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Abstract

:

We report the stabilization of the high-temperature (high-T) phase of lithium carba-closo-decaborate, Li(CB9H10), via the formation of solid solutions in a Li(CB9H10)-Li2(B12H12) quasi-binary system. Li(CB9H10)-based solid solutions in which [CB9H10]− is replaced by [B12H12]2− were obtained at compositions with low x values in the (1−x)Li(CB9H10)−xLi2(B12H12) system. An increase in the extent of [B12H12]2− substitution promoted stabilization of the high-T phase of Li(CB9H10), resulting in an increase in the lithium-ion conductivity. Superionic conductivities of over 10−3 S cm−1 were achieved for the compounds with 0.2 ≤ x ≤ 0.4. In addition, a comparison of the Li(CB9H10)−Li2(B12H12) system and the Li(CB9H10)−Li(CB11H12) system suggests that the valence of the complex anions plays an important role in the ionic conduction. In battery tests, an all-solid-state Li–TiS2 cell employing 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) as a solid electrolyte presented reversible battery reactions during repeated discharge–charge cycles. The current study offers an insight into strategies to develop complex hydride solid electrolytes.
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1. Introduction


All-solid-state batteries, in which both the electrolyte and electrodes are solids, are promising candidates for resolving the intrinsic drawbacks of conventional liquid electrolyte-based batteries, such as flammability, limited voltage window, and low energy density [1,2,3,4,5,6]. Solid electrolytes are one of the key materials of all-solid-state batteries because their ionic conductivity and chemical/electrochemical stability greatly affect the battery performance [7,8,9,10]. Among the variety of materials reported to date, complex hydrides, generally denoted by Mx(M′yHz) (where M is a metal cation and M′yHz is a complex anion), have recently received discernible attention as a new solid electrolyte system, owing to their high ionic conductivity, high deformability, and superior chemical/electrochemical stability [3,11,12,13,14,15]. In addition, complex hydrides exhibit remarkably low material densities compared with other solid electrolyte systems, which is beneficial for fabricating high-energy density batteries.



A common characteristic (observed in most existing materials) of complex hydrides is a significant rise in the ionic conductivity by the phase transition accompanied by their structural change from an ordered low-temperature (low-T) phase to a disordered high-T phase. On the basis of this phenomenon, initial studies of complex hydrides focused on lithium borohydride (Li(BH4)) and its derivatives. Li(BH4) undergoes a phase transition to the high-T phase at ≈390 K, accompanied by a substantial increase in conductivity; the high-T phase of Li(BH4) exhibits an ionic conductivity of over 10−3 S cm−1, which is three orders of magnitude higher than that of its low-T phase [11]. In addition, various approaches have been explored for improving the ionic conductivity of Li(BH4)-based compounds; effective approaches reported thus far include substituting halide ions such as Cl−, Br−, and I− [16]; nanosizing [17]; using thin films [18]; preparing solid solutions with Li(NH2) [19]; and using neutral ligands [20].



To further improve the ionic conductivities of complex hydrides, researchers have recently investigated a series of closo-type (cage-like) complex hydrides such as Li(CB9H10), Li(CB11H12), and Li2(B12H12) [21,22,23,24]. Compared to Li(BH4)-based complex hydrides, closo-type hydrides present an intrinsic advantage in ionic conduction because of the large and polyanionic structure of complex anions, which provides conduction channels for facile ionic diffusion with a low activation energy. Indeed, the ionic conductivities of high-T phases of closo-type complex hydrides exceed 10−1 S cm−1, which is two orders of magnitude higher than those of Li(BH4)-based compounds.



Among the numerous closo-type complex hydrides studied thus far, the high-T phase (space group P31c) of Li(CB9H10) has been studied most extensively as a solid electrolyte because of its low phase-transition temperature (90 °C) and high lithium-ion conductivity (8.1 × 10−2 S cm−1 at 110 °C) [22]. In particular, a recent study clarified that partial substitutions of the [CB9H10]− complex anions in Li(CB9H10) with [CB11H12]− complex anions (i.e., the low-y region in the (1−y)Li(CB9H10)−yLi(CB11H12) system) enable a disordered structure (hexagonal framework) the same as that of the high-T phase of Li(CB9H10) to be stabilized at room temperature [3,25]. Importantly, the stabilized high-T phases exhibit lithium superionic conductivities of over 10−3 S cm−1 at 25 °C. Furthermore, 0.7Li(CB9H10)−0.3Li(CB11H12) (y = 0.3) exhibits excellent chemical/electrochemical stability against high energy density lithium metal anode (theoretical capacity = 3860 mAh g−1, potential = −3.04 V vs. standard hydrogen electrode) [3].



The unique properties of the closo-type complex hydrides with respect to ionic conduction and electrochemical stability can open a new research area in the field of solid electrolyte materials of all-solid-state batteries. In this regard, gaining a systematic understanding of the high-T phase for various closo-type complex hydride systems and how their compositions affect the resulting material properties is important for developing wide-ranging material varieties, which is an essential step toward realizing practical applications of all-solid-state batteries [26]. However, the high-T phase of Li(CB9H10) has only been investigated for the Li(CB9H10)−Li(CB11H12) system to date [3,25,27]. In addition, from the application point of view, reducing the carba-closo-boranes, which require the cost-expensive synthetic process, is one of the important challenges.



In the present work, we report stabilization of the high-T phase of Li(CB9H10) via solid solution formations of Li(CB9H10) and Li2(B12H12). Our investigations indicate that the Li(CB9H10)-based phases were formed in the low x region of the (1−x)Li(CB9H10)−xLi2(B12H12) quasi-binary system and that increasing x facilitated stabilization of the high-T phase. In addition, all-sold-state Li–TiS2 batteries fabricated using 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) as a solid electrolyte were demonstrated to exhibit good cycling stability.




2. Materials and Methods


2.1. Synthesis


The starting materials, Li(CB9H10) and Li2(B12H12), were obtained by drying Li(CB9H10)·xH2O (Katchem Ltd.) at 200 °C for 12 h and Li2(B12H12)·xH2O (Katchem Ltd.) at 225 °C for 20 h. Li(CB9H10) and Li2(B12H12) were first weighed in appropriate molar ratios and ground for 15 min using a mortar and pestle. The mixed powders were then ball-milled using a planetary ball mill (Pulverisette 7, Fritsch) at 400 rpm for 100 h. The low-speed condition of 400 rpm was used to prevent the decomposition during synthesis [28].




2.2. Characterization


Phase analysis was performed with X-ray diffraction (XRD, X’PERT Pro, PANalytical, Worcestershire, UK) measurements with CuKα radiation. Differential thermal analysis (DTA) was performed using a Rigaku Thermo Plus TG-8120 system (TG-DTA 8120, Rigaku, Tokyo, Japan) from 25 to 150 °C at a ramp rate of 5 °C min−1 under an Ar flow. Morphologies and particle sizes were analyzed using field-emission scanning electron microscopy (FE-SEM; SU9000, Hitachi, Tokyo, Japan).



The ionic conductivity was measured by the AC impedance method using a frequency response analyzer (3532-80, Hioki, Nagano, Japan) over a temperature range of 25–110 °C and a frequency range of 4 Hz to 1 MHz. The electrochemical stability was evaluated by cyclic voltammetry (CV; 1470E, Solartron Analytical, Wokingham, UK) using a Mo/0.6Li(CB9H10)–0.4Li2(B12H12)/Li cell in the scan range from −0.1 to 5 V (vs. Li+/Li). Li plating/stripping cycling was conducted with a Li/0.6Li(CB9H10)–0.4Li2(B12H12)/Li cell at a current density of 0.2 mA cm−2 using a battery tester (580 Battery Test System, Scribner Associates, Southern Pines, NC, USA). Mo foil (Nilaco) and Li foil (Honjo Metal) were used as electrodes of the Mo/0.6Li(CB9H10)–0.4Li2(B12H12)/Li and Li/0.6Li(CB9H10)–0.4Li2(B12H12)/Li cells. For comparison, the same electrodes as in our previous studies [3,25] were used. Al and Cu foils were added to the cathode and anode sides, respectively, to avoid direct contacts between the cell and the pressing die.



For impedance cell fabrication, 70 mg of the 0.6Li(CB9H10)–0.4Li2(B12H12) powder was placed into a 10 mm diameter Teflon guide and uniaxially pressed at 38.4 MPa. The electrodes were transferred onto the pressed sample still present in the Teflon guide and uniaxially pressed again at 153.6 MPa to prepare pellet-type cells.




2.3. Battery Test


Battery tests were performed with a TiS2/0.6Li(CB9H10)–0.4Li2(B12H12)/Li cell. To avoid side reactions between electrodes and solid electrolytes [12,29], we used TiS2 with a mild operating voltage (2.1 V vs. Li+/Li) as a cathode. For cathode composite fabrication, TiS2 and 0.6Li(CB9H10)–0.4Li2(B12H12) were mixed in a 4:6 mass ratio (wt %) using an agate mortar and pestle for 15 min. For battery fabrication, 70 mg of the 0.6Li(CB9H10)–0.4Li2(B12H12) powder was placed into a 10 mm diameter Teflon guide and uniaxially pressed at 38.4 MPa. Subsequently, ≈10 mg of the cathode composite powder and lithium foil anode were then transferred onto opposite sides of the solid electrolyte and uniaxially pressed again at 153.6 MPa to prepare pellet-type cells. The cells were cycled in the voltage range of 1.6−2.7 V (vs. Li+/Li) at 60 °C using an electrochemical analyzer (580 Battery Test System, Scribner Associates, Southern Pines, NC, USA). The C-rate in this study is defined on the basis of 1 C = 239 mA g−1. For the calculation of the gravimetric capacities and currents, we only took into account the mass of the TiS2 cathode.





3. Results and Discussion


3.1. Synthesis and Characterization


The complex hydrides in the quasi-binary system between Li(CB9H10) and Li2(B12H12) are described as (1−x)Li(CB9H10)−xLi2(B12H12). In this notation, the ratio (1−x):x indicates the molar ratio of [CB9H10]− and [B12H12]2− complex anions (Figure 1a). Compositions x = 0 and x = 1 represent the end-members, Li(CB9H10) and Li2(B12H12), respectively.



In general, material compositions play a critical role in the formation of solid solutions and the consequent structural changes [16,25,26]. Recent studies on the (1−y)Li(CB9H10)−yLi(CB11H12) system have indicated that the substitution of [CB11H12]− complex anions for the [CB9H10]− complex anions in Li(CB9H10) is achieved only at compositions with low y [25]. Inspired by these results, we focused mainly on the low-x region (0.1 ≤ x ≤ 0.5) of the (1−x)Li(CB9H10)−xLi2(B12H12) system in this study.



Figure 1b shows XRD patterns of (1−x)Li(CB9H10)−xLi2(B12H12) prepared in the range 0.1 ≤ x ≤ 0.5, together with those of Li(CB9H10) (x = 0) and Li2(B12H12) (x = 1). The two main peaks, which were observed at approximately 14.9 and 17.1° for the low-T phase of Li(CB9H10) (x = 0), shifted to lower angles as x increased in the range 0.1 ≤ x ≤ 0.4. The characteristic difference in the XRD profiles between the high-T phase and the low-T phase of Li(CB9H10) (x = 0) was a new peak observed at ≈16.4°, which was assigned to the 002 peak of the high-T phase (space group P31c) [3,27]. In the range 0.1 ≤ x ≤ 0.4, as the x value increased, this peak shifted to lower angles and its intensity increased (arrow in Figure 1b). These results indicate that, with an increase in x, the extent of [B12H12]2− substitution for [CB9H10]−) increased, promoting stabilization of the high-T phase. The successive lattice expansion (V = 211.2 Å at x = 0.1 and V = 234.7 Å at x = 0.4) with increasing x (Figure S1) also confirmed the formation of solid-solution phases of starting materials. When x was further increased, the Li2(B12H12)-based phase (mainly, low-T phase) was formed (x = 0.5).



The phase transition between the low-T and high-T phases was investigated by DTA (Figure 2). The DTA profile for Li(CB9H10) (x = 0) cycled between 25 and 150 °C exhibited endothermic and exothermic peaks at around 60 to 90 °C upon heating–cooling cycling, which originated from phase transitions to and from the high-T phase. Importantly, the 0.1 ≤ x ≤ 0.4 compounds displayed reduced DTA peak intensities. In addition, the peak intensities gradually decreased as x increased (0.1 ≤ x ≤ 0.4) (the enlarged DTA curves are shown in Figure S2). These results reconfirm that, with increasing extent of complex anion substitutions, the high-T phase formation is progressed. By contrast, the x = 0.5 compound showed broader DTA peaks, which were ascribed to the phase transition of the Li2(B12H12)-based phase. In all of the compounds (0.1 ≤ x ≤ 0.5), their precise phase-transition temperature could not be evaluated due to the broad peak profiles.




3.2. Ionic Conductivity


The ionic conductivities were assessed using electrochemical impedance spectroscopy (EIS) method. Figure 3 shows the lithium-ion conductivities of the (1−x)Li(CB9H10)−xLi2(B12H12) compounds. Their room temperature conductivities and activation energies are summarized in Table S1.



The EIS measurements for the 0.1 ≤ x ≤ 0.4 compounds indicate that the room temperature (25 °C) conductivity increased with increasing x. In addition, Arrhenius plots of the ionic conductivities confirmed that, as x increased in the range 0.1 ≤ x ≤ 0.4, the magnitude of the increase in conductivity originating from a phase transition was gradually diminished (Figure 3b and Figure S3). In particular, the Arrhenius plots for the compounds with x = 0.3 and 0.4 almost displayed linear lines of the ionic conductivities. The room temperature conductivity and the activation energy of the x = 0.4 compound were 1.7 × 10−3 S cm−1 and 40.3 kJ mol−1, respectively (Table S1).



From the XRD patterns of the members of this composition region (Figure 1b), we found an increase in x led to an increase in the extent of complex anion substitution, which tended to gradually stabilize the high-T phase. Therefore, we conclude that the increase in the conductivity for the compounds with 0.1 ≤ x ≤ 0.4 was the result of the high-T phase stabilization according to the solid solution formations between Li(CB9H10) (x = 0) and Li2(B12H12) (x = 1).



When x was increased beyond 0.4, the change in conductivity tended to vary in the opposite direction from the change in conductivity in the region 0.1 ≤ x ≤ 0.4. The x = 0.5 compound exhibited a lower conductivity than the x = 0.4 compound (Figure 3a and Table S1). Moreover, the increase in conductivity originating from the phase transition reappeared at x = 0.5 (Figure 3b). This conductivity change between x = 0.4 and 0.5 can be explained by the structural change of the Li2(B12H12)-based phase (Figure 1b). These also agree well with the reappeared phase transitions in the DTA measurements (Figure 2).



For the (1−y)Li(CB9H10)−yLi(CB11H12) system, the solid solution effects on the phase transition were most noticeable in the low-y region [3,25]. Indeed, the 0.7Li(CB9H10)−0.3Li(CB11H12) (y = 0.3) solid solution had a structural framework identical to that of the high-T phase of Li(CB9H10) (x = 0). In addition, the ionic conductivities of 0.7Li(CB9H10)−0.3Li(CB11H12) (y = 0.3) matched well with those of Li(CB9H10) (x = 0); their activation energies were 28.4 (0.7Li(CB9H10)−0.3Li(CB11H12) (y = 0.3)) and 28.9 (Li(CB9H10) (x = 0)) kJ mol−1, respectively. In the present investigation, we determined that the high-T phase of Li(CB9H10) (x = 0) for the (1−x)Li(CB9H10)−xLi2(B12H12) series was also stabilized in the low-x region. However, 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) exhibited a higher activation energy (40.3 kJ mol−1) than the previous ones. Furthermore, its ionic conductivity at 25 °C (1.7 × 10−3 S cm−1) was lower than that (6.7 × 10−3 S cm−1) of 0.7Li(CB9H10)−0.3Li(CB11H12). These conductivity changes could plausibly result from the differences in the valences of the constituent complex anions [30]. The high valence caused strong electrostatic interactions with the counter ions, leading to sluggish ionic diffusion. On this basis, the relatively inferior ionic conduction of 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) was ascribed mainly to the bivalency of the [B12H12]2− complex anions. These results also highlight that simultaneously achieving the high-T phase formation and high ionic conductivity of the formed high-T phase is imperative for the development of complex hydride ionic conductors. In such a case, a detailed structural characterization that clarifies interactions between the complex anions and the cations (Li, Na, Mg, etc.) may be needed to control both the high-T phase stability and the ionic conductivity.




3.3. All-Solid-State Battery


The x = 0.4 compound with the highest lithium-ion conductivity was investigated as a solid electrolyte for an all-solid-state Li–TiS2 battery. An FE-SEM image of 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) showed that the prepared compounds formed 10–20 μm secondary particles consisting of primary particles of imperfect circular morphology with sizes ranging from ≈1 to 3 μm (Figure S4). The primary particles were interconnected with very smooth edges. These morphologies reflect the softness and deformability of 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4), which enable close contact with electrode materials during cell preparation.



Before investigating the properties of the all-solid-state batteries, we evaluated the electrochemical stability of the 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) solid electrolyte by CV using a Mo/0.6Li(CB9H10)−0.4Li2(B12H12)/Li cell at 25 °C. The cell displayed sharp and reversible cathodic and anodic currents at approximately 0 V, which corresponded to lithium deposition (Li+ + e− → Li) and dissolution (Li → Li+ + e−), respectively (Figure 4a and Figure S5), clarifying the superior reducing ability of 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4). In addition, the lack of oxidation currents within the scanned voltage range (−0.1 to 5 V) demonstrated the high electrochemical stability of 0.6Li(CB9H10)−0.4Li2(B12H12). The 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) solid electrolyte also showed stable lithium-ion transfer capability across the interface with the lithium metal anode. When galvanostatically cycled at a current density of 0.2 mA cm−2 in both directions for 30 min at 25 °C, the Li/0.6Li(CB9H10)−0.4Li2(B12H12)/Li cell exhibited reversible voltage retention (9 mV) (Figure 4b,c and Figure S6). The slightly larger voltage polarization than that of the previous battery using the 0.7Li(CB9H10)−0.3Li(CB11H12) solid electrolyte [3] would be due to the lower conductivity of the 0.6Li(CB9H10)−0.4Li2(B12H12) solid electrolyte.



For battery investigations, TiS2 (theoretical capacity = 239 mAh g−1, operating voltage = 2.1 V vs Li+/Li) was used as a cathode material [31]. Figure 5a shows a schematic of the prepared all-solid-state battery. Figure 5b shows the discharge–charge profiles during the first two cycles for a rate of 0.2C (1C = 239 mA g−1). In the first cycle, the discharging and charging capacities were 236.2 and 227.3 mAh g−1, respectively. After the first cycle, highly reversible voltage profiles with a coulombic efficiency of ≈100% were retained. The second discharge capacity was 227.6 mAh g−1, which indicated 95.2% of the theoretical capacity. Compared to the battery using the 0.7Li(CB9H10)−0.3Li(CB11H12) solid electrolyte [25], the battery fabricated in this study showed the slightly lower capacity, which can be explained by the lower conductivity of the 0.6Li(CB9H10)−0.4Li2(B12H12) solid electrolyte.



The fabricated battery also presented good cycling performance. When the battery was cycled at 0.2C (47.8 mA g−1), 87.4% of the capacity (227.6 mAh g−1) in the second cycle was obtained after 20 cycles (Figure 5c and Figure S7a). In addition, for a discharging rate of 1C (239 mA g−1), the second discharging capacity was 204.2 mAh g−1, and slightly dropped to 145.5 mAh g−1 after 50 cycles (Figure 5d and Figure S7b). After the first cycle, reversible voltage profiles with a coulombic efficiency of >99% were retained.





4. Conclusions


Similar to the (1−y)Li(CB9H10)−yLi(CB11H12) case, the high-T phase stabilization in the (1−x)Li(CB9H10)−xLi2(B12H12) quasi-binary system was observed in the low-x region in which the [CB9H10]− complex anions were partially substituted with [B12H12]2− complex anions. In this region, increasing x promoted the high-T phase formation of Li(CB9H10) and thus increased the lithium-ion conductivity. Meanwhile, the Li(CB9H10)−Li2(B12H12) solid solutions with the divalent [B12H12]2− complex anions exhibited relatively higher activation energies and lower ionic conductivities than the Li(CB9H10)–Li(CB11H12) one with only monovalent complex anions. These composition−phase stability−conductivity dependences highlight the importance of controlling the phase transition and the ionic conductivity of the high-T phase simultaneously when developing complex hydride ionic conductors. In electrochemical evaluations, the Li−TiS2 batteries fabricated using 0.6Li(CB9H10)−0.4Li2(B12H12) (x = 0.4) solid electrolyte demonstrated good battery performance during repeated discharge−charge cycles. The insights provided in this study can potentially be applied to various complex hydride ionic conductors (e.g., Li, Na, and Mg) that exhibit a high phase-transition temperature and low ionic conductivity.
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Figure 1. (a) Geometries of [CB9H10]− and [B12H12]2− complex anions. The brown, green, and blue spheres represent C, B, and H atoms, respectively. (b) XRD patterns for (1−x)Li(CB9H10)−xLi2(B12H12) (0.1 ≤ x ≤ 0.5) at room temperature, together with those of Li(CB9H10) at room temperature and 150 °C, and Li2(B12H12) at room temperature and 355 °C (left). Enlarged XRD patterns in the low-angle region (right). 
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Figure 2. Differential thermal analysis (DTA) curves for (1−x)Li(CB9H10)−xLi2(B12H12) (0 ≤ x ≤ 0.5). 
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Figure 3. (a) Lithium-ion conductivities at 25 °C and (b) arrhenius plots of the lithium-ion conductivities for (1−x)Li(CB9H10)−xLi2(B12H12) (0.1 ≤ x ≤ 0.5). 
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Figure 4. (a) Cyclic voltammetry (CV) curve of a Mo/0.6Li(CB9H10)−0.4Li2(B12H12)/Li cell at a scan rate of 1 mV s−1 and scan range of −0.1 to 5.0 V (vs. Li+/Li). (Inset) Magnified profile in the high voltage region. Galvanostatic cycling profiles for (b) first and (c) prolonged cycles of a Li/0.6Li(CB9H10)−0.4Li2(B12H12)/Li cell at a current density of 0.2 mA cm−2. 
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Figure 5. (a) Schematic of the prepared all-solid-state battery, TiS2/0.6Li(CB9H10)−0.4Li2(B12H12)/Li. (b) Voltage profiles for a rate of 0.2C (47.8 mA g−1) during the first two cycles. Cycling performance in terms of discharge capacity and coulombic efficiency for rates of (c) 0.2C and (d) 1C. 
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