 
in Figure S5. Despite the room-temperature ionic conductivity of the 83 wt% mesoporous 
sample being nearly identical to that of the 55 wt% nanofiber sample, the NMR spectra of the 83 
wt% mesoporous sample exhibits narrower peaks compared to those of the 55 wt% gamma and 
nanofiber samples. This suggests that in systems such as LiBH4-Al2O3, where fast conductive 
layers are formed at the interface, narrowing peaks due to the interfacial conductive layer are 
more pronounced when the oxide has a larger specific surface area.38 This phenomenon was 
captured in the NMR results of the present study. In addition, a recent study suggested that 
differences in the charging states of the oxide may also affect the interface interactions between 
LiBH4 and Al2O3.39 Further research should explore the impact of these charging states in greater 
detail. 

To analyze the optimal mixing ratio of LiBH4 and Al2O3 for achieving the best percolation, 
impedance measurements were also conducted on a 70 wt% mesoporous sample, which lies 
between the 55 wt% and 83 wt% compositions. The ionic conductivities of the X wt% 
mesoporous materials with X= 55, 70, and 83 wt% at 30 °C were plotted in Figure S6. The optimal 
additive amount for the highest ionic conductivity lies between 55 and 83 wt%. 
 
3.3. Structural analysis 

The XRD profiles of the composites and pristine LiBH4 are shown in Figure 7. The 
measurements shown in Figures 7 (a) and 7 (b) were performed at room temperature and 140 °C, 
respectively. In all composites, the diffraction peaks corresponded only to LiBH4 and γ-Al2O3. It 



is known that the diffraction peaks only appear at low angles of ~5° or less for mesoporous 
Al2O3,40,41 indicating that the peak of γ-Al2O3 did not appear in the 55 wt% mesoporous 
composite. Importantly, no shift in the peak positions of LiBH4 was observed in any of the 
composites, suggesting that no solid solutions were formed. In all composites, the crystal 
structure of LiBH4 changed from orthorhombic to hexagonal around the structural phase 
transition temperature. The peak intensity of LiBH4 in the composites decreased and broadened 
slightly relative to pristine LiBH4. While this could be partly attributed to the lower LiBH4 content 
in the measured samples, mechanical milling also likely contributed by reducing crystallinity and 
introducing lattice strain and defects. Notably, the peak intensity of LiBH4 was lowest for the 55 
wt% mesoporous composites compared to the other samples at both room temperature and 
140 °C, which may be because of the large specific surface area of mesoporous Al2O3. This 
suggests that the LiBH4-Al2O3 interface is less crystalline and more amorphous-like in nature. 

The 1H MAS NMR spectra in Figure 8 provides further insight. In the pristine LiBH4 spectrum, a 
slight peak at 4.1 ppm was observed alongside the main peak at –0.5 ppm that represents BH4– 
bonding. The 4.1 ppm peak was caused by H2 gas.42 Multiple signals at 1.9, 3.4, 3.8, and 4.7 ppm 
were observed in the mesoporous, gamma, and nanofiber Al2O3 samples. The broad peak at 
around 4.7 ppm, observed in mesoporous Al2O3, likely results from physisorbed water on the 
surface,43 while the 3.8, 3.4, and 1.9 ppm peaks in mesoporous and gamma Al2O3 correspond to 
hydroxy groups. The different peak positions are influenced by the isolated terminal, along with 
the double- and triple-bridged hydroxy groups,44 with the 3.8 and 3.4 ppm peaks attributed to 
triple-bridged hydroxy groups and the 1.9 ppm peak corresponding to double-bridged hydroxy 
groups. 

The 6Li MAS NMR spectra for pristine LiBH4, 55 wt% mesoporous, 55 wt% gamma, and 55 wt% 
nanofiber composites are shown in Figure 9 (a). A peak at –1.3 ppm, corresponding to LiBH4 
bonding, was observed in all samples, although all the composite samples exhibited a slight 
downfield shift from this position. Moreover, the 55 wt% mesoporous composites displayed a 
distinct low-field-shifted shoulder on the peak at –0.8 ppm, which may represent lithium states 
at the LiBH4-Al2O3 interface. The peak position at –0.8 ppm was not consistent with the peak 
position of the products that are produced by the mixing of LiBH4 and Al2O3.45,46 As the chemical 
shift represents the electron density around the measured nucleus, this low-field shift suggests 
some differences in lithium environments at the interface. 

The 11B and 27Al MAS NMR spectra are shown in Figures 9 (b) and 9 (c). In the 11B MAS NMR 
spectra, a prominent signal for BH4– at –41.3 ppm was observed in all composites with no 
significant shifts. A low-intensity peak was observed at around 1.3 ppm solely in the 55 wt% 
mesoporous composite, indicating B-O bonds. This could result from a reaction between the 
small amount of physisorbed water in mesoporous Al2O3 with LiBH4, generating LiBO2 or 
LiB(OH)4.47,48 These B-O bonds likely arise from an intermediate layer at the LiBH4-Al2O3 
interface, although they may not represent the local interface structure because of possible 



exposure to air during the experiment.34 A previous study suggests that boron oxide species were 
not an essential component for the formation of a dynamic LiBH4 layer.39 The 27Al MAS NMR was 
measured for the 55 wt% mesoporous, 55 wt% gamma, and 55 wt% nanofiber composites. Each 
spectrum showed two main peaks at 9 and 68 ppm, corresponding to six-coordinate (Ⅵ) and 
four-coordinate (IV) Al, respectively.44 Interestingly, the 55 wt% mesoporous composite had less 
four-coordinate Al relative to six-coordinate Al. 

In LiBH4-Al2O3, where lithium-ion conduction benefits from interfacial effects, a percolating 
conductor-insulator pathway is expected. To facilitate rapid ion transport over long distances, it 
is advantageous to use a metal oxide with a large surface area. The Ea derived from the Arrhenius 
equation was 0.53 eV for the 55 wt% mesoporous composite and 0.44 eV for the 83 wt% 
mesoporous composite, indicating that lithium ions exhibit greater mobility at the interface, 
where they are nanoconfined within the pores.49 In the high-temperature phase above 120 °C, 
the ionic conductivity of the 55 wt% gamma and 55 wt% nanofiber composites was nearly the 
same as that of pristine LiBH4. Contrastingly, the ionic conductivity of the 55 wt% mesoporous 
composite was approximately twice that of LiBH4 (Figure 4). This enhancement is likely caused 
by the interfacial effect stemming from the large specific surface area of mesoporous Al2O3 and 
the nanoconfinement of LiBH4 within its pores, resulting in improved ionic conductivity 
compared to hexagonal LiBH4.  
 From the structural analyses, the formation of amorphous-like layer was suggested and different 
chemical bonding states were shown for the composites between LiBH4 and Al2O3 with a large 
surface area. Among three hypotheses for the origins of the enhanced conductivity in LiBH4-
oxide composites shown in the introduction, the stabilization of HT phase seems to be 
unlikely. The space charge region and the formation of the ternary phase are possible reasons, 
but further research is required. However, it seems more likely that the formation of the ternary 
phase plays a significant role. A prior study utilized X-ray Raman spectroscopy (XRS), a promising 
method for investigating battery materials and interfaces with low atomic numbers.34 In the case 
of boron-based hydrides (LiBH4 and NaBH4), the original tetragonal (BH4) structure transforms 
into a trigonal boron structure, resembling the "B─O" bonding in ─BH3. Additionally, at the 
interface, some Li and Na atoms are bonded to oxygen, suggesting the presence of M─O bonds. 
Metal hydride-oxide interfaces are known to have a high density of defects, making it difficult to 
fully understand their complex structures. However, it has been shown that the formed interface 
is strongly influenced by the physical and chemical properties of the oxide used. In other words, 
surface reactions play a dominant role in the interfacial ion dynamics, and a direct correlation 
has been established between the nature of interfacial phases and ion mobility in nanocomposite 
solid electrolytes. 
 
3.4. Surface properties of mesoporous Al2O3 
To investigate the effect of physisorbed water and the density of hydroxy groups on the surface 



of mesoporous Al2O3 on ionic conductivity, we performed vacuum heat treatments. A previous 
study by Ngene et al. on the LiBH4 mesoporous SiO2 system demonstrated the ability to 
manipulate the density and properties of the surface functional groups of mesoporous SiO2 via 
heat treatments at different temperatures. In their study, heat treatments were performed in an 
inert gas atmosphere and composites were synthesized by melt-infiltration.36 In contrast, our 
study examined whether vacuum heat treatments and composite synthesis through ball milling 
could similarly influence ionic conductivity.  

The surface properties of mesoporous Al2O3 were observed by 1H MAS NMR. Figure 10 (a) 
shows 1H MAS NMR spectra of pristine LiBH4 and mesoporous Al2O3 treated following vacuum 
heat treatments at different temperatures. We prepared five different samples: untreated LiBH4, 
100 °C LiBH4, untreated mesoporous Al2O3, 200 °C mesoporous Al2O3, and 700 °C mesoporous 
Al2O3. Each temperature represents the temperature of the vacuum heat treatment, with a 
holding time of 6 h for each condition. It should be noted that the melting points of LiBH4 and 
mesoporous Al2O3 are 279 and 2,038 °C, respectively.  

LiBH4 remained relatively unchanged by heat treatment, while a significant change was 
observed for mesoporous Al2O3. Untreated mesoporous Al2O3 displayed a peak corresponding to 
physisorbed water at 4.6 ppm and two peaks representing hydroxy groups at 0.9 and 3.4 ppm. 
The 200 °C mesoporous Al2O3 only had one peak at 1.2 ppm, which corresponds to double-
bridged hydroxy groups.43,44 This indicates that the vacuum heat treatment at 200 °C removed 
physisorbed water. Figure 10 (a) shows that the 1H MAS NMR intensities of the untreated 
mesoporous Al2O3, 200 °C mesoporous Al2O3, and 700 °C mesoporous Al2O3 are equal, suggesting 
that the triple-bridged hydroxy groups were lost after a 200 °C heat treatment but the double-
bridged hydroxy groups remained. The 700 °C mesoporous Al2O3 showed no signal, with neither 
physisorbed water nor hydroxy groups observed. Figure 10 (b) shows the ionic conductivity of 
untreated LiBH4 + untreated mesoporous Al2O3 (with high hydroxy group and physisorbed water 
density), 100 °C LiBH4 + 200 °C mesoporous Al2O3 (with high hydroxy group density but low 
physisorbed water density), and 100 °C LiBH4 + 700 °C mesoporous Al2O3 (with low hydroxy 
group density and physisorbed water density). The order of ionic conductivity was as follows: 
100 °C LiBH4 + 200 °C mesoporous Al2O3 > untreated LiBH4 + untreated mesoporous Al2O3 > 
100 °C LiBH4 + 700 °C mesoporous Al2O3. This indicates that physisorbed water on Al2O3 
negatively affected ionic conductivity, while surface hydroxy groups had a positive, albeit slight, 
influence. 
 
3.5. Enhancement factor for the conductivity of LiBH4-oxide composites 

In our previous study, LiBH4-ZrO2 composites were synthesized by ball-milling and their ion 
conductivities were investigated.28 However, specific surface area and pore volume were not 
measured at that time. As shown in Table S2, specific surface area, pore volume, and average pore 
diameter of ZrO2 samples were measured from BET analysis. In addition, coating thickness of 



LiBH4 and pore filling rate of LiBH4 in the case of LiBH4-ZrO2 composites were shown in Table S3. 
We compared the ionic conductivity of LiBH4-Al2O3 composites with that of LiBH4-ZrO2 
composites. Figure S7 (a) and (b) shows the ionic conductivity of those composites at 30 °C and 
130 °C, respectively. Although milling conditions were slightly different from each other, the 
correlations with specific surface area and pore volume of oxide hosts were shown in both 
temperatures. The rough correlations with specific surface area and pore volume of the oxide 
suggests that size effects related to pore geometry would be main enhancement factors for 
improving the conductivity in this study. As shown in Figure S7 (a), it seemed that trend of LiBH4-
Al2O3 composites was slightly different from that of LiBH4-ZrO2 composites, thus the chemical 
effects arising from the LiBH4-host oxide interactions may cause some differences. At 130 °C, the 
conductivities of Al2O3 composites were higher than those of ZrO2 composites. This suggests 
nanoconfinement of LiBH4 into the Al2O3 mesopores could be proceeded by heating the 
composites. In the previous study of ball-milled LiBH4-metal oxide composites,18 the clear 
correlations with specific surface area and pore volume were not observed. Although the 
correlation between conductivity and pore volume of the oxide was found in the LiBH4-
LiNH2/SBA-15 composites synthesized by melt infiltration,49 such kind of correlation was firstly 
found in the ball-milled LiBH4-oxide composites as far as we know. Basically, the conductivity of 
LiBH4-oxide composites prepared by melt infiltration was higher than that of ball-milled 
composites.26 The recent study showed the difference of silica surface chemistry between LiBH4-
SiO2 composites prepared via ball-milling and melt infiltration,50 thus surface chemical bonding 
states with different processing methods also should be investigated in a future study. 
 
4. Conclusions 

The ionic conductivity of LiBH4-Al2O3 composites was found to vary depending on the 
morphology of Al2O3. Among all composites, the 55 wt% mesoporous Al2O3 exhibited the highest 
ionic conductivity (4.6×10–5 S cm–1 at 30 °C) and lowest Ea for ionic conductivity (0.53 eV for 30–
100 °C). XRD profiles showed that in all composites, the mixing of Al2O3 did not result in the 
formation of solid solutions or compounds, nor did it stabilize the HT phase at ambient 
temperatures. The XRD profile of 55 wt% mesoporous Al2O3 suggested the formation of a poorly 
crystalline (amorphous-like) interphase layer. From 7Li static NMR, only the mesoporous 
composite showed motionally narrowed lines indicative of fast lithium ions. The fraction of these 
motionally narrowed lines, which represent highly mobile lithium ions, correlated with the 
specific surface area of the Al2O3 in each composite. Additionally, differences were observed in 
the chemical bonding state: the 55 wt% mesoporous composites showed a distinct low-field-
shifted shoulder in 6Li MAS NMR analysis. 1H MAS NMR revealed the presence of physisorbed 
water and hydroxy groups on the surface of mesoporous Al2O3, though their effect on ionic 
conductivity was minimal. This suggests that the interaction of LiBH4 with Al2O3, rather than the 
surface functional groups, plays a more significant role in improving ionic conductivity. From the 



ionic conductivity plots classified according to specific surface area and pore volume of the host 
oxides (Al2O3 and ZrO2), the correlations with specific surface area and pore volume of oxides 
were observed, thus size effects related to pore geometry would be mainly observed as the 
improved conductivity. To the best of our knowledge, such kind of correlations were firstly 
visualized for the ball-milled LiBH4-oxide composites. Increasing the data points would clarify 
the detailed enhancement factors including the chemical effects arising from the LiBH4-host 
oxide interactions. 

 The effects at the conductor-insulator interface can be explained by three hypotheses: the 
space charge regions, the formation of a ternary phase, and the stabilization of a HT phase as 
shown in the introduction part. Based on the XRD results, the stabilization of the high-
temperature phase seems to be unlikely. The formation of amorphous-like interphase layer was 
suggested, and slightly different chemical bonding states were shown, thus the formation of a 
ternary phase could be a possible reason. This formation may be associated with the 
space charge regions, but further study is required.  
  



Table 1. Average pore diameter, specific pore volume, and specific surface area of mesoporous 
Al2O3, gamma Al2O3, and nanofiber Al2O3 from BET analysis. 
 

Sample 
Average pore 

diameter 
(nm) 

Specific pore volume 
(cm3 g-1) 

Specific surface area 
(m2 g-1) 

mesoporous Al2O3 5.9 0.47 324 

gamma Al2O3 14.8 0.32 87 

nanofiber Al2O3 7.6 0.12 61 

  



 
 
Figure 1. FE-SEM secondary electron images of the (a) mesoporous Al2O3, (b) gamma Al2O3, and 
(c) nanofiber Al2O3. 
  



 
 
Figure 2. TEM images of the (a) mesoporous Al2O3, (b) gamma Al2O3, and (c) nanofiber Al2O3 
samples. 
  



 
 
Figure 3. (a) HAADF-STEM image and STEM-EDS mapping images of (b) B, (c) Al, (d) overlap of 
B and Al, and (e) O of the LiBH4-mesoporous Al2O3 composite. 
  



 
Figure 4. Arrhenius plots of ionic conductivity for pristine LiBH4, 55 wt% mesoporous Al2O3, 55 
wt% gamma Al2O3, and 55 wt% nanofiber Al2O3. The number in the figure indicates the Ea. Note 
that the Ea of all composites changed around the structural phase transition temperature of 
LiBH4, thus the Ea of the LT phase and HT phase are derived in the range of 30–100 ℃ and 120–
140 ℃, respectively. 
  



 

 
Figure 5. Time dependence of DC impedance of (a) 55 wt% mesoporous Al2O3, (b) 55 wt% 
gamma Al2O3, and (c) 55 wt% nanofiber Al2O3 after applying a constant voltage of +0.5 V for Li 
and Mo electrodes at 30 ℃. The figures below show the magnified profiles of each Mo electrode. 
  



 

 
Figure 6. Temperature dependence of 7Li static NMR spectra of (a) pristine LiBH4, (b) 55 wt% 
mesoporous Al2O3, (c) 55 wt% gamma Al2O3, and (d) 55 wt% nanofiber Al2O3. The dashed lines 
show the deconvolution of the spectra using Gaussian functions. 
  



 

 
Figure 7. Temperature dependence XRD profiles: (a) orthorhombic LiBH4, 55 wt% mesoporous 
Al2O3, 55 wt% gamma Al2O3, and 55 wt% nanofiber Al2O3 at room temperature and (b) hexagonal 
LiBH4, 55 wt% mesoporous Al2O3, 55 wt% gamma Al2O3, and 55 wt% nanofiber Al2O3 at 140 ℃. 
  



 

 
Figure 8. 1H MAS NMR spectra of (a) pristine LiBH4, mesoporous Al2O3, and 55 wt% mesoporous 
Al2O3; (b) pristine LiBH4, gamma Al2O3, and 55 wt% gamma Al2O3; (c) pristine LiBH4, nanofiber 
Al2O3, and 55 wt% nanofiber Al2O3 recorded at room temperature. The intensities are normalized 
for comparison. 
  



 

 
Figure 9. (a) 6Li MAS, (b) 11B MAS, and (c) 27Al MAS NMR spectra of pristine LiBH4, 55 wt% 
mesoporous Al2O3, 55 wt% gamma Al2O3, and 55 wt% nanofiber Al2O3 recorded at room 
temperature. 
  



 
 
Figure 10. (a) 1H MAS NMR spectra of untreated LiBH4, 100 ℃ LiBH4, untreated mesoporous 
Al2O3, 200 ℃ mesoporous Al2O3, and 700 ℃ mesoporous Al2O3 for 6 h. The spectra of untreated 
LiBH4 and mesoporous Al2O3 are references from Figure 8. All intensity ranges on the vertical 
axes of the mesoporous Al2O3 are same. (b) Arrhenius plots of ionic conductivity for the 
untreated (untreated LiBH4-untreated mesoporous Al2O3), 200 ℃ vacuum heated (100 ℃ LiBH4-
200 ℃ mesoporous Al2O3), and 700 ℃ vacuum heated (100 ℃ LiBH4-700 ℃ mesoporous Al2O3) 
samples. 
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