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Abstract 

All-ceramic Li batteries (CLBs) are expected as next-generation energy storage devices because of their 

potential to have higher energy density and safety than nowadays Li-ion batteries. Garnet structured 

Li7La3Zr2O12 (LLZO) plays an important role on CLB developments due to its fast Li-ion conductivity, 

intrinsic stability towards Li and high chemical and electrochemical stabilities. After a decade of researches, 

many problems have been answered for LLZO-based CLB developments but still numerous challenges left 

to be solved. This review presents the latest efforts on the development of LLZO-based CLBs, which covers 

the advances in LLZO crystal structure to increase its ionic conductivity and progresses in the use of Li as 

the electrode, regarding to its intrinsic chemical stability towards Li and interface elaboration for allowing 

Li dendrite suppression. On the positive electrode developments, chemical compatibility of various active 

materials and strategies to circumvent the incompatibility issue at high sintering temperatures are inspected. 

 

------------------------------------------------------ 

*Corresponding author: Chih-Long Tsai 

Email: c.tsai@fz-juelich.de 

 

1. Introduction 

Since the first commercialization in 1991 by Sony, Li-ion batteries (LIBs) have been developed 

into one of the most popular energy storage device due to their high volumetric and gravimetric energy 



densities. The application of LIBs for nowadays covers from portable electronic devices, such as smart 

phones and laptops, to large-scale applications, such as electric vehicles and stationary energy storage for 

renewable energy sources. Nevertheless, the demand for a battery with even higher energy and power 

densities is stronger than ever because of the desire for extending working hours for a device between two 

charges of the used battery. All-ceramic Li batteries (CLBs) have been proposed to be one of the most 

promising technologies for next generation electrochemical energy storage regarding their high energy 

density by replacing graphite electrode to metallic Li electrode, extended cycle life because of no 

accumulated formation of solid electrolyte interface and inherent safety due to the non-flammable ceramic 

components.1-2 

One of the key components for a CLB development is having a suitable solid state ionic conductor 

as its solid electrolyte. Among various Li-ion conductors, garnet structured materials based on Li7La3Zr2O12 

(LLZO) has been attracting tremendous attention since the first report by Murugan et al. in 2007, due to its 

high Li-ionic conductivity ( > 10-4 S cm-1 at RT), wide electrochemical window, stability against metallic 

Li, high ionic transference number (~1) and environment friendliness.3 However, after more than a decade 

of intensive development, a demonstration of a practical CLB based on LLZO at/near RT, with area capacity 

> 3 mA h cm-2, is still not available. Challenges regarding to CLB developments based on LLZO are linked 

to its Li dendrite formation, interface instability and high processing temperature that causes chemical 

instability between the used active electrode material and LLZO and internally elemental diffusion at high 

temperatures.  

In this review, we mainly focus on reviewing the progress of CLB development by using garnet 

structured LLZO. Therefore, articles that apply organic polymer or liquid electrolytes in the electrochemical 

performances are excluded from this review. The review starts from the discussion of the ionic conductivity 

of LLZO by using different substitutions and their chemical stabilities toward metallic Li. It is then followed 

by the development of negative electrode by using metallic Li that causes interface instability and dendrite 

formation to short circuiting symmetric Li/LLZO/Li cells. It further covers the chemical compatibilities 



between LLZOs and active positive electrode materials at high sintering temperatures and strategies that 

are proposed to circumvent the chemical instability between LLZO and the used positive active electrode 

materials at high sintering temperatures so that the proof of concept CLBs can be demonstrated. 

2. The Developments of Li7La3Zr2O12 Solid Electrolytes 

2.1 The increases of Li-ion conductivities 

The first highly conductive garnet structured LLZO was reported by Murugan et al. in 2007.3  It 

was found at later time that there are two crystallographic modifications existing for LLZO; a cubic and a 

tetragonal phase. Due to the full occupation of Li-sites by Li-ions, tetragonal LLZO shows a complete 

ordering of the Li-ions and long Li-Li hopping distances while that for cubic LLZO only has partial 

occupation by Li-ions on the Li(1) and Li(2) sites to give short Li-Li hopping distances.4 Therefore, the 

formation of tetragonal phase LLZO reduces its Li-ion conductivity from a cubic phase ones, >10-4 S·cm-

1, to a much lower value of 1x10-6 S·cm-1 at RT.4-5 It is understood that the material was usually 

contaminated by Al during their high temperature sintering processes due to the reaction with frequently 

used alumina crucibles. Further researches on Al-substituted Li7La3Zr2O12 by using XRD, neutron powder 

diffraction, and TEM precession electron diffraction reveal that Al3+ is incorporated in the garnet lattices 

on the tetrahedral 24d Li(1) sites, thus stabilizing the LLZO to cubic phase and resulting in the very short 

Li-Li distance in the migration pathway to give the good Li-ion-conduction properties when compared to 

the tetragonal one, Figure 1(a, b).4, 6-8 Bernstein et al. used density functional theory and variable cell shape 

molecular dynamics simulations to investigate the driving force for the phase transition from tetragonal to 

cubic and suggested that the critical substitution concentration of Al3+ necessary to obtain highly conductive 

cubic phase of LLZO is at 0.2 mol%, i.e., Li6.4Al0.2La3Zr2O12.9 Later, Rangasamy et al. experimentally show 

that 0.204 mol% of Al3+ is required to stabilize LLZO as cubic phase at RT while 0.389 mol% of Al3+ is the 

limitation of Al3+ solubility in LLZO.10 A phase transition from cubic to tetragonal LLZO was identified 

when the Li-ion content increased from 6.24 to 7.32 mol% due to the filling of Li(2) vacancies by the addition 

Li-ions, which distorts the structure from cubic to tetragonal phase for further uptake of Li in the garnet 



structure was also shown, Figure 1(c). Since the incorporation of Al3+ from Al2O3 crucible to LLZO could 

dramatically affect the finally reported conductivity, a note on the used crucible for the sintering process of 

LLZO is always important for the evaluation on how a substitution could affect the final total conductivity 

of a LLZO sample, Table 1.  

 Xu et al. investigated the Li-ion transport mechanism in cubic phase Li3+xLa3M2O12 (M = Te6+, 

Nb5+, Zr4+) by using ab initio tools.11 As the materials Li3La3Te2O12, Li5La3Nb2O12 and Li7La3Zr2O12 are 

compared, the Li concentrations are not the only variables but also the valences of the dopants, i.e. Te6+, 

Nb5+, Zr4+. They suggest that the conductivity is affected far more by Li-ion concentration than by different 

dopant elements or lattice parameters for LLZO, Figure 1 (d). When the Li-ion concentration is low, such 

as that in Li3LaTe2O12, Li-ions only occupy tetrahedral Li(1) sites and not octahedral Li(2) sites. The Li(1) 

sites act as energetic traps to immobilize the Li-ions in these positions, leading to a low Li-ion conductivity. 

When the Li-ion concentration is increased, such as that in Li5La3Nb2O12 (33.34% Li(2) sites full) and 

Li7La3Zr2O12 (90% Li(2) sites full), the Li-ions on Li(1) sites remain stable but  that on Li(2) sites are able 

to migrate from one site to the other. This migration of Li-ions between Li(2)-Li(2) sites passing their 

common tetrahedral Li(1) sites to give Li7La3Zr2O12  a very high Li-ion conductivity. The higher occupancy 

of Li(2) sites, > 90% Li(2) sites full for LLZO, although helpful in promoting more Li-ion transport, leaves 

insufficient vacancies for ion migration. Therefore, Xu et al. advise against further increasing Li 

concentration to higher than 7 in the garnet structure materials. Similar conclusion was also drawn 

experimentally by Li et al. using Ta-substituted LLZO.12  The high Li-ion conductivity in Li7-xLa3Zr2-

xTaxO12 indicates that the appropriate Li-ion concentration in LLZO for Li-ion transport is in the range 6.4 

  x  6.6. The best ratio of Li-ion occupancy to vacancy of the octahedral sites in LLZO appears to be 

around 3 : 1.  

Further researches on the development of LLZO were focused on obtaining cubic phase and 

optimize its Li-ion conductivity by using different substitutions while controlling the Li concentration in 

the LLZO structure in between 6.2 and 7, Table 1. The substitutions are mainly carried out on Li-sites by 



using Al3+ and Ga3+ and on Zr-sites by using Ta5+ and Nb5+, Figure 2 (a).  For the Al-substituted LLZO, 

the highest total conductivity is reported by Kumazaki et al. for 6.8 10-4 S·cm-1 at 25 °C.13 Their ICP result 

shows that the sample contains 1.7 wt% Al and 0.1 wt% Si due to the contamination from used SiO2 milling 

ball and Al2O3 crucible. Selected-area electron diffraction (SAED), electron energy-loss spectroscopy 

(EELS) were used to determine the presence of crystallites of LiAl5O8 and LiAlSiO4 at the grain boundaries 

that facilitate the Li-ion transport across the grain boundaries and increase the total conductivity of the 

sample, Figure 2(b).13-14 Similar to Al-substitution, the substitution of Ga3+ also replace the Li-ions in 

LLZO. The highest reported total conductivity by using Ga-substitution is 1.84  10-3 S·cm-1 for 

Li6.65Ga0.15La3Zr1.9Sc0.1O12 at 27 °C.15 Although the substitution of Ga3+ to Li-sites also obstructs the Li+ 

percolation network, as that for Al-substitution, 71Ga NMR shows that Ga3+ has preferential occupation of 

tetrahedral 24d Li(1) sites over the distorted octahedral 96h Li(2) sites, Figure 2(c). Furthermore, 

theoretical calculations based on density functional theory and force-field-based molecular dynamic 

simulations suggest that the lower Ga3+-Li+ repulsion allows Li-ions more easily to diffuse within their 

immediate surroundings than that for Al3+-Li+.16-17 Therefore, the higher population of local mobility Li+ on 

96h Li(2) sites with lower Coulombic repulsion from Ga3+ promotes the long-range diffusion of Li+ in 

LLZO, which leading to the higher ionic conductivity and lower activation energy of the Ga-substituted 

LLZO.15, 18-19 Comparing to the substitution of Al3+ and Ga3+, the substitution of Fe3+ to Li-sites is much 

less studied even though the reported total conductivity of Li6.4Fe0.2La3Zr2O12 is as high as 1.82 10-3 S·cm-

1.20 Rettenwander et al. studied Li6.4Fe0.2La3Zr2O12 by using 57 to show that about 96% 

of the total substituted iron occurs as Fe3+ and 4% as Fe2+, Figure 2(d).21 Roughly two-thirds of the Fe3+ 

are assigned to the tetrahedral site 24d Li(1) sites and roughly one-quarter to a highly distorted site 96h 

Li(2) sites in the garnet structure, which is similar to that of Ga3+ with 24d Li(1) sites preferential occupation 

to explain its high total conductivity.21  However, the Fe3+ in LLZO can be reduced to Fe2+ when in contact 

with metallic Li, which make it no suitable for solid electrolyte application.22 



 The researches on Zr-site substitutions are majorly done by using Ta5+ and Nb5+ with 

concentrations between 0.2 and 0.75 mol%. The resulting total conductivities are usually higher than that for 

Al-substituted ones because Zr-substitutions do not obstruct the Li+ diffusion path within LLZO structure. 

The highest conductive Ta-substituted LLZO was reported by Baek et al. at 2013 by using spark plasma 

sintering (i.e. hot-pressing) process to sinter Li6.87La2.97Zr1.60Ta0.56O12- The sample show a total 

conductivity as high as 1.35  10-3 S·cm-1 at 25 °C. Similar results also reported by He et al. on a hot-

pressed Li6.375La3Zr1.375Nb0.625O12 which has the highest total conductivity of Nb-substituted LLZO for 1.37 

 10-3 S·cm-1 at 25 °C.24 Other than Ta5+ and Nb5+, elements such as Te6+, W6+, Sb5+ and Mo6+ were also 

used for Zr-site substitution, Table 1. However, the actual valence of these substituted-elements in the 

LLZO structure were never identified, which means the site occupations are based on the design of starting 

reagents and the use of Al2O3 crucible could play a big role on the final measured total conductivities. 

Nevertheless, the Te-substituted LLZO, i.e. Li6.5La3Zr1.75Te0.25O12,25 was reported to have a very high total 

conductivity of 1.02  10-3 S·cm-1 at 30 °C and that for W-substituted LLZO, i.e. Li6.4La3Zr1.7W0.3O12, was 

9.11  10-4 S·cm-1 at RT.26 

In summary, the understanding of crystal structure and Li-ion diffusion mechanism of LLZO allows 

elaborative design of the material to increase its Li-ion conductivity to higher than 1  10-3 S·cm-1 at RT by 

using Ta5+, Nb5+, Ga3+, Fe3+ or Te6+ substitutions. It is suggested that the conductivity is affected far more 

by Li-ion concentration than by different dopant elements or lattice parameters for which the appropriate 

Li-ion concentration in LLZO should be in the range of 6.4   x  6.6. Nevertheless, how a substitution 

affects the local environment for allowing easier Li-ion diffusion and higher chemical stability toward 

metallic Li should also be considered for a higher Li-ion conductive LLZO. 

 

 

Table 1. List of total conductivity and used crucible for LLZO with different substitutions. 

Compound  at RT (S cm-1) Sintering crucible Reference 

Li7La3Zr2O12 (1000 °C/air, tetragonal phase) 
b=1.63x10-6, 

gb=5.59 x10-7 
Al2O3 

5 



Li7La3Zr2O12(1230 °C/air) 2.44 x10-4 Al2O3 
3 

Al-doped Li7La3Zr2O12(1200 °C/air, citric acid 

pyrolysis, additional 1.2 wt% Al) 
2.0 x10-4 Al2O3 

27 

Li7La3Zr2O12(1230 °C/air, 1.7wt% Al and 0.1wt% Si 

by ICP, LiAl5O8 and LiAlSiO4 at GB) 
6.8 x10-4 Al2O3 

14 

Al-doped Li7La3Zr2O12(1230 °C/air, 1.7 wt% Al and 

0.1 wt% Si by ICP; Li-Al-Si-O/LiAlSiO4 at GB) 
6.8 x10-4 Al2O3 

13 

Al-doped Li7La3Zr2O12 

(1000 °C/air, additional 1.25 wt% -Al2O3) 
2.4 x10-4 - 28 

Al-doped Li7La3Zr2O12(1200 °C/air, sol-gel) 1.4 x10-4 Al2O3 
6 

Li6.24Al0.24La3Zr2O11.98(1000 °C/air, hot-pressing, 

Need Al>0.204 mole to stabilize cubic phase) 
4.0 x10-4 BN coated Al2O3 

10 

Li6.4Al0.2La3Zr2O12(1200 °C/air) 3.41 x10-4 Al2O3 
29 

Li6.25Al0.24La3Zr2O12  

(1200 °C/air, glycine-nitrate pyrolysis) 
5.1 x10-4 Al2O3 

30 

Li6.15Al0.2La3Zr1.75Ta0.25O12 (1050 °C, hot-pressing) 3.7 x10-4 ZrO2 
31 

Li6.8La3Zr1.8Ta0.2O12  

(1130 °C/air, additional 0.5 at% NaHCO3 -Al2O3) 
7.3 x10-4 Al2O3 

32 

Li6.75La3Zr1.75Ta0.25O12 (1050 °C, hot-pressing) 8.7 x10-4 ZrO2 
31 

Li6.75La3Zr1.75Ta0.25O12  

(1175 °C/air, additional 1 wt% Li3PO4) 
7.2 x10-4 - 33 

Li6.75La3Zr1.75Ta0.25O12 (1050 °C/air) 1.97 x10-4 ZrO2 
34 

Li6.75La3Zr1.75Ta0.25O12  

(1180 °C/air, citric acid pyrolysis) 
5.2 x10-4 Al2O3 

35 

Li6.4La3Zr1.4Ta0.3Nb0.3O12 (1150 °C/air) 6.06 x10-4 Al2O3 
36 

Li6.625La3Zr1.625Ta0.375O12  

(1150 °C/air, additional ~ 1.8 wt% Al2O3) 
4.09 x10-4 Al2O3 

37 

Li6.625La3Zr1.625Ta0.375O12  

(1000 °C/air, additional 29 mol% Al ) 
5.2 x10-4 Al free crucible 38 

Li6.6La3Zr1.6Ta0.4O12 (1150 °C/Ar, hot-pressing) 1.18 x10-3 graphite 39 
Ta-doped Li7La3Zr2O12 (1140 °C/air, additional 0.5 

mole Ta per formula LLZO) 
6.45 x10-4 Pt 40 

Li6.5La3Zr1.5Ta0.5O12 (1100 °C/air, hot-pressing) 8.4 x10-4 YSZ 41 
Li6.87La2.97Zr1.60Ta0.56O12-  (1000 °C/Ar) 1.35x10-3 graphite 23 

Li6.4La3Zr1.4Ta0.6O12 (1140 °C/air, 2.5 wt% Al by ICP) 1.0 x10-3 Al2O3 
12 

Li6.4La3Zr1.4Ta0.6O12 (1150 °C/air) 7.2 x10-4 Al2O3 
36 

Li6.4La3Zr1.4Ta0.6O12 (1250 °C/air) 6.4 x10-4 MgO 42 
Li6.25La3Zr1.25Ta0.75O12 (1150 °C/air) 2.72 x10-4 MgO 43 
Li6.75La3Zr1.75Nb0.25O12 (1200 °C/air) 8.0 x10-4 - 44 

Li6.75La3Zr1.75Nb0.25O12  

(1150 °C/air, sol-gel, 0.46 wt% Al2O3 by ICP) 
5.69 x10-4 Al2O3 

45 

Li6.75La3Zr1.75Nb0.25O12 (1050 °C/air) 2.3 x10-4 ZrO2 
34 

Li6.625La3Zr1.625Nb0.375O12  

(1150 °C/air, additional ~ 1.8 wt% Al2O3) 
4.25 x10-4 Al2O3 

37 

Li6.5La3Zr1.625Nb0.5O12  

(1150 °C/air, additional  ~ 1.8 wt% Al2O3) 
4.5 x10-4 Al2O3 

37 

Li6.375La3Zr1.375Nb0.625O12 (1150 °C/Ar) 1.37 x10-3 graphite 24 
Li6.25La3Zr1.25Nb0.75O12 (1150 °C/air) 2.03 x10-4 MgO 43 



Li6.55Ga0.15La3Zr2O12  

(1085 °C/dry O2, citric acid pyrolysis) 
1.3 x10-3 Al2O3 

18 

Li6.65Ga0.15La3Zr1.9Sc0.1O12  

(1200 °C/dry O2, citric acid pyrolysis) 
1.8 x10-3 Al2O3 

15 

Li6.15Ga0.2La3Zr1.75Ta0.25O12 (1050 °C, hot-pressing) 4.1 x10-4 ZrO2 
31 

Li6.75La2.8Ga0.2Zr1.75Nb0.25O12 (1050 °C/air) 2.28 x10-4 ZrO2 
34 

Li6.75La2.8Ga0.2Zr1.75Ta0.25O12 (1000 °C/air) 1.64 x10-4 ZrO2 
34 

Li6.4Ga0.2La3Zr2O12 (1230 °C/air) 1.32 x10-3 Al2O3 
17 

Li6.25Ga0.25La3Zr2O12 (1000 °C/air, hot-pressing) 3.5 x10-4 ZrO2 
46 

Li6.25Ga0.25La3Zr2O12  

(1130 °C/N2, flame spray pyrolysis) 
1.3 x10-3 graphite 47 

Li6.25Ga0.25La3Zr2O12 (1100 °C/air) 1.46 x10-3 Al2O3 
19 

Li6.2Ga0.3La2.95Rb0.05Zr2O12 (1100 °C/air) 1.62 x10-3 Al2O3 
48 

Li5.5Ga0.5La3Zr2O12  

(1150 °C/air, first report on Li+/H+ exchange) 
1.0 x10-4 ZrO2 

49 

Ga doped- Li7La3Zr2O12 (1085 °C/air, co-

precipitation, additional 1 mole Ga per formula of 

LLZO) 

5.4 x10-4 Pt 50 

Li7.06La3Zr1.94Y0.06O12 (1200 °C/air) 8.1 x10-4 Al2O3 
51 

Li7.06La3Zr1.94Y0.06O12 (1100 °C/air, tetragonal phase) 1.0 x10-6 Al2O3 
52 

Li6.65La2.75Ba0.25Zr1.4Ta0.5Nb0.1O12 (1150 °C/air) 5.27 x10-4 Al2O3 
36 

Li6.5La2.9Ba0.1Zr1.4Ta0.6O12 (1150 °C/air) 8.34 x10-4 Pt Au 53 
Li6.4Fe0.2La3Zr2O12 (1230 °C/air) 1.1 x10-3 - 22 

Li6.4Fe0.2La3Zr2O12 (1225 °C/air, sol-gel) 1.82 x10-3 Al2O3 
20 

Li6.4La3Zr1.7W0.3O12 (1100 °C/air) 7.89 x10-4 Al2O3 
54 

Li6.4La3Zr1.7W0.3O12  

(1180 °C/air, additional 0.2 wt% SiO2) 
9.11 x10-4 ZrO2 

26 

Li7La2.75Ca0.25Zr1.75Ta0.25O12  

(1100 °C/Ar, hot-pressing, additional 1.5 wt% -Al2O3) 
7.65 x10-4 graphite 55 

Li6.6La2.6Ce0.4Zr2O12 (1050 °C/Ar, hot-pressing) 1.44 x10-5 graphite 56 
Li7.2La3Zr1.8Gd0.2O12 (1220 °C/air) 2.3 x10-4 - 57 

Ge-doped Li7La3Zr2O12  

(1200 °C/air, additional 1 wt% GeO2) 
7.63 x10-4 - 58 

Li6.6La3Zr1.8Mo0.2O12  

(1100 °C/air, citric acid pyrolysis) 
5.09 x10-4 Al2O3 

59 

Li7La2NdZr2O12 (1200 °C/air, 45 mol% Al by ICP) 8.1 x10-6 Au coated Al2O3 
60 

Li6.6La3Zr1.6Sb0.4O12 (1100 °C/air) 7.7 x10-4 Al2O3 
61 

Sr-doped Li7La3Zr2O12  

(1200 °C/air, additional 1.7 wt% Sr) 
5.0 x10-4 Al2O3 

62 

Li6.5La3Zr1.75Te0.25O12 (1100 °C/air) 1.03 x10-3 Al2O3 
25 

  

2.2 LLZO Chemical Stability toward Metallic Li 



LLZOs are generally regarded as stable solid electrolytes when in contact with metallic Li. From a  

theoretical investigation, Zhu et al. use density functional theory calculations to show that LLZO has a very 

low reduction potential of 0.05 V vs. Li/Li+ and a very small decomposition reaction energy of only 0.021 

eV/atom (49 kJ/mol of LLZO) at 0 V vs. Li/Li+, Figure 3(a).63 However, they further stated that their study 

cannot conclude if LLZO can be reduced by metallic Li or not because the small values of energy and 

voltage are below the typical accuracy of DFT and the approximations of the scheme. Experimentally, it is 

found that the chemical stability of LLZO toward metallic Li is affected by its substitution elements. Nemori 

et al. observed that the interfaces between Nb-substituted LLZOs, i.e. Li6.25La3Nb1.375Sc0.625O12 and 

Li6.25La3Nb0.75Zr1.25O12, and Li metal were turned into black color after 60 days of in contact to each other 

while that for Li6.25La3Ta1.375Sc0.625O12 and Li6.25La3Ta0.75Zr1.25O12 were unchanged, Figure 3(b).43  The 

changing of the color for Nb-substituted LLZOs are attributed to the reduction of Nb5+ to lower valence 

states by metallic Li. Similar to Nb-substituted LLZOs, a black surface coloration at the interface between 

Fe-substituted LLZO and Li metal was also observed by Rettenwander et al, Figure 3(c).22 Raman spectra 

and nanosecond laser-induced breakdown spectroscopy were further used to reveal the formation of a Li-

deficient tetragonal LLZO interlayer at the interface between Fe-substituted LLZO and metallic Li due to 

the reduction of Fe3+ to Fe2+.  

Different from Nb- and Fe-substituted LLZO for which the reduced interfaces can propagate 

through the material due to the formation of mixed conductors, a cubic phase Al-substituted LLZO, 

Li6.25Al0.25La3Zr2O12, was found that it can be reduced by metallic Li and is accompanied by the 

simultaneous implantation of Li-ions into its structure, Figure 4(a).64 The findings from aberration-

corrected scanning transmission electron microscope show that the implantation of Li-ions into the cubic 

phase LLZO results in a tetragonal phase LLZO interphase that stabilizes at an extremely small thickness 

of around five unit LLZO cells. This interphase also effectively prevented further interfacial reactions for 

cubic phase LLZO. Further experiments were carried out by Zhu et al. using X-ray photoelectron 

spectroscopy and impedance spectroscopy for understanding the origins of electrochemical stability of 



LLZO by systematically studying both surface chemistry and substitution-dependent LLZO/Li interfacial 

reactivity.65 The XPS results show that Zr4+ at the surface in all Al-, Ta- and Nb-substituted LLZOs were 

able to be reduced by metallic Li with the extent of reduction increasing as Ta < Nb < Al and the formation 

- , Figure 4(b). 

Nevertheless, the Nb-ions in Nb-substituted LLZO have a thermodynamic preference to segregate to the 

LLZO surface and an even stronger preference to the Li/LLZO interface, whereas Ta dopants are nearly 

isoenergetic in the bulk and at the interface. This preference for surface segregation destabilize the 

-  and allows the reduction reaction to propagate into the bulk 

of Nb-substituted LLZO, as the reason for observing the black coloration interface by Nemori et al.  

It can be concluded that the chemical stability of LLZO toward metallic Li is highly depending on 

the substitution-elements. It is more likely that substitution of transition metals into LLZO could led to 

chemical instability of LLZO toward metallic Li. Even though Nb-substituted LLZO was long believed to 

be stable toward metallic Li, detail experiments show that the Nb-substituted LLZO is not stable when 

metallic Li is applied to its surface while Al- and Ta-substituted LLZO remain stable with the contact of 

metallic Li. 

3. Negative Electrode Developments 

 
Li-ion conductive ceramics were once believed that they can suppress Li dendrite formation due to 

their intrinsic high toughness, especially the shear modulus of LLZO is as high as ~ 55 GPa and its Li-ion 

transfer number is ~1.8, 66 With the replacement of graphite by Li metal, it is expected that CLBs potentially 

offer a 70% increase of volumetric energy density and 40% increase of gravimetric energy density of the 

battery.1-2 However, abrupt drops of polarization voltages were reported from several groups when cycling 

Li/LLZO/Li symmetric cells by direct current polarizations.35, 39, 45, 67-68 Later, directly observations of Li 

propagation through LLZO along the grain boundaries were confirmed by using different characterization 

techniques such as high-resolution transmission electron microscopy combine with electron energy loss 

spectroscopy and scanning electron microscopy, Figure 5(a).39, 69-70  



The formation of Li dendrite in LLZO is recognized as a result of inhomogeneous contact between 

LLZO and Li electrode rather than as a consequence of low relative density of the used solid electrolytes.39, 

71 When inhomogeneous contact is formed, the 

electrochemically deposit metallic Li at defects to open up the rigid LLZO and propagate through the 

sample as shown by Porz et al. in both polycrystalline and single crystal LLZOs, Figure 5(b).72 Research 

efforts are, therefore, focusing on reducing the inhomogeneous contacts, which usually accompany with 

high interface resistance, between LLZO and Li electrode by using (I) interlayer coatings or (II) diminishing 

surface impurities. It is worth to mention that the surfaces of LLZOs for the interlayer coating experiments 

always need to be freshly polished in either air or inert atmosphere before depositing the interlayer. The Li 

electrode is usually applied at a temperature higher than the Li melting point. On the other hand, the 

experiments using diminishing surface impurities for reducing interface resistance usually need to apply a 

stack pressure to the symmetric cells at a temperature right below Li melting point for some hours to ensure 

the contact between LLZO and Li electrode, Table 2.  

The interlayer coating was first proposed by Tsai et al. who use a thin Au interlayer to improve the 

contact between LLZO and Li electrodes, Figure 5(c).39 Because the coating technologies, such as sputter, 

atomic layer deposition, and wet chemical coatings, can effectively cover the whole surface of LLZO, the 

working principle of using interlayer coating is to take the advantage from the applied material which is 

able to in situ forming alloy with metallic Li to cover the surface of LLZO homogeneously. The interface 

resistance between LLZO and Li electrode was dramatically reduced from ~1500 ·cm2 to 64 ·cm2 by 

the thin layer Au coating, which results in short-circuit-free cells when running a direct current density of 

0.5 mA·cm 2 through the LLZO pellets. Since then, various materials, such as Al, Al2O3, ZnO, Mg, Si, Sn, 

AgNO3 and graphite, have been applied as the interlayer coatings for reducing the interface resistance 

between LLZO and Li, Table 2.  Among all, the using of Li-Al alloy was reported that it can effectively 

reduce the interface resistance to as low as < 1 ·cm2 .73 



Most of the publications that using interlayer coatings to reduce interface resistance often show the 

wettability of between LLZO and metallic Li is low without their coatings. However, the low wettability 

between LLZO and metallic Li was found due to the formation of Li2CO3 at the surface of LLZO from 

Li+/proton exchange when the sample was exposed to ambient environment.68, 71, 74 The formation of Li2CO3 

also block the Li-ion diffusion paths to give high interface resistance since Li2CO3 is not a good Li-ion 

conductor. Nevertheless, the formation of Li2CO3  can be erased by fine polish or acid etching of the surface 

of LLZO or restore the Li-ions from Li2CO3 back to LLZO by heating the sample under an inert atmosphere 

at a temperature higher than 250 °C, Figure 5 (d).75-76 Sharafi et al. further show that LLZO and Li can wet 

each other very well to give an interface resistance as low as 2 ·cm2 by fine polishing the surface of LLZO 

in Ar atmosphere which followed by a heat treatment of the LLZO at 500 °C in an inert atmosphere to 

remove Li2CO3, Figure 5(e).71 Nevertheless, a stack pressure of 350 kPa at 175 °C is needed to apply to 

their symmetric cell for 12 hours to ensure a good contact between LLZO and Li electrode. More recently, 

Zheng et al. reported that the removing of impurity on the surface of used metallic Li, such as Li2O, is as 

important as that on the surface of LLZO.77 By ensuring an impurity-free at the interface between LLZO 

and Li, Zheng et al. show that the interface resistance can be diminished to 6.95 ·cm2 which allows a 

Li/LLZO/Li symmetric cell to cycle with a high current density of 13.3 mA·cm2 for ~100 seconds per cycle 

step, i.e. 0.4 mA h cm-2, or 2.2 mA·cm2 for 24 minutes per cycle step, i.e. 0.88 mA h cm-2, Figure 6(a). 

 

Table 2. List of interface modifications and symmetric cell test conditions for LLZOs.  

Solid Electrolyte Interface Treatment (Li) 

Interface 

Resistance 

( ·cm  

Operation conductions 

(I density; step time; test temp.) 

Used Li 

thickness 

( m) 

Reference 

Li6.5La3Zr1.5Ta0.5O12 (2D) 
fine polish and Au interlayer  

(175 °C) 
< 10 1 mA·cm-2; 3 hour/step; 60 °C 14.32 78 

Li6.4La3Zr1.4Ta0.6O12 (2D) 
Remove Li2O on Li 

(300 °C) 
6.95 2.2 mA·cm-2; 0.4 hour/step; RT 4.2 77 

Li6.6La3Zr1.6Ta0.4O12 (2D) 

150k Pa pressure with 100 C 

pre-cycle 

(175 °C) 

58 0.1 mA·cm-2; 4 hour/step; 25 °C 1.909 79 

Li5.9Al0.2La3Zr1.75W0.25O12 

(2D) 

 

Graphite interlayer  (210 °C) 25 0.3 mA·cm-2; 1 hour/step; RT 1.432 80 

Li6.55La3Zr1.55Ta0.45O12 (2D) Heat treatment  (175 °C) 25 0.3 mA·cm-2; 1 hour/step; 25 °C 1.432 81 
Li6.5La3Zr1.5Ta0.5O12 (2D) Li3PO4 interlayer (200 °C) 7 0.5 mA·cm-2; 0.5 hour/step; 25 °C 1.193 82 



Li6.375La3Zr1.375Nb0.625O12 

(2D) 
Sn interlayer (184 °C) 46.6 0.5 mA·cm-2; 0.5 hour/step; 25 °C 1.193 24 

Li6.5La3Zr1.5Ta0.5O12 (2D) AgNO3 interlayer (220 °C) 4.5 0.5 mA·cm-2; 0.5 hour/step; 25 °C 1.193 83 
Li6.25Al0.25La3Zr2O12 (2D) Fine polish (175 °C) 2 0.2 mA·cm-2; 1 hour/step; RT 0.955 71 
Li6.4La3Zr1.4Ta0.6O12 (2D) Silica interlayer (185 °C) 49 0.2 mA·cm-2; 1 hour/step; 24 °C 0.955 84 
Li6.6La3Zr1.6Ta0.4O12 (2D) Au interlayer (100 °C) 64 0.08 mA·cm-2; 2 hour/step; 25 °C 0.764 39 

Li6.5La3Zr1.5Ta0.5O12 (2D) 
Surface rughness 

(thermal eva. Li) 
363 0.3 mA·cm-2; 0.5 hour/step; 25 °C 0.716 85 

Li6.4La3Zr1.4Ta0.6O12 (2D) 
BN nanosheets interlayer 

(260 °C) 
9 0.3 mA·cm-2; 0.5 hour/step; RT 0.716 86 

Li6.4La3Zr1.5Ta0.6O12 (2D) 
flake-graphite coating layer 

(230 °C) 
40 0.1 mA·cm-2; 1 hour/step; ? °C 0.477 87 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(2D) 
Al2O3 interlayer (250 °C) 34 0.2 mA·cm-2; 0.5 hour/step; 25 °C 0.477 88 

Li6.4La3Zr1.4Ta0.6O12 (2D) Au interlayer (250 °C) 3 
0.3 mA·cm-2; 0.33 hour/step; 25 

°C 
0.477 42 

Li6.5La3Zr1.5Ta0.5O12 (2D) Al4Li9 alloy (250 °C) < 1 
0.2 mA·cm-2; 0.17 hour/step; 25 

°C 
0.162 73 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(2D) 
Si interlayer (200 °C) 127 0.2 mA·cm-2; 0.17 hour/step; RT 0.162 89 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(2D) 
Sn-Li alloy (250 °C) 7 0.05 mA·cm-2; 0.5 hour/step; ? °C 0.119 90 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(3D) 
ZnO interlayer (300 °C) 20 0.1 mA·cm-2; 0.17 hour/step; ? °C 0.081 91 

Li6.5La2.9Ba0.1Zr1.4Ta0.6O12 

(2D) 
ZnO interlayer (250 °C) 10 

0.1 mA·cm-2; 0.17 hour/step; 25 

°C 
0.081 92 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(2D) 
Al interlayer (200 °C) 75 

0.2 mA·cm-2; 0.08 hour/step; 60 

°C 
0.08 93 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(2D) 
Mg interlayer (300 °C) 70 

0.1 mA·cm-2; 0.08 hour/step; 25 

°C 
0.04 94 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(2D) 
Ge interlayer (200 °C) 115 0.05 mA·cm-2; 0.08 hour/step; RT 0.02 95 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(3D) 
ZnO interlayer (250 °C) - 0.5 mA·cm-2; 2 hour/step; ? °C 4.773 96 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 

(3D) 
ZnO interlayer (250 °C) 90 0.5 mA·cm-2; 1 hour/step; ? °C 2.389 97 

 

While all the papers claim that their method could effectively suppress Li dendrite formation, the 

demonstrated cycle performance by using Li/LLZO/Li symmetric cells are only able to deliver capacities 

much lower than a practical one, i.e. the used Li thicknesses are much thinner than 14.3 m or  3 mA 

h·cm-2 in energy density, unless the operational temperature was increased to 60 °C,78 table 2. At here, it 

is important to notice that some reports of galvanostatic cycling of Li symmetric cells with high 

between the Li electrodes) as suggested by Albertus et al.1 The reliability of the reported results 

can be easily examined by using Ohm's law to calculate the cell resistance, which should not be 

lower than the resistance from the used solid electrolyte itself. Therefore, it can be expected that there 



are more mechanisms hindering the use of metallic Li as the negative electrode for CLB. By measuring 

pressure-dependent electrode kinetics, Krauskopf et al. show that the vacancy diffusion limitation in the Li 

metal restricts the rate capability of the Li electrode because of contact loss caused by vacancy accumulation 

and the resulting pore formation near the interface, Figure 6(b, c).98 They further concluded that the 

interface between LLZO and Li would only remain morphologically stable when an applied current density 

is lower than 100 A·cm-2 from a theoretical calculation based on their experimental results. This low 

current density means a planar geometry Li electrode is not high enough for practical cell application. How 

to resolve the diffusion limitation, e.g. increase Li diffusion coefficient by dopants, would be the next 

challenge for the Li electrode development for CLB. 

4. Positive Electrode Developments 

The compatibilities between LLZO and different positive active electrode materials near LLZO 

sintering temperature, i.e. ~ 1000 °C, are serving as the key factors for CLB fabrications due to the necessary 

of high temperature sintering process to form low resistive ionic diffusion paths. Positive active electrode 

materials including LiMn2O4, LiFePO4, LiCoMnO4, LiFe0.5Mn1.5O4, LiNi0.5Mn1.5O4, LiNi1/3Co1/3Mn1/3O2 

and LiCoO2 (LCO) had been examined for their compatibilities with LLZO at elevated temperatures.99-104 

X-ray diffraction (XRD) results show that LiMn2O4, LiFePO4, LiCoMnO4, LiFe0.5Mn1.5O4 and 

LiNi0.5Mn1.5O4 reacted with LLZO at temperatures between 400 and 600 °C while LiNi1/3Co1/3Mn1/3O2 is 

stable up to 800 °C. First principle calculations suggest that the decomposition of the positive active 

electrode materials act as oxidizers for the decomposition of LLZO.100 Therefore, the low reaction 

temperatures make these materials difficult to be used in the traditionally high temperature sintering process 

for CLB fabrication.  

The experimental results for the compatibility between LLZO and LCO are rather diverse. A closer 

examination of the reported publications can found that amorphous Li-Co-O precursors, which deposited 

by technologies such as plused laser depositions, physical vapor depositions and sol-gel methods, has a 



much lower reaction temperature with LLZO, ~ 700 °C, than those for using crystalline LCO, ~1085 °C.102-

104 Kim et al. suggest that La2CoO4 is the reaction byproduct at the interface of their pulsed laser deposited 

(PLD) Li-Co-O and LLZO, Figure 7(a).103 It is worth to note that the Li-Co-O film was deposit directly on 

LLZO at 700 °C by PLD. Therefore, it is reasonable to deduce that the formation of Li2CoO4 is highly 

correlative to the vacuum environment because Co2+ is not a stable state for cobalt when it is in a high 

temperature and oxygen rich environment.  

When crystalline LCO is considered, Wakasugi et al. reported that the XRD patterns and charge-

discharge behavior of a LCO and Li6.25Al0.25La3Zr2O12 mixture did not change after the heat treatment at 

800 °C by using ethylene carbonate/ethyl methyl carbonate/LiPF6 liquid electrolyte.99 Nevertheless, a detail 

study by using TEM and SIMS show that Al3+ in Al-substituted LLZO has preference to diffuse into LCO 

when the LLZO/LCO mixture was calcined at 700 °C, Figure 7(b).102 The departure of Al3+ from Al-

substituted LLZO surface transformed cubic phase LLZO into the tetragonal phase one, which leading to a 

high interfacial resistance due to the low ionic conductivity of tetragonal phase LLZO. On the other hand, 

Uhlenbruck et al. reported that a rapid reaction between Li6.75La3Zr1.6Ta0.4O12 (LLZTaO) and crystalline 

LCO only takes place at a temperature of 1085 °C by using XRD and differential scanning calorimetry 

measurement.104  Later, Tsai et al. confirmed LLZTaO and crystalline LCO are chemically stable to each 

other up to 1050 °C by using micro-Raman mapping of their sintered LCO/LLZTaO composite electrode, 

Figure 7(c).105 Although a reaction byproduct, LaCoO3, was reported to give an extra Raman band at 691 

cm-1 when crystalline LCO and Li6.75La3Zr1.75Ta0.25O12 was heat up to 900 °C,101 Tsai et al. further verified 

that the extra peak at 693 cm-1 is due to a small concentration of Co3+ diffused into LLZTaO to give a 

photoluminescence peak at 693 cm-1 by using Co-substituted LLZO.  

To summarize the compatibility between LCO and LLZO, it is reasonable to give a conclusion that 

amorphous Li-Co-O has a higher Gibbs free energy than that for crystalline LCO, which makes amorphous 

Li-Co-O more reactive to LLZO than crystalline LCO at lower temperatures. When a mixture of crystalline 



LCO and LLZO is examined, the elemental substitution to LLZO could affect its chemical stability to LCO, 

where Ta-substituted LLZO has better chemical stability than Al-substituted LLZO. 

CLB fabrications can be classified into two different approaches when using garnet structured 

LLZO solid electrolyte. One of the class is using thin film technologies such as pulsed laser deposition,106-

107 sputter deposition28 and sol-gel deposition108-109 to deposit active electrode materials on dense LLZO 

pellets to form CLBs. The results demonstrate electrochemical reactions from the deposited LCO but the 

areal capacities were very low, due to their low loadings and utilizations of LCO from lacking of Li-ion 

diffusion paths. These results are good to demonstrate the possibility of using LLZO to fabricate functional 

CLB but not for the practical due to the use of very thick LLZO solid electrolytes that gives their energy 

densities too low to be used at anywhere, Table 3.  

The other type of batteries can be - CLBs due to the use of casting method 

for composite positive electrode (CPE) fabrication or high yield deposition methods that are potentially 

able to achieve high energy densities. The most common approach of CPE fabrication is consisted of 

crystalline LCO and Li3BO3 (LBO) or its derivatives. In these CPEs, LBO is serving as a sintering additive 

which melts at 700 °C to cement LCO and LLZO together and provides Li-ion transport pathways across 

grain boundaries due to its very low Li-ion conductivity, ~ 2x10-6 S cm-1, at RT, Figure 8(a).102, 110-116 The 

low melting point of LBO at 700 °C could effectively avoid the formation of highly resistive interface from 

the reaction between LLZO and LCO during high temperature sintering of CLB. These batteries offer very 

stable electrochemical performance up to 100 cycles but usually less than 10 cycles were shown in the 

publications, Figure 8(b) and Table 3. Another approach for making CPE was proposed by Tsai et al. by 

using crystalline LCO and LLZTaO, instead of using more reactive Li-Co-O precursors or Al-substituted 

LLZO,  because both materials are chemically stable up to 1050 °C and do not form highly resistive 

tetragonal phase LLZO at the interface.105 Their micro-Raman, energy-dispersive X-ray spectroscpoy 

mapping and cyclic voltammetry scan of fabricated CLB show that the well sintered interfaces are free 

from detrimental secondary phases that allows the CLB to increase its specific areal capacity for 10 times 



higher than other reports at 1.63 mA h cm-2 (i.e.110 mA h g-1) with a much higher charge/discharge current 

density of 50 A cm-2, Figure 8(c). The CLB also able to discharge at very high current densities up to 500 

A cm-2 at 50 °C due to the minimized cell areal resistance. However, the fabricated cell show a fast 

capacity degradation due to its microstructure failure from LCO breathing during charge/discharge cycling. 

The other approach for preparing bulk-type CLBs is using aerosol deposition.53, 117 Kato et al. 

fabricated their bulk-type CLB by using aerosol deposition that contains LiNi1/3Co1/3Mn1/3O2  +Li-Al-Ti-P-

O glass ceramic as CPE to deposit on a LLZO pellet, Figure 8(d).117 The cell was able to deliver a high 

specific areal capacity of 0.5 mA h cm-2 and a high operational current density of 50 A cm-2 at 100 °C. 

The same technology was used by Inada et al. to deposit TiNb2O7 thin film on LLZO. However, only one 

charge/discharge cycle was shown with relatively low current density, 2 A·cm-2, at 60° C in the report.53 

It is worth to mention that aerosol deposition has a major advantage of no need of high temperature sintering 

process when CLB is fabricated, which avoids the interface reaction between the used active electrode 

material and solid electrolyte. Therefore, a low interface resistance of constructed CLB can be expected by 

using this technology. 

It is important to notice that the CLBs with very low specific areal loadings, usually < 2 mg cm-2, 

and very low operational current densities, < 10 A cm-2, are good to demonstrate the proof of concepts but 

not able to show their potential for practical use in the future, Table 3. For example, the CLBs using LCO, 

LLZO and LBO as CPE were usually made with active electrode material loadings ~ 1 mg·cm-2 and 

operational current densities ~ 5 A·cm-2, Table 3.  When the specific areal loading is increased, the 

electrochemical performance of this type of CLB is dramatically reduced by the low ionic conductivity of 

LBO and high tortuosity of Li-ion diffusion paths within the CPE as shown by Liu et al.116 Although an 

argument of increasing specific areal capacity could simply be a technological issue instead of a scientific 

one, some physical problems such as establish of effective ionic diffusion paths, lower tortuosity for ionic 

diffusion, and reduce of microstructure fracture due to breathing behavior of active electrode materials may 



not able to be observed and solved easily for the cases with low active material loadings. Therefore, a 

demonstration of good CLB should contain reasonable active material loading to show that the 

electrochemical performance of the fabricated CLB can utilize most of the active materials from the CPE 

instead of only the materials on the interface, especially if the CLB is aiming for becoming a high energy 

density cell in the further. 

Table 3. List of composition of positive electrode for all-ceramic Li batteries and their test 

conductions. 

Composition 

Active 

material 

loading 

(mg·cm-2) 

Operation 

temp. ( °C) 

Operation 

Current density 

( A·cm-2) 

Specific 

areal 

capacity 

(mA h·cm-2) 

Specific 

capacity 

(mA h·g-1) 

No. of 

Cycles 
Reference 

LiCoO2/Li3BO3/LLZO 

(composite) 
- RT 1 A·g-1 - 78 1 111 

LiCoO2/Li3BO3 (composite) - 50 C/5 - 67.2 10 102 
LiMn2O4/LLZO-0.3B2O3 

(composite) 
- 25 5 - 102.6 20 113 

LiCoO2 (sol-gel) - - 2 0.015 - 3 109 
LiCoO2 (PLD film, Nb-modified 

interface) 
0.12 RT 1-10 0.01 80 25 106 

V2O5/carbon nanotubes 

(composite) 
0.2 100 10 0.03 150 27 118 

LiCoO2 (PLD film) 0.203 25 3.5 0.035 129 100 107 
TiNb2O7 (aerosol deposition) 0.4 60 2 0.068 170 1 53 
Cu0.1V2O5/carbon (composite) 0.68 50 10 0.063 93 20 119 

Li(Ni0.5Co0.2Mn0.3)O2/ 

In2(1-x)Sn2xO3/Li3BO3 (composite) 
~1 80 5 0.123 123.3 5 114 

LiCoO2/Li2CO3 /Li2.3C0.7B0.3O3 

(composite) 
1 

100 5.75 0.106 106 40 
110 25 5.75 0.094 94 100 

TiS2/carbon nanotubes 

(composite) 
1 150 300-1000 0.2 ~200 400 120 

LiCoO2 (sputter) 1.52 RT 1 - - 20 28 
LiCoO2/Li3BO3/In2(1-x)Sn2xO3 

(composite) 
1.9 RT 5 0.19 101.3 5 115 

LiCoO2 thin Film 

(LiPON electrolyte) 
2.02 25 46.5 0.106 50.3 100 121 

LiCoO2/Li3BO3 (composite) 2.35 25 10 0.2 85 5 112 
LiCoO2 (infiltrated sol-gel) 2.9 80 6.4 0.051 17.5 10 108 

LiCoO2/Li3BO3/In2(1-x)Sn2xO3 

(composite) 
2.96 RT 5 0.056 13.9 6 116 

LiNi1/3Co1/3Mn1/3O2/Li-Al-Ti-P-O 

(aerosol deposition) 
3.7 100 50 0.5 135 90 117 

LiCoO2/LLZO (composite) 12.6 50 50 1.6 117 100 105 
 



5. Summary and Perspectives 

The discovery of fast Li-ion conductive garnet structured LLZO has been attracting much attention 

in electrochemical society due to their perspective of fabricating all-ceramic Li battery that gives much 

higher safety and energy density than conventional Li-ion batteries.  After more than a decade of 

researching on LLZO, the understanding of the material properties has dramatically increased. On the 

development of LLZO, the accumulated knowledge has led to the increase of Li-ion conductivity for LLZO 

up to 1.8 10-3 S·cm-1 by substituting Fe or co-substituting Sc and Ga into LLZO. When using metallic Li 

as the negative electrode for CLB, detail researches found that the stability of LLZO toward metallic Li 

depends on the substituting elements, for which Ta shows the highest stability than Nb- and Al-substituted 

ones. Moreover, the high interface resistance between LLZO and Li electrode was found to be the 

consequence of impurity formations, such as Li2CO3, on the interface and inhomogeneous contact between 

LLZO and Li electrode. By carefully removing the impurities on the surface of LLZO and interlayer 

coatings, the interface resistance can be effectively reduced to a negligible number to relief the Li dendrite 

formation. Nevertheless, the Li dendrite problem is still lingered around when using metallic Li as the 

negative electrode. A depth investigation into the properties of metallic Li, such as atomic self-diffusion 

and mechanical properties, would be necessary for further solving the Li dendrite problem, especially the 

working principle of CLB is relying only on the solid-state diffusion mechanism. Although many 

publications have proposed different approaches for the positive electrode development, the active material 

loading and performance are still far away from a real application. Problems, such as internal elemental 

diffusion and high interface resistance, from conventional high temperature sintering process is still not yet 

fully understood and need to be solved. On the full CLB level, many data are still needed so that CLB 

performance can be optimized. For example, the knowledge on how to maximize the active material loading 

to achieve highest energy density, how the Li-ion percolation paths affect CLB performance, how to 

optimize the microstructure of CLB to accommodate the volume change of active material during 



charge/discharge cycling and even finding a more suitable positive electrode material for CLB development 

are still need to be fulfilled.  
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