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Abstract 

In this study, we investigated the effect of post annealing on the properties for garnet-type Ta-doped 

Li6.55La3Zr1.55Ta0.45O12 (Ta-LLZO) ceramic solid electrolyte degraded by lithium dendrite penetration 

during electrochemical Li plating and stripping testing in a Li/Ta-LLZO/Li symmetric cell. After the 

electrochemical testing in the symmetric cell, Ta-LLZO pellet was taken out of the cell and then annealed 

at 800 or 900ºC for 4 h in air. It was confirmed that locally discolored spots on Ta-LLZO surface at which 

Li dendrite penetrated disappeared after the post annealing. The total conductivity of annealed Ta-LLZO 

pellet was lower than the initial one, but retained above 10-4 S cm-1 at room temperature. When the soft-

shorted or degraded area size by Li dendrite penetration is localized and smaller than the area size for Ta-

LLZO, it is expected that the degradation of conductivity of annealed Ta-LLZO becomes smaller. Obtained 

electrochemical results indicates the possibility for reusing degraded garnet-type solid electrolyte by Li 

dendrite penetration in another all-solid-state Li battery.   
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1. Introduction 

Development of solid inorganic lithium-ion conducting materials for the use as solid electrolyte is 

indispensable for realization of next generation all-solid-state lithium (Li) batteries with high safety and 

reliability.1,2 The materials used for solid electrolyte must have not only high ionic conductivity above 10-3 

S cm-1 at room temperature but also chemical stabilities against Li metal, air and moisture. Although oxide 

based solid electrolyte materials have rather lower conductivity than sulfide based one, they have other 

advantages such as their chemical stability and handling.3 Among the various oxide-based solid electrolyte 

materials, garnet-type oxide with the formula of Li7La3Zr2O12 (LLZO) has attracted much attention because 

of the high conductivity at room temperature, excellent thermal performance, and high stability against Li 

metal.46 Substitution of higher valence cation such as Nb5+ 79 and Ta5+ 1014 into Zr4+ cite stabilizes cubic 

phases and enhances ionic conductivity to 1  10-3 S cm-1 at room temperature, but the stability against a 

Li metal electrode for Ta-doped LLZO is much superior to Nb-doped one.1517 

   Although the use of Li metal with large gravimetric theoretical capacity (= 3,860 mAh g-1) and the 

lowest redox potential as a negative electrode leads to high energy density of batteries, the formation of a 

solid-solid interface between LLZO and Li metal electrode is another challenging issue. Poor interfacial 

connection causes non-uniform Li plating and intergranular penetration of fibrous Li metal in 

polycrystalline LLZO when the cell is cycled particularly at low temperature and high current densities, 

resulting into internal short circuit failure.1822 Many efforts have been made to reduce the interfacial 

charge-transfer resistance between LLZO and Li and improve the stability against Li plating/stripping at 

the interface including the introduction of thin film layers,2326 eliminating the secondary phases by 

polishing or chemical etching the surface of LLZO and thermal treatment at specific temperatures before 

and/or after contacting with Li,20,2730 and controlling the microstructures of LLZO.3138 Precise analysis 

and understanding of the phenomenon occurring at the Li/LLZO interface can help to solve this issue.21,3943 

    It is no doubt that the establishment of prevention technology for short circuit failures is a top priority 

issue for the development of all-solid-state batteries with Li metal as a negative electrode. On the other 

hand, from the viewpoint of effective use of material resources, it is worth considering the possibility of 

reusing LLZO extracted from a solid-state battery after a short circuit failure occurred. If the amount of 

fibrous Li metal propagating in LLZO is small and short circuit area is much localized, LLZO may be 

reused by removing the fibrous Li metal therein. In this work, we investigated the reusability of garnet-type 
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Ta-doped Li6.55La3Zr1.55Ta0.45O12 (Ta-LLZO) ceramic solid electrolyte shorted or degraded by Li metal 

penetration during electrochemical Li plating/stripping testing for a Li/Ta-LLZO/Li symmetric cell. Ta-

LLZO was taken out of tested cell after the degradation occurred and then annealed in air. We confirmed 

that an annealed Ta-LLZO maintains the conductivity well above 10-4 S cm-1 at room temperature. If the 

area size of Ta-LLZO becomes larger and shorted area in Ta-LLZO is more localized, the degradation of 

the conductivity will be reduced and post-annealed Ta-LLZO after short circuit failure may be reusable as 

an electrolyte for another solid-state cell. 

 

2. Experimental Section 

Ta-LLZO (Li6.55La3Zr1.55Ta0.45O12) pellet samples were synthesized by a conventional solid state 

reaction method described in the literatures.20,45 We used Pt-Au alloy crucible for sintering process at 

1150ºC and substitution level of Ta5+ to Zr4+ cite was set to 0.45 for cubic phase stabilization with high 

conductivity. A diameter and a thickness of a finally obtained pellet is 0.9 cm and 0.16 cm. The relative 

density of the pellet (measured density normalized by the theoretical one) is approximately 93%. The crystal 

phase of the sample was identified by X-ray diffraction (XRD, Rigaku Multiflex) using CuKα radiation, 

with measurement range 2 = 590° and step interval of 0.02°. 

Before assembling a Li/Ta-LLZO/Li symmetric cell, both end surfaces of Ta-LLZO pellet were 

polished to remove surface contamination. Both the end surfaces of Ta-LLZO pellet was coated with Au 

films (thickness  100 nm) by sputtering. Then, the pellet was sandwiched with two Li metal foils with 

diameter of 0.8 cm and thickness of 0.15 mm with a commercial cell fixture (Hosen, KP-Solid Cell) in 

argon-filled grove box and heated at 175ºC for 5 hours,20,43 to reduce the interfacial charge-transfer 

resistance (Ri) between Ta-LLZO and Li via alloying reaction of Li and Au.23,26,35 The symmetric cell was 

cycled at various current densities and the cell voltage response was measured using a Battery Test System 

(TOSCAT-3100, TOYO SYSTEM) at 25ºC until the cell showed an evidence of Li dendrite penetration in 

Ta-LLZO. Electrochemical impedance spectroscopy (EIS) measurement was carried out in a frequency 

range from 4 to 8  106 Hz with an impedance meter (HIOKI, IM3536) before and after the cycling tests to 

characterize the cell impedance.  

After the electrochemical testing, the symmetric cell was disassembled and the degraded Ta-LLZO 

pellet was taken out. Residues containing Li metal and its reaction product with Au on the pellet surface 
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were removed by ethanol and light polishing. Then, the pellet was annealed at 900ºC for 4h in air. Both the 

end surfaces of annealed Ta-LLZO pellet were coated by Au films and evaluated the ionic conductivity by 

EIS measurements. XRD measurement on the surface of annealed Ta-LLZO after galvanostatic testing were 

also carried out for checking the presence of secondary phases. Field emission scanning electron 

microscope (FE-SEM, Hitachi High-Technologies, SU8000 Type II) was used to investigate the 

microstructure of fractured cross-sectional surface for annealed pellet after the galvanostatic testing. One 

of annealed Ta-LLZO pellets was used for the second galvanostatic testing at 25ºC in a symmetric cell with 

Li metal electrodes to confirm if it can still perform well in a solid-state Li battery after the annealing 

treatment in air. 

 

3. Results and discussion 

    The left graphs for Figure 1 show the voltage response for three Li/Ta-LLZO/Li symmetric cells 

composed of Li metal electrodes and Ta-LLZO pellet in galvanostatic testing at 25ºC. The details for 

assembling the cell are described in experimental section. For cell A, the initial value of current density 

was set to 0.02 mA cm-2 and increased by 0.02 mA cm-2 per cycle. While for cell B and cell C, the initial 

value of current density was 0.05 mA cm-2, which was increased by 0.05 mA cm-2 every five cycles. As can 

be seen, voltage drops are increased gradually with increasing the current densities applied to the symmetric 

cell, but the sudden drops and fluctuation of cell voltages occur at current densities of 0.30.4 mA cm-2, 

indicating that potential Li dendrites penetrate and propagate into Ta-LLZO solid electrolyte at this point. 

The Nyquist plot of electrochemical impedance for each symmetric cell at 27ºC is also shown in the 

right graphs for Figure 1. Here, Z’ and Z” represent the real and imaginary parts for impedance. Before the 

galvanostatic testing, the plot for each symmetric cell is composed of a large semicircle with a characteristic 

frequency of 2.54 MHz and a small distorted one at low frequency range. The contribution of ionic 

conduction for sintered Ta-LLZO was obtained from the high frequency impedance data (0.20.3 

MHz).20,35,44 The areal resistance of Ta-LLZO pellet in each tested cell is found to be 160180  cm2. 

Taking into account the pellet thickness (= 0.16 cm), the conductivity of Ta-LLZO pellets is estimated to 

be 0.891.0 mS cm-1, which agree well with the data reported in our previous works.20,35,44 Interfacial charge 

transfer resistance Rint for cell A seems to be larger than others but the value is approximately 15  cm2. 

For the cell B and cell C, it is considered that the contribution for interface charge transfer between Li metal 



 5

is partly contained in a large semicircle. Using Z’ data below 0.25 MHz, Rint for cell B and cell C is estimated 

to be 13  cm2 and 7  cm2, respectively. The difference in Rint among the tested cells may be caused by 

the variations in polished surface microstructure on the pellets before attached Li. After the galvanostatic 

testing, the cell impedance are reduced to 49 cm2 for cell A, 16 cm2 for cell B and 74  cm2 for cell 

C. It is worth noting that the plots in cell A and cell C are shaped like part of a semicircle, but the plots in 

cell B are concentrated at one point on the Z’ axis. These results clearly indicate that cell A and cell C are 

not shorted while cell B is shorted completely by Li dendrite propagation. Reduction in the size of 

semicircles for cell A and cell C after galvanostatic testing may be attributed to the reduced effective 

thickness between two Li metal electrodes and/or increase in the effective electrode area due to Li dendrite 

penetration in Ta-LLZO. 

After the galvanostatic testing, shorted and/or degraded Ta-LLZO pellets were taken out from each 

symmetric cell and then annealed at 800ºC or 900ºC for 4 hours in air. Figure 2 shows the exterior photos 

Ta-LLZO pellets before and after galvanostatic testing taken out from three symmetric cells. Before 

annealing, it is clearly confirmed that some areas on the pellet surface have turned dark gray or black with 

the penetration of Li dendrites. Compared with the pellets tested in cell A and cell C, the pellet tested in 

cell B has many discolored spots/areas on the pellet surface, suggesting that Li dendrite penetration 

occurred in many areas. It is difficult to control the area size of Li dendrite propagation into Ta-LLZO in 

our experiment and well understood why the propagation of Li dendrites in Ta-LLZO tested in cell B 

differed so much from others. After the post annealing, these dark gray or black areas turned to white but 

slightly different from original color of Ta-LLZO. Only for the pellet tested in cell B, the discoloration to 

white appears uniform over the entire surface of the pellet. 

X-ray diffraction patterns measured on the surface for as-prepared Ta-LLZO pellet and annealed ones 

after galvanostatic testing are compared in Figure 3. As-prepared Ta-LLZO pellet and the annealed one 

tested in cell A have cubic garnet phases and other secondary phases are hardly confirmed. Comparing with 

the calculated pattern for cubic Li7La3Zr2O12, all the peaks from Ta-LLZO are shifted toward a higher angle. 

This is attributed to the reduction of lattice size by substitution of Zr4+ (72 pm) by smaller Ta5+ (64 pm).1014 

For the pellet tested in cell B and annealed at 900ºC, not only the peaks from cubic garnet phase but also 

the weak peaks from La2O3 (PDF No. 00-054-0123) phase and strong peaks from La2Zr2O7 (PDF No. 01-

075-0346) and La3TaO7 (PDF No. 00-038-1418) phases were detected. These secondary phases are 
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considered to be formed by Li loss from Ta-LLZO during post annealing.4 For the pellet tested in cell C 

and annealed at 800ºC, small 002 peak from Li2CO3 (PDF No. 00-022-1141) was detected at 2 = 3132º, 

together with the peaks from cubic garnet phase. The formation of La2O3, La2Zr2O7and La3TaO7 phases 

was observed only in the pellet tested in cell B and not confirmed in the pellet tested in cell A annealed at 

same temperature (= 900ºC). Therefore, the formation of impurity phases mentioned above may be related 

to the size of the Li dendrite penetration area rather than the annealing temperature. In our experiment, Li 

metal foils attached onto Ta-LLZO pellet is removed using ethanol after the galvanostatic testing. During 

the treatment with ethanol, Li dendrites that have penetrated near the pellet end surface are removed 

together with the Li foil and then the micro-sized pores and cracks are formed. Since the Li dendrite 

penetration area on the pellet tested in cell B is much wider than others (Figure 2), it can be speculated that 

these pores and cracks are formed in a wider area than in others tested in cell A and cell C. Consequently, 

excess Li loss from Ta-LLZO grains and the formation of impurity phases such as La2O3, La2Zr2O7 and 

La3TaO7 easily occur near the end-surface of pellet tested in cell B. 

Figure 4 shows the Nyquist plots for electrochemical impedance for as-prepared Ta-LLZO and 

annealed Sample A (cell A) and Sample C (cell C) after galvanostatic testing. For the measurements, ionic 

blocking Au electrodes are deposited on both end surfaces of each pellet by sputtering. For as-prepared Ta-

LLZO (Figure 4a), the plot at room temperature is composed of a linear tail at frequency below 0.2 MHz 

and a small part of the semicircle at frequency higher than 0.2 MHz. It is considered that the intersection 

of the exterior straight line of the data in the linear tail and the Z' axis corresponds to the total resistance of 

the pellet. As results, the total ionic conductivity total for as-prepared Ta-LLZO is estimated to be 1 mS cm-

1 at 27ºC and 3.1 mS cm-1 at 52ºC, respectively. For annealed Ta-LLZO pellet tested in cell A (Figure 4b), 

it is confirmed a small semicircle at frequency range from 3 kHz to 1 MHz, which was not observed in as-

prepared sample. The frequency range in which the semicircle was observed corresponds well with the 

frequency range for the ionic conduction at grain-boundary.4 Estimating the apparent total resistance from 

the intersection of the right end of this semicircle and the Z' axis, total for annealed Ta-LLZO tested in cell 

A is calculated to 0.67 mS cm-1 at 27ºC and 1.6 mS cm-1 at 52ºC. For annealed Ta-LLZO pellet tested in 

cell C (Figure 4d), the plot is similar as the sample tested in cell A and total is calculated to 0.55 mS cm-1 

at 27ºC and 2.2 mS cm-1 at 52ºC. 

On the other hand, the plot for annealed Ta-LLZO tested in cell B contains a large distorted semicircle 
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at frequency range from 7 kHz to 1.3 MHz at 27ºC (Figure 4c). Although the semicircle is tilted on the 

complex Z’Z” plane and it is slightly difficult to distinguish between the linear tail in the low frequency 

range and the left edge of the semicircle, apparent total resistance is expected to be from 3000 to 4000  

cm. Consequently, total at 27ºC for annealed Ta-LLZO tested in cell B is expected to be approximately 

0.250.3 mS cm-1 and much lower than others. At 52ºC, the observation of tilted semicircle in measured 

impedance data becomes very difficult. In annealed Ta-LLZO tested in cell B, Li dendrites were formed 

and propagated in the widest area during the galvanostatic testing of a symmetric cell (see Figure 2), and 

many secondary phases were formed by the post annealing (see Figure 3). The reaction products such as 

La2O3, La2Zr2O7 and La3TaO7 formed by post annealing become obstacles for Li ion conduction. 

 In Figure 5, the temperature dependence of as-prepared Ta-LLZO pellet and annealed ones after 

tested in cell A and cell C is compared. Activation energy Ea for total, which is closely related to the slope 

of conductivity data in Figure 5, was estimated to be 0.39 eV for as-prepared Ta-LLZO, 0.37 eV for 

annealed one tested in cell A and 0.42 eV for annealed one tested in cell C, respectively. Ea for annealed 

Ta-LLZO tested in cell C is slightly higher than the one tested in cell A, which may be influenced by the 

amounts of secondary phase formed by post annealing and slightly larger contribution of grain-boundary 

resistance (Figure 4b and 4d). It is noted that the estimation of Ea for annealed Ta-LLZO tested in cell B 

was difficult because the accurate evaluation of total is difficult from the impedance data. Hence, total data 

for this sample is not plotted in Figure 5. 

For further discussion, we observed the microstructures of the fractured cross sectional surface of 

annealed Ta-LLZO pellets tested in cell B and cell C by FE-SEM and the results are summarized in Figure 

6. At the region near the center of cross section, the microstructure for both samples is not so different and 

dense polycrystalline structure composed of Ta-LLZO grains with the size of 510 m is confirmed clearly, 

which is consistent with the microstructure of as-prepared Ta-LLZO reported in our previous work.20,44 

However, the microstructure near the end face that was in contact with a Li metal electrode in a symmetric 

cell is significantly different among the samples. For annealed Ta-LLZO tested in cell B (Figure 6a), in 

addition to the fact that the structure that seems to be Ta-LLZO grains can hardly be observed, many finely 

crushed particles can be seen in the region from the end surface to 5 µm. Such a large structural change is 

related to the formation of La2O3, La2Zr2O7 and La3TaO7 phases. These results suggest that the ionic 

conducting property in this sample is not uniform along a thickness direction of the pellet and not degraded 
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remarkably near the center part of cross section. On the other hand, together with the fine particles with the 

size of 13 µm, we can confirm Ta-LLZO grains near the end surface in annealed Ta-LLZO tested in cell 

C (Figure 6b). The structural change near the end surface for this sample seems to be much smaller than 

the one tested in cell B, resulting into the limited degradation of ionic conducting property shown in Figure 

4d and 5. 

Lastly, the results for the second galvanostatic testing at 25ºC for the symmetric Li cell composed of 

annealed Ta-LLZO pellet tested in cell A are shown in Figure 7(a). As can be seen, the cell is stable cycled 

at current density of 0.18 mA cm-2 but the sudden drop of cell voltage at 0.2 mA cm-2 where Li dendrite 

penetration into annealed Ta-LLZO occurred. Although the tolerance for Li dendrite penetration seems to 

be degraded slightly, Li plating and striping can be performed on annealed Ta-LLZO. Structural changes 

near the end surfaces near the end face of pellet (Figure 6(b)) and impurity phases formed by post annealing 

may contribute to the ease of Li dendrite penetration, but it is necessary to increase the number of samples 

and examine them in detail in the future. Figure 7(b) shows the Nyquist plots of electrochemical impedance 

at 27ºC for the symmetric cell with annealed Ta-LLZO before and after galvanostatic testing. Comparing 

to the first testing (Figure 1(a)), the distorted semicircle at frequency below 0.2 MHz becomes larger, which 

is due to the increase in grain-boundary resistance for annealed Ta-LLZO (Figure 4(b)). The contribution 

of Rint between annealed Ta-LLZO and a Li metal electrode may be also contained here and similar as the 

first testing with as-prepared Ta-LLZO. After the galvanostatic testing, the residual cell impedance is 

confirmed to be 100  cm2 and the plot shaped like part of a semicircle, which indicates that the cell with 

annealed Ta-LLZO is not shorted. 

 

4. Conclusion 

In conclusion, we investigated the effect of post annealing on the properties for Ta-LLZO solid 

electrolytes degraded by Li dendrite penetration during electrochemical Li plating and stripping testing. 

After the galvanostatic testing in the symmetric cell, Ta-LLZO pellet was taken out of the cell and then 

annealed at 800 or 900ºC in air. Locally discolored spots on Ta-LLZO surface at which Li dendrite 

penetrated turned to white after the post annealing. The total conductivity of annealed Ta-LLZO pellet was 

lower than the initial one, but retained well above 10-4 S cm-1 at room temperature. The decrease in total 

conductivity for annealed Ta-LLZO is mainly attributed to the formation of impurity phases and structural 
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change near the end surface of pellets, and the degree of degradation depends on the area size for Li dendrite 

penetration. Moreover, although the tolerance for Li dendrite penetration could be degraded in annealed 

Ta-LLZO, the Li plating and stripping in a symmetric cell with annealed Ta-LLZO can be performed. When 

the size of shorted or degraded area by Li dendrite penetration is localized and much smaller than the area 

size for Ta-LLZO, it is expected that the degradation of conductivity of annealed Ta-LLZO becomes smaller. 

Obtained results can be used as the basic data for reuse of degraded garnet-type solid electrolyte. 
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Figure captions 

 

Figure 1. Voltage response for galvanostatic testing and Nyquist plots (left) for electrochemical impedance 

for three Li/Ta-LLZO/Li symmetric cells (right) at room temperature: (a) cell A, (b) cell B and (c) cell C. 

 

Figure 2. Photos of Ta-LLZO pellets before after galvanostatic testing taken out from each symmetric cell. 

The pellets before or after post annealing are shown in top or bottom image. Annealing temperatures are 

900ºC for the pellets tested in cell A and cell B and 800ºC for the pellet tested in cell C. 

 

Figure 3. XRD patterns of as-prepared Ta-LLZO pellet and post annealed at 800C or 900C for 4 hours 

in air after galvanostatic testing. Calculated or reported diffraction patterns for cubic Li7La3Zr2O12, Li2CO3 

(PDF No. 00-022-1141), La2O3 (PDF No. 00-054-0123), La2Zr2O7 (PDF No. 01-075-0346) and La3TaO7 

(PDF No. 00-038-1418) phases are shown as the references. The pellet tested in cell B shows impurity 

phases such as La2O3, La2Zr2O7 and La3TaO7. 

 

Figure 4. Nyquist plots for electrochemical impedance of Ta-LLZO pellets with Au ionic blocking 

electrodes: (a) as-prepared (before galvanostatic testing), (b) annealed at 900ºC after tested in cell A, (c) 

annealed at 900ºC after tested in cell B and (c) annealed at 800ºC after tested in cell C. 

 

Figure 5. Temperature dependence for total conductivity total for as-prepared Ta-LLZO pellet and annealed 

ones after galvanostatic testing. 

 

Figure 6. SEM images for fractured cross sectional surfaces for annealed Ta-LLZO pellets: (a) tested in 

cell B and (b) tested in cell C. Schematic illustration for observation areas by SEM is shown in (c). 

 

Figure 7. (a) Voltage response for the second galvanostatic testing and (b) Nyquist plots for electrochemical 

impedance for a Li/annealed Ta-LLZO/Li symmetric cell at room temperature. We used annealed Ta-LLZO 

firstly tested in cell A for the measurement. 
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