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Li7La3Zr2O12 (LLZ) is a promising candidate electrolyte for co-fired all-solid-state Li-ion batteries. However, its application is hindered by the reaction between LLZ and electrode materials during high-temperature sintering. To reduce the sintering temperature, herein Li-Bi-O oxide is added as a low-melting-point material into Ca-Bi co-doped LLZ (LLZ-CaBi). Nanocomposites of Li6.5(La2.92-xCa0.08)(Zr1.42Bi0.58)O12 and Li-Bi-O are fabricated. Here, Li-Bi-O is formed in the particles by intentional composition tuning using a lower amount of La than the stoichiometric composition. Direct observation of the nanocomposite reveals Li-Ca-Bi-O, Ca-Bi-O, and Li2CO3 in mother LLZ-CaBi particles. Some properties improve as x increases, and after sintering at 750 °C the highest relative density of 94% and ionic conductivity of 1.2 × 10-3 S/cm are achieved at x = 0.13. Li, Ca, and Bi are dissolved in the liquid phase and re-precipitated to promote further densification. The dependence of ionic conductivity on x is well explained by the relative density and alleviation of bottleneck in the Li-ion diffusion path. Moreover, the developed LLZ-CaBi could be co-fired with LiCoO2, and the co-fired half-cell successfully operates as an all-solid-state battery at room temperature. Thus, the composite of LLZ-CaBi with Li-Bi-O can be applied as a catholyte in solid-state batteries.
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[bookmark: _Hlk126821214][bookmark: _Hlk126821683]1. Introduction
All-solid-state Li-ion batteries (ASSBs) are a very promising type of next-generation energy storage devices.1,2 Developing solid electrolytes with high Li-ion conductivity and a wide electrochemical window is essential for realizing solid-state batteries. Inorganic materials based on sulfides, oxides, and halides have been studied for this purpose. Among them, oxide-based materials are safe and suitable for ASSBs because they do not generate harmful gases. To date, many oxide-based solid electrolytes with different crystal structures have been reported, including LISICON, NASICON, perovskite, and garnet types. Especially, the garnet-type Li7La3Zr2O12 (LLZ) electrolyte is an ideal candidate for ASSBs because of its high Li-ion conductivity (>10-4 S/cm) at room temperature and wide electrochemical window. LLZ has two possible crystal structures: a tetragonal phase with low conductivity at room temperature and a highly conductive cubic phase at high temperature (1000 °C).3 These two structures mainly differ in the Li arrangement. The tetragonal phase contains ordered Li ions and has the space group I41/acd. On the contrary, the cubic phase with the space group Iad contains disordered Li ions at the 24d and 96h sites as well as Li vacancies. At room temperature, the cubic phase can be stabilized upon substitution of polyvalent cations such as Al3+ and Ga3+ for the Li sites or Ta5+, Nb5+, Te5+, Sb5+, and Bi5+ for the Zr sites, by introducing the Li deficiency based on the charge compensation.4–10 Moreover, substituting La sites in cubic LLZ was reported to improve the Li-ion conductivity. According to these strategies, numerous LLZs exhibiting high Li-ion conductivities (>10-3 S/cm) have been reported.11–13 However, these materials require high-temperature sintering at above 1000 °C, which causes an unexpected reaction between LLZ and the positive active material.14 Therefore, LLZ materials that can be densified at low sintering temperatures are necessary for realizing a high-performance battery. 
Our group previously reported that co-doping with Ca and Bi significantly lowered the sintering temperature by forming a Li-Ca-Bi-O liquid phase with a low melting temperature.15 For instance, we achieved a relative density of 89% and a Li-ion conductivity of 3 × 10-4 S/cm after sintering at only 750 °C by using Ca-Bi co-doped LLZ and Li3BO3 as sintering aids. However, this Li-ion conductivity is still below the value required for practical use in high-performance solid-state batteries. The main reason for the low ion conductivity seems to be the aggregation of Li3BO3, which leads to the formation of pores16 and discontinuous Li-ion conduction pathways in LLZ systems. These phenomena in turn are related to the inhomogeneous distribution and low wettability of Li3BO3 against LLZ. Furthermore, the low solubility of LLZ in Li3BO3 hinders crystal growth, and insufficient sintering is also a factor. Therefore, new sintering aids should be developed to replace Li3BO3 and achieve a high conductivity. Aids for the liquid sintering of LLZ should possess high Li-ion conductivity, high solubility of LLZ, and high wettability against LLZ particles. In addition, the distribution of sintering aids in LLZ systems is also essential. Our group previously proposed a self-formed sintering aid created by intentional composition tuning from the ideal composition of Bi-Ta co-doped LLZ (LLZ-TaBi) to lower the sintering temperature. When the amount of La was reduced from the stoichiometric composition, the sintering temperature of LLZ-TaBi was drastically reduced to 775 °C. In this case, an amorphous Bi-enriched layer that included all the elements of LLZ was formed at the grain boundary. This self-formed Li-Bi-O-based liquid phase showed not only a high wettability against LLZ particles but also a high solubility of LLZ, thus promoting the liquid-phase sintering of LLZ at lower temperatures.17 From these results, the self-formed Li-Bi-O compound is a promising sintering aid for lowering the sintering temperature of LLZ. 
The present study aimed to improve the Li-ion conductivity of LLZ-CaBi by increasing its sintering properties with a self-formed sintering aid based on Li-Bi-O. We intentionally tuned the amount of La in Li6.5(La2.92-xCa0.08)(Zr1.42Bi0.58)O12 and investigated its effect on the sintering properties, microstructure, and Li-ion conductivity. In addition, we demonstrated a co-fired solid-state battery using LLZ-CaBi and LiCoO2.
2. Experimental 
Preparation of LLZ-CaBi electrolytes: Li6.5(La2.92-xCa0.08)(Zr1.42Bi0.58)O12 (x = 0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.13, and 0.16) samples were synthesized via a solid-state reaction. LiOH(H2O) (>99.95%; Sigma-Aldrich, Germany), La(OH)3 (>99.99%; Kojundo Chemical Laboratory Co., Ltd., Japan), ZrO2 (>98%; Kojundo Chemical Laboratory Co., Ltd., Japan), Ca(OH)2 (>99.9%; Kojundo Chemical Laboratory Co., Ltd., Japan), and Bi2O3 (>99.999%; Kojundo Chemical Laboratory Co., Ltd., Japan) were used as starting materials. After weighting the starting materials in stoichiometric ratios, they were ball-milled in 2-propanol using zirconia balls of 2-mm diameter. After evaporation of the solvent, the mixtures were calcined in an alumina crucible at 800 °C for 12 h in dry air. The resultant powders were ground again in 2-propanol in a uniaxial ball mill using zirconia balls. The synthesized powders were pressed at 98 MPa to form disks. After sintering the disks at 750 °C for 24 h, they were placed on Au sheets.
[bookmark: _Hlk134888734]Characterization of materials: Crystal structures of the synthesized powders were evaluated by X-ray diffraction (XRD) patterns measured using SmartLab (Rigaku, Japan) with Cu K radiation. Synchrotron powder diffraction data of the pulverized sintered disks were collected at beamline BL5S2 (Aichi Synchrotron Center) using an X-ray wavelength of 0.7 Å and a two-dimensional detector (PILATUS, Rigaku, Japan) at room temperature in steps of 0.01°. The structural parameters were refined by Rietveld analysis using the RIETAN-FP program.45 ICSD No. 183607 (crystal structure: cubic Li7La3Zr2O12, space group: Iad) was used as the initial model. From various analysis results, it was determined that Zr was reduced in LLZ by intentionally reducing the La composition. Refinement was performed on this model. The microstructure of sintered disks was assessed using field-emission scanning electron microscopy (JEM-6510, JEOL, Japan). The elemental distribution was analyzed using energy-dispersive X-ray spectroscopy (EDX) (QUANTAX Flat QUAD System Xflash 5060FQ, Bruker, Germany). To obtain cross-sectional views, the sintered disks were polished by ion milling (IB-19520CCP, JEOL, Japan). 
Scanning transmission electron microscopy (STEM) analysis was performed using a JEM-ARM200F (JEOL, Japan). Electron energy loss spectroscopy (EELS) analysis was performed using a GIF Quantum-ER instrument (Gatan Inc., Japan). Thin film samples for STEM observation were fabricated by the focused ion beam technique (DUET NB5000, Hitachi High-Tech Ltd., Japan). The relative densities were calculated from the bulk and theoretical densities. The theoretical density was evaluated using a pycnometry system (AccuPycII 1340, SHIMADZU Corp., Japan). The sintering behavior was investigated by thermomechanical analysis (TMA) (TMA-60, SHIMADZU Corp., Japan). The samples were heated to the target temperature at a constant heating rate of 10 °C/min in a 20% O2+Ar atmosphere. A constant load of 5 g was applied to ensure that the detector followed the shrinkage of the pellets.
Evaluation of Li-ion conductivity: First, the surface of the sintered disk was polished with emery paper to remove the impurity phase, and the sample thickness was set to 0.8–1.0 mm. Au electrodes were then deposited on both sides of the sintered disk using a sputtering technique. Li-ion conductivity of the sintered disk was evaluated by AC impedance spectroscopy (4990EDMS, Keysight Technologies, USA) in the frequency range from 20 Hz to 100 MHz at temperatures from -33 °C to 47 °C. 
Preparation and performance of ASSB: Powders of LiCoO2 (Sumitomo Metal Mining Co., Ltd, Japan, D50 = 2.8 μm) and LLZ-CaBi (x = 0.13) were mixed in a volume ratio of 46.4:55.6 for the composite cathode. The mixed powder (0.014 g) was laminated onto a separator layer made of LLZ-CaBi (x = 0.13) and compacted at 98 MPa. The green compact was sintered at 750 °C for 24 h to form a half cell. At this time, the cathode layer and separator layer were sintered together. After sintering, Au was sputtered onto the cathode surface as current collector. Li3PO4 was sputtered on the surface of the anode side as a buffer layer to prevent reduction by Li metal. The film fabrication conditions were described previously by Ohnishi et al.46 The Li metal anode was produced by vapor deposition in an Ar-filled glove box.46 The specification of the created cell is: sample diameter of 9.74 mm, cathode layer thickness of about 35 μm, cathode loading of 8.6 mg/cm2, and areal capacity of 1.25 mAh/cm2. The fabricated cell was set in a gas-tight homemade vessel. Figure S1 shows a schematic diagram of the test configuration. The cycling test was performed at a constant current of 0.1 C (95 μA, equivalent to 0.125 mA/cm2) using a potentiometer/galvanostat (VMP-300, Bio-Logic, France) in the voltage range of 3.0–4.2 V at 25 °C. To ensure the ionic/electronic conductivity of LiCoO2, the lower-limit voltage was set at 3.5 V only for the initial discharge.

3. Results and discussion
[image: グラフ, ヒストグラム

自動的に生成された説明]3.1. Properties of synthesized LLZ-CaBi powders Figure 1 XRD patterns of synthesized LLZ-CaBi powders.

[image: グラフィカル ユーザー インターフェイス が含まれている画像

自動的に生成された説明]Figure 1 shows the XRD patterns of calcined LLZ-CaBi powders (0  x  0.16). In all cases, the obtained diffraction peaks can be assigned to the cubic garnet phase. Notably, there is a minor unknown peak when x = 0.13 and 0.16, indicating that the amount of impurity phase increases as one moves away from the stoichiometric composition. To clarify the impurity phase at x = 0.13, we compared the STEM-EDX observations of x = 0 and 0.13 powders. Figure 2(a) and (b)–(c) show the high-angle annular dark field (HAADF) images for x = 0 and 0.13, respectively. Although the contrast was uniform at x = 0, the powder particle at x = 0.13 contained dark parts. Figures 2(d)–(i) show the HAADF image, EDX, and EELS mapping results for the positions with different contrasts. The interior of the particle contained low amounts of La and Zr and displayed three contrasts (white, gray, and black). The white parts were assumed to be Ca-Bi-O compounds, because they were rich in Ca and Bi and poor in Li. The gray parts surrounding the white parts were rich in Ca, Bi, and Li, and hence they were probably Li-Ca-Bi-O compounds. The black regions contained Li but neither Ca nor Bi. Selected area electron diffraction was conducted in area A (labeled in panel (d)), and the results correspond to Li2CO3 (monoclinic, C2/c) as shown in Figure 2(j). These data suggest that Li-Ca-Bi-O, Ca-Bi-O, and Li2CO3 are dispersed on the nanoscale in the cubic LLZ particles.Figure 2 HAADF images of LLZ-CaBi particles before uniaxial ball milling at (a) x = 0 and (b, c) x = 0.13. (d)–(i) HAADF image, EDX elemental mapping, and EELS in the area enclosed by the blue square in (c). (j) Electron diffraction patterns at point A in (d).

Rao et al.18 and Deviannapoorani et al. 19 reported the synthesis of LLZ. They found that La2Zr2O7 exists as a major phase at approximately 700 °C, and at above 800 °C the melting of lithium carbonate triggers the reaction with lanthanum oxides and lithium to form LLZ. The synthetic route of LLZ-CaBi in the current study can be estimated by combining the aforementioned LLZ synthesis route with the phase diagrams containing Bi2O3 and CaO. From the phase diagrams of Li2O-Bi2O3, CaO-Bi2O3, Li2O-CaO, ZrO-Bi2O3, and La2O3-Bi2O3, Li-Bi-O and Ca-Bi-O compounds are formed below a minimum temperature of 690 °C in a wide mixing range.20–22 Therefore, Li-Ca-Bi-O compounds, Ca-Bi-O compounds, and La2Zr2O7 can react with the remaining lanthanum oxides and lithium compounds to form LLZ-CaBi. Because the amount of La is smaller than the stoichiometric composition, unreacted intermediates such as Li-Ca-Bi-O, Ca-Bi-O, and Li2CO3 probably remain in the system.
3.2. Sintering property and characterization of LLZ-CaBi electrolytes 
Figure 3(a) shows the relative densities of sintered electrolytes. The relative density increases with increasing x, reaching 94% at x = 0.13. This is the highest value reported so far at a low sintering temperature of 750 °C. When x reaches 0.16, the relative density decreases. Figure 3(b) and (c) show scanning [image: グラフ

自動的に生成された説明][image: グラフ が含まれている画像

自動的に生成された説明]electron microscopy (SEM) images of the fracture surface at x = 0 and 0.13. Many micron-sized pores existed between the particles at x = 0. In contrast, no pores appeared at x = 0.13 while development of the crystal plane and grain growth were confirmed. In addition, the fracture surface shows intragranular fractures, suggesting that sufficient necking occurred between the particles as sintering progressed. It has been reported that the size of LLZ particles in the system of LLZ-CaBi and Li3BO3 did not increase, even in the composition with a relative density of 89%. This is due to the low solubility of LLZ in Li3BO3, as pointed out by Shin et al.23 In contrast, Saito et al. reported that the grain growth of Al-doped LLZ is promoted by the Li-Al-O liquid phase, which can dissolve LLZ.24 Therefore, the increased solubility in the LLZ-CaBi/Li-Bi-O system can promote grain and crystal growth. Figure 3 (a) Dependence of relative density on x in Li6.5(La2.92-xCa0.08)(Zr1.42Bi0.58)O12 electrolytes sintered at 750 °C. Cross-sectional SEM images of electrolytes at (b) x = 0 and (c) x = 0.13.
Figure 5 XRD patterns of LLZ-CaBi electrolytes sintered at 750 °C.
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低い精度で自動的に生成された説明]Figures 4(a)–(i) show the cross-sectional SEM-EDX results after ion milling. At the grain boundaries of the electrolytes there are regions rich in Zr and free from La, and the number of these regions increases at higher x. Figure 5 shows the XRD patterns after sintering at 750 °C. The main peaks can be assigned to the cubic garnet phase, and peaks of Li2ZrO3 are clearly visible at x = 0.16. Thus, the Zr-rich parts in Figure 5 are Li2ZrO3. Figure 6 shows the STEM-EDX images at x = 0.13. The crystal grains do not contain parts with different contrasts that were observed in the synthetic powders. Figure 6 also shows that a thin layer rich in Ca and Bi existed at the grain boundary. This phenomenon also occurred in the LLZ-CaBi/Li3BO3 systems synthesized with the stoichiometric composition in our previous study.15 These results suggest that the Li-Ca-Bi-O liquid phase containing Ca and Bi was formed selectively and remained at the grain boundaries during the sintering process.Figure 6 Top: HAADF image and elemental mapping. Bottom: change in atomic concentration in the line part of a necking region in LLZ-CaBi (x = 0.13) electrolyte.
Figure 4 SEM and elemental mapping of LLZ-CaBi electrolytes at (a)–(c) x = 0.02, (d)–(f) x = 0.10, and (g)–(i) x = 0.16.

Figure 7(a) and (b) show TMA results of the powders synthesized at x = 0, 0.04, and 0.13. In Figure 7(b), the shrinkage rate shows two peaks located at 600–750 °C and above 750 °C. The shrinkage rate is higher between 600 and 750 °C and increases with x, which helps realize a high sinterability and results in the large shrinkage at x = 0.13 and 750 °C in Figure 7(a). Because the melting point of LiBiO2 is approximately 620 °C, the shrinkage at 600–750 °C is due to liquid phase sintering by the melting of similar Li-Bi-O compounds. [image: グラフ, ヒストグラム

自動的に生成された説明]To investigate the sintering process in detail, pellets with x = 0.13 were taken out of the electric furnace during sintering and subjected to XRD analysis. From the results (Figure 8(a) and (b)), the crystalline phases of CaBi2O4, which were absent in the synthetic powder, appeared at below 700 °C. Ca-Bi-O compounds (probably CaBi2O4) were present at nanoscale size in the synthetic powder and detected by XRD owing to their increased amount. Considering the TMA results, we assumed that the Li-Ca-Bi-O [image: グラフ が含まれている画像

自動的に生成された説明]compounds, which were also dispersed in the particles, decomposed into Li-Bi-O and Ca-Bi-O compounds. The generated Li-Bi-O compounds melted at approximately 600 °C and promoted liquid phase sintering. Thus, the Li-Ca-Bi-O compounds in the synthetic particles were not in a stable phase, while an unstable phase was precipitated during the cooling process after synthesis. Above 750 °C, CaBi2O4 disappeared from the XRD pattern again. Because the reported melting point of CaBi2O4 is 895.4 °C, its disappearance is attributed to a chemical reaction with the Li-Bi-O liquid phase.25 From Figure 8(b), the peak position shifts to the high-angle side at 750 °C. After holding for 24 h, the peak shifts back to the low-angle side. This peak shift indicates a change in the lattice constant and suggests a change in the constituent elements of LLZ-CaBi. The discussion so far shows that the sintering process accompanying the melting of Li-Bi-O compounds is complete at 750 °C, and the next sintering phase starts at higher temperatures. In liquid phase sintering, a strong compressive stress acts on the contact points between wet particles.26–29 This stress selectively dissolves the solid phase at the contact point and re-precipitates it at other locations, resulting in densification.30 As shown in Figure 6, because Ca and Bi are concentrated at the grain boundaries, these elements are also selectively dissolved just like the liquid phase components. According to Figure 6, Bi is strongly concentrated and therefore selectively dissolved. Here, the 6-fold coordinated Bi5+ has an ionic radius of 0.76 Å, which is larger than that of the 6-fold coordinated Zr4+ (0.72 Å). According to Vegard’s law, the lattice constant of LLZ-CaBi should increase with the amount of Bi. The peak shift in the XRD data to the high-angle side at 750 °C indicates dissolution of Bi5+ in the liquid phase. At this time, we assume that Li+ is also dissolved to maintain electrical neutrality. Because the peak shifted back towards a lower angle after holding for 24 h, the exchange reaction of Zr4+ and Bi5+ occurred at the time of precipitation. Zr4+ was released with Li+ to generate Li2ZrO3, which was observed in the diffraction patterns in Figure 5. The overall sintering scheme is illustrated in Figure 9.Figure 9 Mechanism of the sintering progress in LLZ-CaBi.
Figure 8 (a) XRD patterns of LLZ-CaBi pellets (x = 0.13) heated at various temperatures. (b) Enlarged XRD patterns from 50° to 53°.
Figure 7 (a) Linear shrinkage and (b) shrinkage rate as a function of temperature for LLZ-CaBi pellets at x = 0, 0.04, and 0.13.

[image: ダイアグラム

自動的に生成された説明]


3.3. Electrical property 
Figure S2 shows Nyquist plots of the electrolytes at room temperature (25 °C). Two distinct semicircles were observed: the one in the high-frequency region represents the bulk resistance, and the other in the middle-frequency region represents the grain boundary resistance. The appearance of a tail in the low-frequency region suggests that the electrode blocks mobile Li ions. Upon increasing x, both the bulk and grain boundary resistances tend to decrease, and the ratio of the grain boundary resistance to the total resistance also becomes lower. As shown earlier in Figure 3, the reduced bulk resistance is due to a reduced tortuosity at a higher relative density. In addition, the progress of sintering also contributes to grain boundary resistance. Meanwhile, sintering decreases the amount of grain boundaries and therefore improves the contact between particles. A simple equivalent circuit of (Re)(Rb//CPEb) (Rgb//CPEgb) (CPEel) was used to fit the plot, where R is the resistance, CPE is the constant phase element, and subscripts b, gb, and el represent contributions from the bulk, grain boundary, and electrode, respectively. The solid line represents the fitted data. The total Li-ion conductivity (σtotal) was calculated using Re, Rb, Rgb, electrode area (S), and sample thickness (t), and the results are presented in Figure 10(a). Similar to the relative density, the ionic conductivity first increases with increasing x, reaches a maximum value of 1.2 × 10-3 
[image: 設計図 が含まれている画像
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自動的に生成された説明]S/cm at x = 0.13, before decreasing at x  0.13. In previous reports, an ionic conductivity above 10-3 S/cm could only be achieved at a sintering temperature over 1000 °C.11–13,31–36 Lowing the sintering temperature to 750 °C is significant for not only suppressing reaction with the active material but also inhibiting composition change when Li volatilizes at high temperatures. Figure 10 Effect of x on (a) total Li-ion conductivity and (b) apparent Li-ion conductivity at 25 ºC in Li6.5(La2.92-xCa0.08)(Zr1.42Bi0.58)O12 electrolytes.
Table 1 Parameters obtained from fitting impedance data of LLZ-CaBi electrolytes sintered at 750 ºC.

Since the relative density of the sample is not 100%, the measured σtotal is the apparent ionic conductivity (σapp) including the effects of tortuosity (τ) and electrolyte volume fraction (V) (i.e., σtotal = σapp). σapp is defined in equation (1):

Various models have been proposed for estimating τ.37 In this study, it was calculated using equation (2) proposed by Ahmadi et. al.38

where B is a constant value determined by the network shape of the void structure, and B = 1.108 is used here by assuming a tetrahedral structure model. Figure 10(b) shows σreal calculated from equations (1) and (2), and it shows the same tendency as Figure 10(a). If σtotal changes only due to the impact of structural factors such as τ and V, σreal will be constant regardless of x. It is thought that x changes the ionic conduction mechanism in the bulk and grain boundaries. 
Table 1 summarizes the resistance, capacitance, angular velocity, and relaxation time obtained from the Nyquist plot. The grain [image: ダイアグラム

中程度の精度で自動的に生成された説明]boundary relaxation time (τgb) decreases with increasing x and reaches a minimum at x = 0.13. This suggests that ion transport at the grain boundary becomes smoother as sintering progresses. This is one of the reasons why σtotal is improved with an increase in x. In addition, the obtained τgb is smaller than that obtained in the system consisting of LLZ-CaBi and Li3BO3, and sintering proceeded as intended.Figure 11 Effect of x on total and bulk activation energy in LLZ-CaBi.

Figure S3(a) and (b) show Arrhenius plots of the total Li-ion conductivity and bulk conductivity. The corresponding activation energies were calculated from the slopes, and the change in x is shown in Figure 11. These two values exhibit the same trend and tend to decrease significantly until x = 0.07. This is also valid from the result of τb. From this result, the high ionic conductivity achieved in this study is due to not only a higher relative density and improved ionic conductivity at grain boundaries but also a lower activation energy in the bulk. 
Synchrotron powder XRD analysis was performed to explain the decrease in activation energy at x = 0–0.10 (Figure 10(b)) from the viewpoint of crystal structure. The Rietveld refinement results are shown in Figure S4, and Table 2 summarizes the obtained structural information. As x increases, the amount of Bi substitution at the Zr site at the octahedral 16a site increases. Because Bi is preferentially placed at the Zr site, Li2ZrO3 is formed by releasing surplus Zr from the crystal due to a reduced amount of La. In the garnet-type LLZ, Li ions are transported by migrating from the LiO4 tetrahedron to the LiO6 octahedron. Zhang et al. reported that this movement between LiO4 and LiO6 is the bottleneck of Li-ion conduction, and the size of the triangle formed by the three coplanar oxygen ions of LiO4 and LiO6 contributes to the activation energy.39 Figure 12 shows this change in bottleneck size with respect to x. The bottleneck size expands with an increase in x, which may lead to a decrease in the activation energy for Li-ion conduction.



	x in LLZ-CaBi
	x = 0
	x = 0.02
	x = 0.04
	x = 0.07

	Rwp (%)
	3.966
	4.978
	4.376
	3.863

	Rp (%)
	2.547
	3.109
	2.787
	2.463

	Re (%)
	2.272
	2.533
	2.292
	2.442

	Lattice parameter (Å)
	12.99350(3)
	12.99273(4)
	12.99583(4)
	13.00766(6)

	U in Li 24d site (Å2)
	0.02600
	0.02600
	0.02600
	0.02600

	U in Li 96h site (Å2)
	0.03401
	0.03401
	0.03401
	0.03401

	U in La 24c site (Å2)
	0.00932
	0.00856
	0.00953
	0.01101

	U in Zr 16a site (Å2)
	0.00632
	0.00576
	0.00608
	0.00679

	Bi occupancy in 16a site (%)
	28.16
	28.38
	28.862
	28.65

	x in O 96h site
	0.10027(17)
	0.10034(19)
	0.10087(19)
	0.10189(19)

	y in O 96h site
	0.19680(18)
	0.19681(21)
	0.196660(21)
	0.19616(20)

	z in O 96h site
	0.28161(16)
	0.28174(18)
	0.28141(18)
	0.28091(18)

	U in O 96h site (Å2)
	0.01091
	0.00988
	0.01079
	0.01262

	O occupancy in 96h site (%)
	100
	100
	100
	100

	Zr (Bi)-O bond length (Å)
	2.1051
	2.1046
	2.0986
	2.0890


Table 2. Structural parameters of pulverized LLZ-CaBi electrolytes (x = 0, 0.02, 0.04, 0.07) obtained using synchrotron powder XRD data.
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自動的に生成された説明]3.4. Reactivity with LiCoO2 and performance of ASSB
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自動的に生成された説明]Figure 12 Dependence of bottleneck size on x in LLZ-CaBi electrolytes.

Figure 13 (a) XRD patterns of composite cathode formed by co-firing LLZ-CaBi (x = 0.13) and LiCoO2 at 750 °C for 24 h. Data for the two starting materials (LiCoO2 and LLZ-CaBi) are also shown for comparison. (b) Cross-sectional SEM and EDX images of the composite cathode for use in the ASSB.

Figure 13 shows the XRD results and SEM-EDX images when a mixture of LiCoO2 and LLZ-CaBi (x = 0.13) was co-fired at 750 °C. Because there was no heterogeneous phase formation or elemental diffusion, we assumed that no unwanted reaction occurred between the materials. An ASSB using LLZ-CaBi (x = 0.13) was manufactured and evaluated. A Li3PO4 film was sputtered as a buffer layer, because LLZ-CaBi is unstable upon direct contact with Li metal (see black area in Figure S5). Figure 14 shows the results of the charge/discharge and cycle tests. The 1st charge capacity was 129 mAh/g (1.12 mAh/cm2), which was 89% of the theoretical value. Although rapid capacity fading was observed at the initial stage, the capacity stabilized after ~10 cycles and remained stable even after 80 cycles. Figure 15 shows the changes in the Nyquist plots. The cell resistance changed significantly during the first 10 cycles and less so afterwards, indicating that the increase in cell resistance caused the decrease in capacity. The increase in resistance from 22 to 0.13 Hz is especially remarkable. Zheng et al. reported that the interfacial resistance between LLZ and LiCoO2 (RLLZ/LCO) appears at 1–150 Hz.40 According to these results, it was determined that the increase in RLLZ/LCO caused the decrease in capacity. The detailed mechanism is not yet clear, but it may be related to the phase transition of LiCoO241 or disruption of the Li-ion conduction pathway due to the volume change of LiCoO2.42 It was also reported that LLZ starts to oxidize at 2.91 V, which may be due to the material’s stability against the oxidation potential.43 Nevertheless, the fabricated battery could operate at room temperature, and the capacity retention after 80 cycles reached 64%. In contrast, Tsai et al. reported a capacity retention of only about 34% after operating their battery for 80 cycles at a higher temperature of 50 °C.44 Therefore, we believe that LLZ-CaBi is a promising material for the catholyte of co-fired solid-state battery.
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Figure 14 (a) Charge–discharge curves and (b) short-term cycling performance of Li|Li3PO4|LLZ-CaBi|LLZ-CaBi+LiCoO2 cell at 0.1 C and 25 °C.

[image: カラフルな光の線

自動的に生成された説明]
Figure 15 Nyquist plots for the Li|Li3PO4|LLZ-CaBi+LiCoO2 cell after charging during cycling tests at open circuit and 4.2 V.


4. Conclusion
We achieved low-temperature sintering of LLZ by using self-formed liquid-phase sintering based on compositionally tuning the amount of La in Li6.5(La2.92-xCa0.08)(Zr1.42Bi0.58)O12. This tuning induced the formation of nanosized sintering aids containing Li-Ca-Bi-O and Ca-Bi-O, which successfully lowered the sintering temperature of LLZ. As the x value increased, the amount of liquid phase during sintering also increased to enhance sintering. However, a very high x caused increased production of Li2ZrO3 by exchange reaction between the liquid phase and LLZ-CaBi, which prevented sintering. In terms of Li-ion conductivity, the exchange reaction increases the Bi occupancy of the Zr site, expands the size of bottlenecks along the conduction path, and lowers the activation energy. Sintering the materials at 750 °C and x = 0.13 resulted in the highest relative density (94%) and Li-ion conductivity (1.2 × 10-3 S/cm @ 25°C). To the best of our knowledge, these are record values reported for the conventional sintering process. The developed LLZ-CaBi could be co-sintered with LiCoO2 without using any interfacial layer, and excellent charge-discharge cycles were achieved at 25 °C. Thus, the developed LLZ-CaBi has great potential as a catholyte for ASSBs. We further believe that the self-formed liquid-phase sintering derived from intentional compositional tuning is a powerful way to reduce the sintering temperature of LLZ.
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Ca and Bi co-doped Li7La3Zr2O12 particles exhibiting high ionic conductivity at low sintering temperatures are realized by combining Li-Bi-O sintering aid into the particles. The material sintered at 750 °C shows an ionic conductivity of 1.2 × 10-3 S/cm. A co-fired all-solid-state battery fabricated using this material achieves 80 cycles at 298 K.

[image: グラフィカル ユーザー インターフェイス, ダイアグラム

自動的に生成された説明]


image1.tif
N
.
B

.

B
.

cubic-LLZ
.

I





image2.tif




image3.tif
N
.
N
N
N
.
N
.

. .
.





image4.tif
s
.
-
.
B
-
.

. . .
R





image5.tif




image6.tif




image7.tif
|




image8.tif
750 °C
x24H

750 °C

700 °C

650 °C

N
-
.
.
e
B
-
.
.

600 °C
I

I

e D
N I





image9.tif
Bi** and Zr** exchange rea]

occurs, Zr** and Li* produg





image10.tif
. . . . .

. .





image11.tif
xin
LLZ-CaBi

CPE,
(F)

w,

(rad/s)

T

(s)

CPE,,
(F)

(rad/s)

T,

ob
)

x=0
x=0.02
x=0.04
x=0.07
x=0.10
x=0.13
x=0.16

1.1x1010
1.5x10°10
1.5x1010
1.1x1010
1.9x10-10
2.1x1010
1.6x1010

6.1x10°
1.6x107
4.2x107
9.0x107
6.2x107
6.7x107
5.3x107

1.7x107
6.4x10%
2.4x10°%
1.1x10%
1.6x10*
1.5x10%

1.9x10%

1.8x10°
9.5x10”
7.9x10°
2.3x10°
4.3x10°%
1.3x10°
2.2x10°%

1.1x10°
2.7x10°
1.9x10°
2.4x10°
9.6x10°
4.9x10°
2.6x10°

9.2x10°¢
3.7x10°
5.3x10°®
4.2x107
1.0x10
2.0x107
3.9x107





image12.tif
.
.

-
-

-
.
.
.
.
N
.
N

. . .

.




image13.tif
.
.
.

.
.
.

e
N
.
.
.
.
N
.
.
.
.
N
.

.
.
.

.
.
.

I .

B





image14.tiff




image15.tiff
R .

I I





image16.tif
I

.

.

.

.

.

«

o
°«
«
-
«
.

I

.

.
.

B

B




image17.jpeg
Conductivity

Previous research

Sintering temperature

Liquid-phase
sintering

—_—

Sintering aid composite

Dense electrolyte




