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liquid electrolytes. ASSLBs exhibit over-
whelming advantages as follows: 1) No 
electrolyte leakage. The most obvious 
advantage of ASSLBs is the avoidance of 
electrolyte leakage, and related issues such 
as fire hazard, electrical short circuit and 
corruption. In addition, ASSLBs do not  
need advance sealants, pressurizing elec-
trolyte, and flame retardant failsafe.[1,2]  
2) No thermal runaway. Thermal runaway 
will cause the rise of internal temperature, 
pressure, and vent of flammable gases in 
conventional LIBs, at a risk of explosion 
and shrapnel.[3,4] ASSLBs avoid the use of 
organic electrolytes and prevent the thermal 
runaway for a large extent.[5] 3) High resist-
ance to lithium dendrite. The lithium 
dendrite may form during deposition pro-
cess and penetrate through the separator, 
potentially cause a short circuit in conven-
tional LIBs.[6] ASSLBs using solid electro-
lytes (SEs) with high shear modulus are 

expected to prevent/alleviate the dendrite penetration and extend 
the cell life. 4) Higher energy density.[7] The conventional LIBs 
are not suitable for the application of high voltage cathode and 
lithium metal anode because of narrow electrochemical window 
of liquid electrolytes, as well as failure in preventing lithium den-
drite. ASSLBs facilitate the application of high voltage cathode 
materials and high energy density lithium metal anode, therefore 
increasing the energy density of the whole cell.
Figure 1 shows the scheme of a typical ASSLB. Similar with 

conventional LIBs, the main components of ASSLB are cathode, 
SE, and anode. The distinctive component is SE, and its prop-
erties support the great advantages of ASSLBs. These proper-
ties include stability at ultrahigh and ultralow temperature, 
high mechanical strength,[8] wider electrochemical window 
(with passivation), and so on.[9–11] According to the category of 
SE, ASSLBs are divided into polymer-based, oxide-based, and 
sulfide-based systems, corresponding to the polymer, oxide, 
and sulfide electrolytes, respectively. Therein, oxide electrolytes 
exhibit moderate ionic conductivity, high shear modulus, and 
better stability with atmosphere and electrodes, are promising 
candidates for ASSLB. Specifically, oxide electrolytes are clas-
sified into LISICON (Li14ZnGe4O16), NASICION (LiTi2(PO4)3), 
perovskite (Li3xLa0.67-x□0.33-2xTiO3), garnet (Li3-7LnMO12, Ln = Y, 
Pr, Nd, La, Sm–Lu, M = Zr, Sb, W, etc.), and so on based on 
their structure. Without reductive Ge, Ti elements in the com-
position, garnets are normally considered most promising 
among oxide electrolytes.[12,13]

Garnet-type electrolytes in the formula of Li3-7Ln3M2O12, 
show a space group 3Ia d . Lithium content ranges from 3 to 
7 based on the substitution elements at Ln and M sites.[14,15] 

All-solid-state lithium batteries (ASSLBs) are considered to be the next-
generation energy storage system, because of their overwhelming advantages 
in energy density and safety compared to conventional lithium ion batteries. 
Among various systems, garnet-based ASSLBs are one of the most promising 
candidates. The advantages arise from the intrinsic properties of garnet elec-
trolytes, especially the high shear modulus and wider electrochemical window 
compared to that of polymer and sulfide electrolytes, guaranteeing the appli-
cation of Li metal and high voltage cathodes. However, the interfacial issues 
between garnets and electrodes (Li metal and cathodes) are challenging and 
hinder the further development of garnet-based ASSLBs. Herein, the origin 
of interfacial resistance and recent development of interfacial construction 
in garnet-based ASSLBs are reviewed, as well as the subsequent interfacial 
degradation and cell failure during cycling process, including inhomogeneous 
plating and stripping, Li dendrites, and strain induced microcracks in stiff 
electrodes. Finally, the future challenges and opportunities in this important 
and exciting field are also presented.
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1. Introduction

All-solid-state lithium batteries (ASSLBs) are promising candi-
dates to replace conventional lithium ion batteries (LIBs). LIBs 
have dominated the market ranging from portable electronics to 
electric cars, however, they still suffer with safety issues, expen-
sive sealing agent, and catastrophic failure caused by organic 
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Normally, garnets are classified into Li3 (Li3Ln3Te2O12; Ln = Y, 
Pr, Nd, Sm–Lu),[16–18] Li5 (Li5La3M2O12; M = Nb, Ta, Sb),[19] and 
Li7 (Li7La3M2O12; M = Zr, Sn, Hf) categories,[20–23] according to 
the Li content in the formula. Li3 system shows a typical garnet 
structure, Li occupies tetrahedral 24d sites, Ln occupies 24c 
sites, M occupies 16a sites, and O occupies 96h site. Li5 and Li7 
systems are called Li-stuffed structure, and the extra Li occu-
pies octahedral 48g  and distorted 96h sites. With the increase 
of Li content from 3 to 7, more Li occupies active octahedral 
48g  and 96h sites rather than inactive 24d sites, and the Li+ 
conductivity increases correspondingly. State-of-the-art, the 
ionic conductivity of garnets is on the order of 10−3–10−4 S cm−1, 
which is satisfied for ASSLBs. Fundamentally, Li+ transports 
along 24d-96h-48g-96h-24d route in Li7 structure. Therein, the 
tetrahedral 24d sites as the key points in the route, determine 
the bulk conductivity.[24–26] Therefore, any strategies tuning  
the Li+ concentration and Li+ dynamics at 24 sites, can improve 
the ionic conductivity. In addition, although garnets exhibit a 
better stability with environment than other electrolytes, slight 
side reactions still happen at the surface, typically examples 
are the formation of Li2CO3 and LiOH due to Li+/H+ exchange 
between garnet and moisture.[27–31] The detailed properties of 
garnet electrolytes were summarized in several reviews, and 
will not be specified here.[32–35]

However, the interfacial construction between garnets and 
electrodes (lithium metal and cathode materials) is challenging, 
which hampers the further development of garnet-based 
ASSLBs.[36] Moreover, even excellent interfaces are initially 
built, the interfacial degradation is likely to occur during 
charge–discharge process, such as inhomogeneous stripping 
and plating of lithium metal, volume change induced mechan-
ical separation in stiff cathode materials. Although there are 

several reviews related to the interfacial issues in ASSLBs, the 
specific discussion of interfacial problems for garnet-based 
ASSLBs is deficient.[37–43]

Herein, we reviewed the origin of interfacial resistance, 
strategies of reducing the interfacial resistance and interface 
evolution during cycling process for both anodic and cathodic 
interfaces, in order to shed light on interfacial construction in 
garnet-based ASSLBs.

2. Lithium/Garnet Interface

Lithium metal is expected as an ideal anode because of its high 
specific capacity (3860 mAh g−1) and low electrochemical poten-
tial (−3.04 V vs standard hydrogen electrode). However, this low 
electrochemical potential makes lithium unstable with most of 
the electrolytes. In addition, lithium dendrites seriously occur 
in lithium metal batteries, resulting in safety issues. Garnet 
electrolytes with wider electrochemical window (with passiva-
tion) and higher shear modulus, are promising in revival of 
lithium metal anode, thereby enhancing the energy density 
of ASSLBs.[44] Nevertheless, achieving fast interfacial kinetics, 
remaining interfacial stability and avoiding lithium dendrites 
during cycling are still challenging in the applications.

2.1. Chemical Stability with Lithium Metal Anode

Chemical stability with lithium metal needs special atten-
tion when choosing an SE for ASSLBs. Three types of Li/SE 
interface were classified by Wenzel et al.[45] a) Thermodynami-
cally stable interface. In this case, SEs are absolutely stable 

Figure 1.  Scheme of all-solid-state lithium batteries (ASSLBs). Showing the components and challenges in ASSLBs, including solid electrolyte (SE), 
interfaces between SE and Li metal, SE and cathode materials, and their degradation during charge–discharge process.
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with lithium metal, forming a sharp and clear 2D interface 
(Figure 2A). b) The second case is thermodynamically unstable 
interface, and chemical reaction occurs between SEs and 
lithium metal. If the newly formed interphases are partially 
electronically conductive, chemical reaction propagates into 
SEs, thereby reducing the bulk materials gradually. Once the 
SE is completely reduced and becomes a mixed conductor, 
short circuit happens (Figure 2B). c) In contrast to the second 
case, if the reaction products are electronically insulative or 
the electronic conductivity is low enough to limit the growth 
of the interphase, a stable 3D thin interface can be formed 
(Figure 2C).

Garnet-type electrolytes are firstly considered stable with 
lithium metal, judging from the changeless outward color 
when contacted with solid or molten Li foil.[46–49] However, 
judging from the color is limited because of its low sensitivity. 
Thereafter, high surface sensitive techniques were undertaken 
in order to characterize the chemical stability of Li metal with 
garnets. The results showed that the garnets are not absolutely 
stable with Li metal, and the side reactions are dependent 
on the garnet composition. Fingerle et  al. applied X-ray and 
ultraviolet photoelectron spectroscopy to study the stability of 
Li5La3Ta2O12 against Li after thermal deposition (Figure 3A).[50] 
Upon thermal treatment, the structure of Li5La3Ta2O12 

Figure 2.  Interfaces between lithium metal and SE. A) Thermodynamically stable interface. B) Reactive and mixed conducting interphase. C) Reactive 
and metastable solid-electrolyte interphase. Reproduced with permission.[45] Copyright 2015, Elsevier B.V.

Figure 3.  A–C) X-ray and ultraviolet photoelectron spectroscopy characterization of Li5La3Ta2O12 against Li. Reproduced with permission.[50] Copyright 2017,  
Elsevier B.V. D–F) Scanning transmission electron spectroscopy characterization of Li7La3Zr2O12 with Li. Reproduced with permission.[51] Copyright 2016,  
American Chemical Society.
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remained, and only trace of Li2CO3, Li2O2, and Li2O were 
observed (Figure  3B,C). Scanning transmission electron spec-
troscopy observed an ultrathin tetrahedral Li7La3Zr2O12 film 
between cubic Li7La3Zr2O12 and Li, due to the reduction of 
cubic Li7La3Zr2O12 by Li metal (Figure 3D–F).[51] The electroni-
cally insulative tetrahedral Li7La3Zr2O12 prevented the further 
reduction of cubic Li7La3Zr2O12, keeping the ultrathin film 
stable at ≈6  nm. Li7La2.75Ca0.25Zr1.75Nb0.25O12 showed a worse 
stability with Li metal, with surface decomposing into Li2O/
Li2O2, La2O3, Zr/ZrxO, Ca, Nb/Nbx, and bulk suffering from 
lattice expansion.[52] The Nb-doped garnets shows a worse sta-
bility than Ta-doped garnets, which is in agreement with the 
research results of Zhu et al.[53] In a brief, the possible reaction 
products between cubic garnets and Li metal are tetrahedral 
Li7La3Zr2O12, Zr/ZrxO, Ca, Nb/Nbx, or Li2CO3, Li2O2, Li2O, 
La2O3, which are composition dependent. Most importantly, all 
the possible products are electronically insulative, preventing 
the further reduction of the bulk garnets and making the garnet 
electrolytes suitable for ASSLBs.

2.2. The Origin of Interfacial Resistance

At the beginning, the large interfacial resistance between 
garnet and lithium metal is assumed to be intrinsic, until sur-
face Li2CO3 was found to be the key reason.[27,54,55] DFT calcula-
tion predicted that the interfacial work functions of adhesion 
to lithium are 0.10 J m−2, and 0.67 J m−2 for Li2CO3 and bare  
Li6.25Al0.25La3Zr2O12, respectively, corresponding to contact 
angles of 142° and 62° (Figure 4A,D).[56] The contact angle of Li/
LiOH interface is 125°, similar to Li/Li2CO3 interface. This indi-
cates that clean LLZO is lithiophilic intrinsically, and the large 
interfacial resistance arises from the surface contaminated 
Li2CO3 and LiOH. Experiments showed that larger Li2CO3 con-
tent on the surface of Li6.25Al0.25La3Zr2O12 yielded a larger inter-
facial resistance, demonstrating this prediction.[28] In addition, 
poor contact between Li metal and garnet electrolytes makes 
the effective contact area generally smaller than the apparent 
area, it is another reason for the large interfacial resistance 
(Figure  4B).[52,57] Moreover, the insulative products of side 

Figure 4.  Origin of Li/garnet interfacial resistance and the improving strategies. Origin of interfacial resistance from A) poor wettability of Li to surface 
impurities Li2CO3. Reproduced with permission.[56] Copyright 2017, American Chemical Society. B) Insufficient contact. C) Side reactions. D–F) Strate-
gies for reducing the interfacial resistance. Experiments results of strategies: G) surface cleaning by thermal treatment. Reproduced with permission.[56] 
Copyright 2017, American Chemical Society. H) External pressure. Reproduced with permission.[57] Copyright 2019, American Chemical Society. I) ALD 
coating of Al2O3. Reproduced with permission. [52] Copyright 2017, Springer Nature.
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reactions may also contribute to the large interfacial resistance 
(Figure  4C). The interfacial resistance arising from side reac-
tion is composition dependent, large interfacial resistance was 
only observed in Nb-doped Li7La3Zr2O12 system, while Al-and 
Ta-doped Li7La3Zr2O12 exhibited small interfacial resistances of 
100 and 50 Ω cm2, respectively.[52,53] This agrees with the sta-
bility of garnets with Li. Generally, Li2CO3 deriving from the 
instability of garnets against the air is considered as the major 
origin of interfacial resistance, poor interfacial contacts, and 
side reactions between garnets and Li contribute the interfacial 
resistance as well.

2.3. Strategies for Reducing the Interfacial Resistance

As previous discussion, the large interfacial resistance arises 
from the poor wettability due to Li2CO3 contamination, poor 
interfacial contacts, and side reactions. Therefore, efforts that 
increasing the wettability of Li, enhancing the interfacial con-
tacts and avoiding side reactions, are expected to reduce the 
interfacial resistance. These strategies include surface cleaning, 
lithium annealing,[58,59] external pressure,[60] and artificial inter-
layer. Therein, lithium annealing is always cooperated with 
other techniques in order to improve the effective contacts by 
softening/melting Li metal, thereby decreasing the interfacial 
resistance.[58,59]

2.3.1. Surface Cleaning

As Li2CO3 and LiOH is the major origin of the large interfacial 
resistance, surface cleaning can increase the contact angle of Li 
metal and LLZO up to 62° theoretically (Figure 4D). The strate-
gies of surface cleaning include: 1) Physical polishing. Physical 
polishing is the most convenient way to remove surface Li2CO3 
and LiOH. Physical polishing of Al-doped Li7La3Zr2O12 under 
Ar atmosphere without Li annealing, resulted an interfacial 
resistance of 109 Ω cm2.[27] 2) Chemical treatment. Researches 
applied dilute/weak acid to remove Li2CO3 by chemical reac-
tion, typical examples are HCl and H3PO3. After chemical 
treatment by HCl and H3PO3, the interfacial resistances were 
reduced to 26 and 7.0 Ω cm2, respectively.[61,62] However, the  
Li+/H+ exchange needs special attention and further study 
during this process. 3) Thermal decomposition. Thermal decom-
position of Li2CO3/LiOH is another way to achieve clear LLZO. 
LiOH is likely to decompose at a relatively low temperature. 
With the increase of annealing temperature, the LiOH content 
decreased, as well as the interfacial resistance. After annealing at 
500 °C, the contact angle to Li reduced to 95° and the interfacial 
resistance reached 2 Ω cm2 (Figure 4G).[56] Li2CO3 decomposi-
tion needs a higher temperature. After calcination at 900 °C for  
24 h, Li2CO3 decomposed, and a low interfacial resistance of  
49 Ω cm2 was achieved.[63] Introduction of reductive carbon 
decreased the decomposition temperature of Li2CO3 down to 
700 °C, resulting an interfacial resistance of 28 Ω cm2.[64] Interest-
ingly, Cheng et al. claimed that Li2CO3 can be removed at 250 °C 
in an inert atmosphere, taking the advantage of inverse reac-
tion of Li+/H+ exchange. This low calcination temperature was  
not reported in other researches, and an interfacial resistance 

of 178 Ω cm2 was achieved.[31] The different interfacial resist-
ance in researches might be due to the residual Li2CO3/LiOH 
content on the garnet surface, coming from the ability of each 
strategies in removing Li2CO3/LiOH. The detailed treatment 
and performance are listed in Table 1.

2.3.2. External Pressure

Unlike Li annealing, which increases the lithium fluidity at 
high temperature, external force accelerates Li creeping at 
room temperature, thereby facilitating Li to fill the gaps and 
increasing the effective contacts (Figure  4E). Theory of elec-
trical constriction resistance was applied to understand the 
relationship between the effective contact area and applied 
external load.[65] The interfacial resistance follows Equation (1), 
its value is dependent on the applied force, mechanical and 
electrical properties of the contacted materials.[60] Because the 
ionic conductivity of Li6.25Al0.25La3Zr2O12 is much lower than 
the electronic conductivity of Li metal, and the Vickers hard-
ness of Li (HLi  ≤ 5 MPa)  is much lower than that of garnet, 
the interfacial resistance is determined by the electrical proper-
ties of Li6.25Al0.25La3Zr2O12 and the plastic properties of Li. For 
a specific SE, the contact area and interfacial resistance is solely 
dominated by the Li deformation with external force. Figure 4H 
shows that with the increase of external force, the interfacial 
resistance between Li6.25Al0.25La3Zr2O12 and Li metal decreases 
continuously, and reaches nearly zero under 400 MPa[57]
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ρ π
σ
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Therein, ρ denotes the resistivity, σLi + denotes the ionic con-
ductivity of Li6.25Al0.25La3Zr2O12, F denotes the applied external 
force, and H denotes the Vickers Hardness. It should note that 
the equation is not applicable at a very high force.

2.3.3. Artificial Interlayer

Introduction of an artificial interlayer onto LLZO surface is a 
typical way, not only to increase the wettability of lithium metal, 
but also to avoid the possible side reactions between Li and 
garnets (Figure  4F). Two categories are summarized by their 
affecting mode. One group is materials that can form lithium 
alloys or Li-intercalated compounds. The typical examples are 
Au,[66] Ag,[67] Al,[68] Cu,[69] Ge,[70] Si,[71] and graphite[72–74] which 
can form Li/Au, Li/Ag, Li/Al, Li/Ge, Li/Si alloys, and lithiated 
graphite during the thermal annealing process. The alloying 
or lithiated process increased the wettability of Li and reduced 
the interfacial resistance to tens of ohms (Table  1). The other 
group is materials that can react with Li metal, therefore 
increasing the wettability of Li. The materials include Al2O3,[46] 
ZnO,[42] SnO2,[75] SnF2,[76] MoS2,[77] AgNO3,[78] Cu3N,[79] and 
Cu6Sn5.[80] They play a similar role in increasing the wettability, 
so here we take Al2O3 as an example. Han et al. introduced an 
ultrathin Al2O3 onto the surface of Li7la2.75Ca0.25Zr1.75Nb0.25O12 
by atomic layer deposition, then the Al2O3 was transformed 
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to LixAl2O3+x/2 (x  = 0.4 to 1.4) upon thermal treatment 
with Li metal. LixAl2O3+x/2 with a higher binding energy of 
6.0–11.4 eV nm−2 than that of 1.6 eV nm−2 for Li2CO3, increased 
the contact angle and decreased the interfacial resistance to 
1 Ω cm2 (Figure 4I).[52] The detailed treatment and performance 
are listed in Table 1.

In a short summary, the large interfacial resistance arises 
from the contamination of LiOH and Li2CO3 from the air, 
insufficient interfacial contacts and side reactions between Li 
metal and garnet electrolytes. The strategies, surface cleaning 
improved the wettability of garnet to Li, Li annealing and 
external pressure enhanced the effective interfacial contacts, 
artificial interlayer not only facilitated the wettability of Li to 
garnet but also avoided side reactions, these all reduced the 
interfacial resistance. In general, multimodal strategies are 
employed collaboratively for the best interfacial properties.

2.4. Lithium Stripping and Plating

Even though a good Li/garnet interface is initially built, its 
dynamic change during stripping and plating process is still 
inevitable, and is detrimental to the long-term cycling.[57,81] 

Therefore, the interfacial stability of Li/garnet during stripping 
and plating process needs special attention. Typically, in a sym-
metric Li/SE/Li cell, the overall interfacial resistance increased 
during stripping process and decreased during the subsequent 
plating process, the overall interfacial resistance increased with 
the following cycling (Figure  5A,B).[81] Wang et  al. employed 
Ni as reference electrode and decoupled the contribution of 
Li stripping electrode and Li plating electrode.[82] The results 
showed that the resistance evolution happened at the Li strip-
ping electrode, while the resistance of Li plating electrode kept 
constant. In addition, Janek and co-workers pointed out the 
stripping process can be denoted by Kroeger–Vink–Notation 
equation[57]

Li Li LLZO LLZO Li LiLi Li LiV e VX X( ) ( ) ( ) ( )↔ − ′  + ′ ++ + 	 (2)

During stripping process, when a Li+ passes through the 
Li/garnet interface from Li metal to garnets, an electron e′(Li), 
and a vacant site V X (Li)Li  are left in the lithium metal surface, and  
the Li+ occupies an available vacant site V ′ ++ (LLZO)Li  or an 
interstitial site in the garnet. These vacancies formed in Li 
metal can either annihilate after repeatable growth or diffuse 
from the interface into the bulk. Because the charge transfer 

Table 1.  Strategies of initial Li/garnet interfacial building and corresponding electrochemical performance.

Composition Strategies ASR [Ω cm2] j [mA cm−2] Li electrodeposit Reference

Garnet surface Li/LLZO interface [mAh cm−2]

Al-doped Li7La3Zr2O12 Surface polish Simple attach 109 0.046 0.092 [27]

Li6.25Ga0.25La3Zr2O12 900 °C, surface polish 350 °C, 10 min 49 0.3 0.075 [63]

Li6.4La3Zr1.4Ta0.6O12 HCl treatment 200 °C, 30 min 26 0.2 0.1 [61]

Li6.5La3Zr1.5Ta0.5O12 H3PO3 treatment 200 °C 7.0 0.5 0.25 [62]

Li6.25Al0.25La3Zr2O12 Wet polish, 500 °C annealing 175 °C, 12 h 2 0.2 0.1 [56]

Li6.5La3Zr1.5Ta0.5O12 Carbon, 700 °C annealing Simple attach 28 0.1 0.03 [64]

Al-doped Li7La3Zr2O12 250 °C, 12 h annealing. 0.2 MPa press 178 – – [31]

Li6.75La3Zr1.75Ta0.25O12 Surface polish 150 MPa press 20 – – [60]

Li6.25Al0.25La3Zr2O12 Surface polish 400 MPa press <1 0.1 1.2 [57]

Li6.6La3Zr1.6Ta0.4O12 Au coating 100 °C, 0.1 MPa, 5 h 190 0.08 ≈0.04 [66]

Li7La2.75Ca0.25Zr1.75Nb0.25O12 Ag coating 200 °C, 3980 Pa, 10 min 66 0.2 0.1 [67]

Li7La2.75Ca0.25Zr1.75Nb0.25O12 Al coating 200 °C ≈75 0.2 0.017 [68]

Li6.85La2.9Ca0.1Zr1.75Nb0.25O12 Ge coating 200 °C, 10 min 115 0.1 0.008 [70]

Li6.85La2.9Ca0.1Zr1.75Nb0.25O12 Si coating 200 °C, 20 min 127 0.2 0.003 [71]

Li7La2.75Ca0.25Zr1.75Nb0.25O12 ZnO coating 300 °C, 30 min 20 0.1 0.017 [48]

Li7La2.75Ca0.25Zr1.75Nb0.25O12 Al2O3 coating 250 °C, 0.26 psi, 1 h 1 0.2 0.1 [52]

Li5.9Al0.2La3Zr1.75W0.25O12 Graphite coating 210 °C, 0.5 h <20 0.3 0.3 [73]

Li5.9Al0.2La3Zr1.75W0.25O12 Graphite coating 210 °C, 0.5 h <20 0.5 3 [73]

Li6.5La3Zr1.5Ta0.5O12 Li-C paste 250 °C 11 0.8 0.4 [72]

Li6.4La3Zr1.4Ta0.6O12 SnO2 coating 200 °C, 1 h 25 0.2 0.1 [75]

Li6.75La3Zr1.75Ta0.25O12 SnF2 coating 280 °C, 2 min 21 0.05 0.025 [76]

Li6.5La3Zr1.5Ta0.5O12 MoS2 coating 100 °C, 2 h 14 0.2 0.1 [77]

Li6.5La3Zr1.5Ta0.5O12 AgNO3 220 °C, 2 min 4.5 0.5 0.25 [78]

Li7La2.75Ca0.25Zr1.75Nb0.25O12 Cu6Sn5 236 0.25 0.125 [80]
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resistance is quite small and the Li+ mobility in bulk garnets 
is very high, vacancy diffusion in Li metal dominates the 
interfacial dynamics when vacancy annihilation is excluded for 
simplicity. 1) If the diffusion coefficient of vacancies in Li metal 
is high enough, a dynamic balanced vacancy concentration 
at the interface will be established and the interface will keep 
morphologically stable. 2) If the applied current density exceeds 
this vacancy diffusion limit, the vacancies will supersaturate 

and accumulate to pores at the interface. Adatom diffusion 
along pore surfaces is typically faster than vacancy diffusion in 
bulk, pores will grow three-dimensionally.[57] The contact loss 
then results in an increase of interfacial resistance (Figure 5C). 
On the other hand, when the polarization is switched, the pores 
formed during Li stripping process will be partially filled up 
during the subsequent Li plating process. Therefore, the inter-
facial resistance decreases. After 1st cycle, the contact area of 

Figure 5.  Schematic illustration of the dynamic changes at the Li/garnets interface during repeated Li stripping/plating process. A) Evolution of poten-
tial and interfacial resistance during lithium dissolution and deposition. Reproduced with permission.[81] Copyright 2017, American Chemical Society. 
B) Impedance evolution after repeated cycles. Reproduced with permission.[81] Copyright 2017, American Chemical Society. C) Schematic illustration 
of the lithium transport and morphological evolution of the interface for a lithium metal electrode. Reproduced with permission.[57] Copyright 2019, 
American Chemical Society. Reproduced with permission.[81] Copyright 2017, American Chemical Society. D) The role of external pressure in maintaining 
the surface morphology. Reproduced with permission.[57] Copyright 2019, American Chemical Society. E) Schematic illustration of the lithium transport 
and morphological evolution of the interface for a Li–Mg alloy electrode. Reproduced with permission.[85] Copyright 2019, Wiley-VCH.
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interface becomes smaller than that at the beginning, and the 
overall interfacial resistance increases. The pores gradually 
accumulate at the interface during cycling, resulting in a con-
tinuous increase of interfacial resistance.

Clearly, the increase of interfacial resistance arises from 
the formation of voids at anode interface, when the flux of 
Li toward the interface from diffusion in the lithium metal 
is insufficient to replenish the flux of Li being dissolved and 
migrated through the LLZO electrolyte. Therefore, two direc-
tions are helpful to prevent the formation of voids at the inter-
face instead of sacrificing the current density. The first strategy 
is increasing the lithium creep. External pressure is in favor 
of lithium creep due to the plastic deformation of lithium 
metal, therefore preventing pore formation and stabilizing the 
interface during stripping process (Figure  5D).[57] Moreover, a 
higher external pressure, a higher creep rate of Li metal, and 
better interfacial stability.[82] However, high pressures in GPa 
range are expected to achieve stable current densities ranging 
to 10 mA cm−2, which will increase the weight and cost of bat-
teries. The second strategy is increasing the Li diffusion in 
anode. Compared to pure Li metal anode, Li-rich alloys exhib-
iting a higher Li+ diffusion coefficient, were applied to maintain 
the interfacial stability.[83–85] Moreover, Li-rich alloys exhibited a 
different kinetic limitation during stripping process compared 
to pure Li metal. Instead of the formation of the voids at the 
interface, the chemical diffusion of Li+ in alloy becomes the 

limitation process (Figure 5E). Therefore, external pressure will 
not maintain the interfacial kinetics. Instead, high temperature 
can greatly improve the diffusion kinetics of alloys, therefore 
maintaining the interfacial resistance.

2.5. Lithium Dendrite

SEs are expected to prevent lithium dendrite and to revive Li 
metal anode. According to Monroe model, SEs with a twice 
shear modulus of lithium metal can prevent the lithium den-
drites.[7] The garnet electrolytes with a shear modulus of 
≈60 GPa, are far than enough to prevent the lithium dendrite 
theoretically.[8] However, lithium dendrites are still observed in 
garnet-based cells when the current density reaches a critical 
value, causing the short circuit of batteries. The current density 
at and above which Li metal can propagate through the SE is 
defined as critical current density (CCD).[86] The short-circuit 
period decreased with the increased current density beyond 
the CCD.[87] Moreover, Han et  al. proposed that a necessary 
low potential in SE smaller than the lithium plating potential 
is required for lithium dendrite, as a supplementary prerequi-
site to CCD.[88] Morphologically, lithium dendrites were always 
observed at specific spots on garnet surface (Figure  6A), and 
preferentially existed along the cracks, open pores, and grain 
boundaries in bulk garnet (Figure  6B–D).[89–92] In addition, 

Figure 6.  Lithium dendrite in solid electrolyte. A) Optical image of lithium dendrite in garnet electrolyte. Reproduced with permission.[91] Copyright 2017,  
Elsevier B.V. The formation of lithium dendrite in B) cracks. Reproduced with permission.[91] Copyright 2017, Elsevier B.V. C) Pores. Reproduced  
with permission.[92] Copyright 2018, American Chemical Society. D) Grain boundaries. Reproduced with permission.[89] Copyright 2019, Elsevier Inc. 
Reproduced with permission.[91] Copyright 2017, Elsevier B.V.
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lithium dendrites also happened in a single crystal with pre-
existed cracks, indicating the lithium dendrite not only grow 
through the pores, cracks, grain boundaries, but also can pen-
etrate the grains.[93]

2.5.1. Growth Mechanism of Lithium Dendrite

The nucleation and growth mechanism of lithium dendrite 
should be highly correlated to plating process, but is still unclear. 
Two typical mechanisms are summarized, that is continuous 
root-growth mechanism and sporadic bulk-growth mechanism.

Continuous Root-Growth Mechanism: Continuous root-growth 
mechanism suggests Li nucleates at the Li/SE interface and 
penetrates through the SE. When lithium dendrite reaches the 

cathode side, the short circuit will happen. Lithium dendrite 
begins with nucleation at Li/SE interface. However, state-of-
the-art, two opinions dominate the lithium nucleation process.  
1) Based on local electrochemomechanical model, Raj and  
Wolfenstine predicted the nucleation occurs when (Figure 7A)[86]
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wherein j is current density, ρ is overall resistivity, ρd is matrix 
resistivity, d is crystallite size, d′ is the distance between grain 
boundary and lithium metal electrode, ΩLi is lithium density 
per volume, γ is normal strain, rc is the diameter of dendrites, 
σF is fracture stress of ceramics. The left hand is the electro-
chemo driving force of nucleation, while the right hand is the 

Figure 7.  Theoretical predication of nucleation and growth mechanism of lithium dendrite in solid electrolyte. Electrochemomechanical model for  
A) nucleation and B) growth of lithium dendrite in solid electrolyte. Reproduced with permission.[86] Copyright 2017, Elsevier B.V. C) Total density of 
states (TDOS) of Li7La3Zr2O12. D) Partial density of states (PDOS) of stoichiometric cubic Li7La3Zr2O12. Reproduced with permission.[99] Copyright 2018,  
Elsevier B.V.

Adv. Energy Mater. 2020, 10, 2001318



www.advenergymat.de

© 2020 Wiley-VCH GmbH2001318  (10 of 23)

www.advancedsciencenews.com

mechanical opposing force. The opposing force includes the 
surface energy to add a lithium embryo at the interface under 
compressive traction, and strain energy induced in the sur-
rounding matrix. Therefore, high conductivity (low ρ), large 
strain, and high fracture stress of ceramics are expected to 
prevent dendrite nucleation. 2) Wang et al. reported that slug-
gish Li0 transport is the reason for the lithium nucleation.[94] 
The lithium nucleation depends on the Li flux toward/away 
from the Li/SE interface. Therein, Li flux toward the interface is 
determined by the current density, Li flux away from the inter-
face is dominated by the Li diffusion and creep (assuming a 
nonzero stack pressure). On the one hand, at low current den-
sities, Li+ flux toward the interface is relatively small, Li° flux 
away from the interface is sufficiently fast to maintain a planar 
geometry. On the other hand, at high current densities, Li+ flux 
toward the interface is much larger than Li° flux away from the 
interface. Therefore, Li atoms plate on “nonplanar” sites and 
eventually produce Li0 pile-up.

Briefly, two opinions both agree that a critical current is 
required. Raj et  al. proposed this current density is used to 
overcome the mechanical opposing force of SE, and Wang et al. 
believed this current density should overwhelm the Li flux away 
from the interface. Furthermore, these nuclei or pile-ups are 
strongly affected by the surface geometry, they are preferen-
tially happened at the defect flaws, where the electric field is 
stronger.[95] In addition, the poor contact and impurity Li2CO3 
between Li metal and SE accelerate this localized plating.

After lithium dendrite nucleates at the interface, it will prop-
agate into the bulk SE upon further polarization. Theoretically, 
local current density will concentrate at the tip of protuberance 
(nuclei), denoted as jint, which will promote dendrite growth 
(Figure 7B).[86] According to St. Venant’ principle

j j
h

w
=int

	 (4)

wherein j is the average current density going through the elec-
trolyte, h is the distance of the tip from lithium surface, and w 
is the width of nuclei. Considering the back stress σF, which 
will hinder the dendrite growth, the overall potential should be

Li
int

int F Lie k j
h

w
µ σ∆ = − Ω∗ 	 (5)

wherein kint is the interfacial area specific resistance. For the 
incipient growth of lithium dendrite, it requires µ∆ >∗ 0Li

int . After 
the incipient growth, the opposing force should be determined 
by the fracture toughness, instead of fracture strength of the 
ceramic electrolytes.

According to Monroe model, SEs with a twice shear modulus 
of lithium metal can prevent the lithium dendrites. Two expla-
nations are summarized for the observed lithium dendrite. On 
the one hand, practical Li modulus is found to be higher than 
the theoretical one. The Young’s modulus of Li whiskers meas-
ured by Zhang et al. are between 2.7 and 21 GPa, and the yield 
strength ranges from 12.2 to 244 MPa, much higher than that of 
bulk polycrystalline Li.[96] On the other hand, grain boundaries, 
pores, and cracks exhibit a lower shear modulus than the per-
fect crystals. Molecular dynamics simulations performed on tile 
and twist boundaries revealed that the shear modulus of grain 
boundary is up to 50% smaller than that in bulk regions. These 

effects could arise from deviations in density and atomic struc-
ture near the grain boundaries.[97]

In a short summary, continuous root-growth mechanism 
suggests that lithium nucleation preferentially happens at the 
flaws at the Li/SE interface. The stress accumulation in lithium 
metal and surrounding SE causes cracks in SE. The lithium 
metal propagates along the cracks and fills up the empty spaces. 
The stress accumulates in the newly formed lithium metal 
again and causes the crack again. The process repeats until the 
lithium dendrite reaches the counter electrode, causing a short 
circuit. In addition, although Li nucleation preferentially hap-
pens at pores and flaws, Li may also accumulate near electrode/
grain boundaries junctions via interfacial diffusion/creeping 
away from the stiffer bulk regions. The lithium dendrite pene-
trates along the soft grain boundaries, cracks, and pores, where 
are energy preferable (Figure 8A).[97,98]

Sporadic Bulk-Plating Mechanism: Sporadic bulk-plating 
mechanism suggested that Li plating (nucleation) might 
happen in SE instead of at the Li/SE interface, and continuous 
Li plating are not necessary for the short circuit (Figure  8B). 
Two critical conditions have to be satisfied simultaneously: the 
presence of mobile electrons in SE, and a lower potential in SE 
than the Li plating potential. A higher electronic conductivity 
of SE results in a lower potential in SE, which will supply a 
larger driving force for dendrite formation.[88] Furthermore, 
the potential at local positions can fluctuate widely, dependent 
on the microstructure and composition heterogeneities in 
SE, especially at defects such as impurities, grain boundaries 
and pores. Based on density functional theory, Tian et  al. cal-
culated the total density of states of Li7La3Zr2O12 at interfaces 
and grain boundaries are different from that of the bulk. The 
nonstoichiometric surfaces of c-Li7La3Zr2O12 and t-Li7La3Zr2O12 
are electronic conductive since the Fermi levels have already 
moved into the conduction band (Figure  7C). Therefore, the 
surface state could trap external electrons because it does not 
connect with conduction bands. The partial density of state 
shows that the excess electrons locate around the La atoms. 
The Li+ is reduced by the electrons from the La and nucleates 
at the interfaces and grain boundaries (Figure 7D).[99] In addi-
tion, besides a higher electronic conductivity, the fracture stress 
should be lower at defects, thereby increasing the driving force 
and decreasing the opposing force. Therein, electronic conduc-
tivity is believed to play a more important role in lithium den-
drite compared to mechanical properties of SE.[100]

Despite the theoretical deduction, the experiment results 
on the nucleation and growth mechanism of lithium dendrite 
is still controversial. Kilner and co-workers applied operando 
optical spectroscopy to characterize the Li propagation in Ga-
doped Li7La3Zr2O12.[101] They directly observed the formation 
of transgranular cracks by lithium penetration, then the trans-
granular cracks were filled by new lithium dendrite, which 
caused the further cracks. The process repeated until short 
circuit (Figure 9A). Grey et  al. observed a continuous lithium 
growth in garnet-type Li6.5La3Zr1.5Ta0.5O12 via 7Li NMR chem-
ical shift imaging (Figure  9B).[89] These experiments support 
the continuous root-growth mechanism. Han et  al. applied 
neutron depth profiling to investigate the lithium distribu-
tion in SEs. They found that the lithium distributed uniformly 
in the bulk of Li6.4La3Zr1.4Ta0.6O12, Li3PS4, and LiPON from 
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the lithium metal to cathode side (Figure  9C). Furthermore, 
CCD of Li6.4La3Zr1.4Ta0.6O12 and Li3PS4 were 50 mm cm−2 
and 120 µA cm−2, while no short circuit happened below 
300 µA cm−2 in LiPON, showing an opposite trend to their elec-
tronic conductivity.[88] Song et  al. increased the CCD by intro-
duction of an electronic insulative glass fiber wetted by organic 
electrolyte, due to the cut off of the electronic conduction.[102] 
These results support the sporadic bulk-plating mechanism.

Briefly, continuous root-growth mechanism suggests Li 
nucleates at the anode interface, and penetrates through the SE 
to cathode side continuously. The driving force is highly cor-
relative to the external current density and the Li/LLZO inter-
facial properties. By contrast, sporadic bulk-plating mechanism 
suggests Li nucleation happens in SE, and continuous den-
drite is not necessary for the short circuit. The driving force 
is dependent on the external potential and intrinsic electronic 
properties of SE. Although the nucleation process is contro-
versial, two mechanisms both agree that the opposing force 
is related to the mechanical properties of SE. The open pores, 
cracks, and grain boundaries with lower fracture stress and 
smaller opposing force, are preferential for lithium dendrite.

2.5.2. The Factors Affecting the CCD

The CCD, representing the ability of SE preventing the lithium 
dendrite, is an important parameter for practical applica-
tion, and typically 10  mA cm−2 is required. Many factors that 
affecting either the driving force, or the opposing force of 

nucleation and growth, will affect the CCD of lithium dendrite. 
However, the reasons are not quite clear because of the contro-
versial nucleation and growth mechanism of lithium dendrite.

Interfacial Microstructure: The interfacial microstructure 
affects the CCD via controlling the current distribution and Li 
plating. Typically, the insufficient contact and poor wettability 
between Li metal and SE would cause uneven current distribu-
tion and Li plating, thereby accelerating the lithium dendrite 
and decreasing the CCD. Usually, intimate interfacial contact 
could yield a small interfacial resistance. Therefore, interfacial 
resistance could be a valuable parameter to estimate the effec-
tive contact. Most results support low interfacial resistance is 
in favor of Li dendrite free, and typical strategies reducing the 
interfacial resistance as discussed above can increase the CCD.

Therein, two groups of the strategies can be summarized by 
their contribution. 1) The intimate and clear interface. In this 
case, a larger effective contact area results in small interfacial 
resistance and even current distribution, thereby increasing the 
CCD. Typical examples, such as physical polishing to remove 
the contaminated Li2CO3,[28] thermal-treatment,[81,103] external 
pressure,[95] composition tuning,[104] are demonstrated to 
increase the CCD. 2) The intimate interface with an artificial 
interlayer. The first role of artificial interlayer is improving the 
lithium wettability and increase interfacial contact. A typical 
example is Au deposition, which improved the contact between 
Li6.6La3Zr1.6Ta0.4O12 and Li metal (Figure 10A) and dramatically 
reduced the interfacial resistance, resulting in short-circuit free 
when operation at a current density of 0.5  mA cm−2.[66] The 
second role of artificial interlayer is to be a current collector, 

Figure 8.  Schematic illustration of lithium dendrite mechanism in polycrystalline electrolyte. A) Continuous root-growth mechanism. B) Sporadic 
bulk-growth mechanism.
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which affects the Li nucleation and regulates the interfacial 
kinetics. Kim et al. and Krauskopf et al. separately studied the 
role of current collector by surface coating or attaching. They 
both found the interfacial kinetics should be modified by com-
position of current collector/coating layer.[95,105] Unlike for-
mation of lithium protrusion at the defects using Li metal as 
current collector, it formed a lithium alloy when using metal 
as a current collector. Thereafter, Li rapidly diffused laterally 
from the defects to other regions because of chemical potential 
gradient of Li within alloys, converting the whole current col-
lector into a lithium rich alloy. The lithium began to nucleate 
from the lithium rich alloy phase when the lithium concentra-
tion becomes critical or oversaturated. In this way, the lithium 

plating behavior is changed by the distinct nucleation, and its 
kinetics is dependent on alloying properties of metal materials, 
following Ag > Au > Cu.[95] The third role of the artificial layer 
is filling out the defects and preventing the lithium dendrite. 
Wu et al. filled the nano Si into the pores and cracks on the sur-
face of Li6.1Ga0.3La3Zr2O12, the filled Si reacted with the lithium 
dendrite reversibly during plating and stripping process, pre-
venting the lithium dendrites (Figure  10A).[106] However, 
Ishiguro et  al. revealed higher interfacial resistance is in 
favor of long short-circuit period in the Ta-doped Li7La3Zr2O12 
system. They believed that the grain boundaries phase at the 
Li/SE surface prevented the Li nucleation, although they con-
tributed extra interfacial resistance.[60]

Figure 9.  Experimental demonstration of lithium dendrite in garnet. A) In situ optical observation of lithium dendrite growth. Reproduced with permis-
sion.[101] Copyright 2018, Elsevier B.V. B) In situ observation of lithium dendrite by nuclear magnetic image. Reproduced with permission.[90] Copyright 2019,  
American Chemical Society. C) Illustration of set-up and Li concentration profile from neutron depth profile. Reproduced with permission.[88] Copyright 2019, 
Springer Nature.

Adv. Energy Mater. 2020, 10, 2001318



www.advenergymat.de

© 2020 Wiley-VCH GmbH2001318  (13 of 23)

www.advancedsciencenews.com

Temperature: High temperature can increase the CCD, and it 
is in favor of lithium dendrite prevention. Sharafi et al. studied 
the effect of temperature on CCD density of Li7La3Zr2O12.[59] 
The CCD increased with the test temperature, from 50 µA cm−1 
to 14 mA cm−2, as the temperature increased from 30 to 160 °C  
(Figure  10B). In addition, the CCD increased more obviously 
when the temperature reached the melting point. The contin-
uous root-growth mechanism indicates that both Li0 diffusion 
coefficient and creep rate increase with the increase of tem-
perature, they decrease the driving force, thereby increasing 
the CCD. Sporadic bulk-plating mechanism suggests that the 
ionic conductivity of SE increases and the interfacial resist-
ance decreases with the increase of temperature, they lead to 
a decreased overpotential in SE, thereby reducing the driving 
force and increasing the CCD.

Porosity: At first glance, high porosity should facilitate the 
lithium dendrite and decrease the CCD, as the lithium den-
drite is likely to nucleate and grow in the pores. Ren et  al. 
adjusted the relative density of Al-doped Li6.75La3Zr1.75Ta0.25O12 
by tuning the sintering temperature from 1050 to 1150 °C.[107] 
The results were consistent with the assumption that SEs 
with higher relative density exhibit longer short-circuit period. 
Lu et  al. found the same trend with relative density in 
Li6.5La3Zr1.5Ta0.5O12 when using Al4Li9 anode.[83] However, fur-
ther dedications found that the CCD is not simply monotonous 
related to the relative density. Hatzell and co-workers[108] 
tuned the relative density of Li7La3Zr2O12 by adjusting the sin-
tering temperature. Surprisingly, the CCD decreased with the 
increased relative density, which is in contrary to Ren’s results. 

X-ray tomography revealed that the large and connected pores, 
rather than small isolated pores, contributed to the lithium 
dendrites (Figure  10C). Although the further work of Ren 
et  al. found the CCD increased with the relative density and 
decreased grain size in Ta-doped Li7La3Zr2O12, they agreed that 
the microstructure of the sintered body plays a more essential 
role in lithium dendrite prevention compared to the porosity 
alone.[109]

Shear Modulus: Despite of nucleation and growth mecha-
nism, the compressive stress in SEs is considered as the major 
opposing force to nucleation and growth of lithium dendrite. 
The SEs with high shear modulus is expected to supply higher 
opposing force and increase the CCD.[7,86,89] However, the exper-
iments did not show the inevitable relationship between shear 
modulus and CCD. Sharafi et al. prepared Li6.25Al0.25La3Zr2O12 
by hot-pressing method and tuned the hardness via adjusting 
the calcination temperature. The CCD did not change with 
decreasing hardness (Figure  10D). Therefore, Sharafi et  al. 
believed that Monroe model is not applicable to the polycrystal-
line Li6.25Al0.25La3Zr2O12.[110] In addition, comparing LLZO and 
Li3PS4, LLZO with a higher shear modulus exhibited a smaller 
CCD than that of Li3PS4, indicating the effect of shear modus to 
CCD is limited.[100]

Grain and Grain Boundary: Grain boundary plays an impor-
tant role in lithium dendrite growth, as lithium nucleation and 
growth are related to the properties of grain boundary. The 
grain and grain boundary are highly related in the bulk SE, and 
their affects to the CCD are discussed in this section. However, 
the results are controversial.

Figure 10.  Extrinsic and intrinsic affecting factors on determining CCD. A) Li/SE interface. Reproduced with permission.[66] Copyright 2016, American  
Chemical Society. Reproduced with permission.[106] Copyright 2018, Royal Society of Chemistry. B) Temperature. Reproduced with permission.[59]  
Copyright 2016, Elsevier B.V. C) Porosity. Reproduced with permission.[108] Copyright 2019, American Chemical Society. D) Grain size and shear modulus 
of SEs. Reproduced with permission.[110] Copyright 2017, Royal Society of Chemistry. E) Grain boundary. Reproduced with permission.[114] Copyright 
2017, Elsevier B.V.
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1)	 The number of grain boundaries. Theoretically, grain bound-
aries supply higher driving force and lower opposing force, 
therefore decreasing the CCD. Based on sporadic plating 
mechanism, Tian et al. pointed that the SEs with a finer grain 
size or higher volumetric percentage internal defect surface 
had a higher probability of isolated lithium nucleation.[100] 
Experimentally, hot-pressed Li6.25Al0.25La3Zr2O12 with larger 
grain size and smaller number of grain boundaries per unit 
area exhibited larger CCD, because of reduced number of 
possible failure points (Figure 10D).[110] However, this obser-
vation is contrary to Ren’s and Cheng’s results, that the small 
particles contributed to high CCD.[107,111] In their report, small 
particles yielded a small interfacial resistance, making the 
grain boundary not the only parameter that affects the CCD.

2)	 Electrical properties of grain boundary. First, high ionic 
conductivity can reduce the driving force of lithium nuclea-
tion based on electrochemomechanical model, thereby 
increasing the CCD.[86] Most experiments demonstrated 
that high grain boundary conductivity is in favor of CCD. 
Cheng et al. showed that garnet electrolyte with higher grain 
boundary conductivity achieved by small particle construc-
tion can enlonger short-circuit period compared to that with 
smaller grain boundary conductivity.[111] Sudo et al. revealed 
a similar phenomenon in Al2O3 contained Li7La3Zr2O12. The 
composition with highest grain boundary conductivity exhib-
ited the longest period before short circuit.[104] Although 
Pesci et  al. revealed that Al dopant segregated at the grain 
boundaries and facilitated the nucleation and propagation 
of dendrites in Li6.55Al0.15La3Zr2O12, resulting in a current 
density of 0.1  mA cm−2.[112] Their observation still agreed 
that the high grain boundary conductivity can help to pre-
vent lithium dendrite. In their report, Li6.55Ga0.15La3Zr2O12 
displayed a critical current density of 60% higher than that 
of Li6.55Al0.15La3Zr2O12, because of clear grain boundary 
and higher Li+ conductivity of the grain boundaries in 
Li6.55Ga0.15La3Zr2O12.[113] However, Ishiguro et  al. revealed 
that short-circuit period increased with the increase of 
grain boundary resistivity in Ta-doped Li7La3Zr2O12 system,  
which is contrast to the above results. They believed 
that low grain boundary conductivity slowed down the 
lithium dendrite growth, since the lithium dendrite 
grew through grain boundaries.[60] Second, higher elec-
tronic conductivity at grain boundaries decreases the 
required overpotential for lithium nucleation, therefore 
accelerating lithium dendrite and decreasing the CCD 
based on the sporadic plating mechanism. Song et al. intro-
duced a thin layer of LiAlO2 onto the grain boundaries of 
Li7La2.75Ca0.25Zr1.75Nb0.25O12 and increased the CCD, they 
suggested the reduced electronic conductivity at grain 
boundary should be the key reason.[102]

3)	 Microstructure of grain boundaries. Based on both continu-
ous root-growth mechanism and sporadic bulk-plating mech-
anism, fracture strength of SE supplies the major opposing 
resistance to lithium dendrite. Basappa et  al. introduced 
Li2CO3 and LiOH into Li6.5La3Zr1.5Ta0.5O12 before sintering 
in order to modify the grain boundaries.[114] It is found that 
these Li2CO3 and LiOH not only filled out pores but also  
facilitated sintering. The modified garnets suppressed the 
dendrite growth along the grain boundaries and increased 

the CCD (Figure  10E). In addition, Xu et  al. introduced 
Li3PO4 into the Li6.5La3Zr1.5Ta0.5O12 along the grain bounda-
ries. Li3PO4 reacted with fresh lithium dendrite and formed 
Li3P, thereby suppressing the lithium dendrite growth and 
extending the short-circuit period.[115]

Although many efforts were made in order to reveal the 
individual contributions of interfacial structure, porosity, shear 
modulus, grain size, and grain boundary to lithium dendrite, 
the results have not come to an agreement. The major reason is 
the challenges in single variant control. The above variants are 
highly correlated with each other in SE. Even though, intimate 
Li/SE interface, well-sintered SEs with less connected pores, 
high ionic conductivity, and low electronic conductivity should 
be helpful in preventing lithium dendrite.

3. Cathode/Garnet Interface

Composite cathode containing cathode materials and SEs, is 
widely used in bulk-type ASSLBs. Different from the lithium/
garnet interface, cathode/garnet interfaces include the interface 
within the composite cathode, and interface between cathode 
layer and garnet layer. Therefore, both the interfaces within  
the composite cathode and between the composite cathode 
layer and garnet layer are important. In addition, due to stiff 
nature of both cathode and SE, the interfacial engineering 
and interfacial phenomenon during cycling are much more  
different and complex.

3.1. Composition Optimization

For composite cathode, sufficient ionic and electronic conduc-
tion are required for electrochemical reaction. Bielefeld et  al. 
applied percolation theory to study the individual contribution 
of composition, porosity, particle size, and electrode thickness to 
conduction.[116] They pointed out that the cathode materials con-
tributed to electronic conduction, and SEs contributed to ionic 
conduction. An optimized composition range was 69–79 vol%  
of cathode material based on this pure microstructure model, 
in which no material characteristics except for particle’s shape, 
size and overlap behavior were considered. Small particle size 
of cathode materials is desirable in terms of electronic conduc-
tion because they offer higher active surface areas and possi-
bility to form percolating electronic clusters. In addition, small 
porosity is favorable in terms of conduction pathway, which 
leads to the necessity of manufacturing low porous electrodes.

3.2. Origin of Interfacial Resistance

Besides the composition optimization, interfacial building 
is another challenge. The interfacial resistance of composite 
cathode comes from insufficient particle contact, lattice mis-
match, side reactions, and space charge effect (Figure  11). 
Space charge effect is significant in sulfide-based ASSLB, 
and its effect is limited in oxide-based ones when using oxide 
cathodes.[117–119]
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3.2.1. Insufficient Particle Contact

Construction of cathode/SE interface is challenging because 
of solid–solid contact between cathodes and SEs. The 
gaps between cathode and SE block the lithium migration 
(Figure  11A). Broek et  al. built a Li6.25Al0.25La3Zr2O12 bilayer 
with one porous layer and one dense layer.[120] Although the 
contact areas were greatly increased because of 3D design, the 
interfacial resistance was still as high as 10 kΩ. Consequently, 
this 3D composite electrode exhibited a low specific capacity 
of 15 mAh g−1, when it was operated at 95 °C. This means the 
simple loading of active materials onto SEs could not build an 
effective conduction due to insufficient particle contact at micro 
level. Two typical ways are effective in improving the particle 
contact and densification, i.e., higher pressure to increase the 
physical contact and remove the voids, and thermal annealing 
to fabricate the binding between particles by partial melting. 
Unlike relatively soft sulfide SE, high pressure is not applicable 
for stiff LLZO to improve physical contact because of the afraid 
of fracture. Instead, thermal treatment is generally employed 
in munufacturing cathode/garnet interface. Therefore, thermal 
stability between cathodes and SEs should be considered.

3.2.2. Thermal Reactions

Side reactions always happen in composite cathode between 
cathode and SE, including chemical reactions, electrochemical 
reactions and thermal reactions. The insulative reaction prod-
ucts exist between the particles, hindering the Li+ migration 
and introducing the extra interfacial resistance (Figure  11B). 
Thermal stability between cathode materials and garnet elec-
trolytes is the prerequisite for thermal treatment. However, the 
absolute stability is hard to achieve. LiCoO2 as cathode material 
is always used in ASSLBs, because of its high energy density 
and simple composition. The thermal reactions surely exist but 
the results are slightly different. Until now, three onset tem-
peratures of thermal reaction were reported, i.e., 500, 700, and 
1085 °C. Vardar et al. reported the LiCoO2 reacted with Al-doped 

Li7La3Zr2O12 at 500 °C, forming Li2CO3, LaCoO3, and La3Zr2O7. 
The interfacial resistance increased up to eight times than that 
of the as-deposited samples.[121] Park et  al. predicted that upon 
heating the bilayer of LiCoO2 and Li6.02Al0.2La3Zr2O12 at 700 °C, a 
mutual diffusion as the interface was observed, resulting in a tet-
rahedral garnet phase due to Al diffusion.[122] Thermal character-
ization exhibited a small exothermal peak at about 700 °C and a 
large exothermal peak at 1085 °C upon calciantion of LiCoO2 and  
Li6.6La3Zr1.6Ta0.4O12.[123] Due to the relatively low sensitivity 
of XRD technique, the reaction at ≈700 °C is too gentle to be 
observed. XRD results revealed that severe phase reaction did not 
happen until 1085 °C, therafter, the impurites LaCoO3, Li2CoZrO4, 
and Li3Zr0.18Ta0.82O4 were formed. Furthermore, a more com-
plex layered system Li(NiCoMn)1/3O2 showed a worse thermal 
stability against LLZO. When sintered with LLZO at 600 °C,  
the Li tended to diffuse from the interface to Li(NiCoMn)1/3O2 to 
occupy the Ni vacancy, induced the decomposition of LLZO and 
the formation of La2Zr2O7 and LaNiO3 interfacial layer.[124] The 
decomposition of cathode, LLZO and formmation of insulative 
impurities impede the Li+ migration in cathode composite.

3.2.3. Lattice Mismatch

Lattice mismatch exists in polycrystals, and the typical one is 
the grain boundary resistance. In composite cathode, due to 
the different lattice parameter and lattice orientation of com-
ponents, lattice mismatch exists and hinders the Li+ migration 
between grains (Figure 11C).

3.3. Postheat Treatment Method

3.3.1. Direct Thermal Annealing

Although thermal reaction could not be avoided, direct thermal 
annealing is still a typical and relative easy way for mate-
rials densification and binding by partial meling, therefore 
increasing the particle contact in microlevel. In afraid of thermal 

Figure 11.  Origin of interfacial resistance in cathode composite. A) Insufficient particle contact. B) Side reactions. C) Lattice mismatch.
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reaction, thermal annealing is always undertaken at relatively 
low temperatures. Simply cosintering of LiCoO2/garnets exhib-
ited a good physical binding, thus yielding a discharge capacity 
of 35 mAh g−1 (Figure  12A).[122,125] Combination of 3D design 
and thermal treatment was employed to improve the contact 
area and Li kinetics at the interface, in order to enable ASSLB. 
Ren et al. prepared a bilayer Al-contained Li6.75La3Zr1.75Ta0.25O12 
pellet with one porous layer and on dense layer.[126] The LiCoO2 
solution was loaded into the porous layer by sol–gel method, 
and calcined at 600 °C to form the crystal LiCoO2. However, 
the specific discharge capacity was still low, about 17 mAh g−1 
when operated at 80 °C under a current density of 6.4 µA cm−2 
(0.016 C). The poor electrochemical performance might be due 

to the large interfacial resistance, about 10 kΩ cm2. Wakayama 
and Kawai used a self-assembled block copolymer (BCP) struc-
ture as a template, the precursor for the cathode materials 
LiCoO2 and garnet electrolyte Li7La3Zr2O12 were introduced 
and calcined at 750 °C in order to remove the BCP template 
and crystallize LiCoO2 and Li7La3Zr2O12.[127] The nanostructured 
LiCoO2 and Li7La3Zr2O12 composite cathode with the thickness 
of 25 µm was constructed, while the LiCoO2 and Li7La3Zr2O12 
were distributed homogeneously in the composite cathode. The 
obtained nanocomposite cathode, was constructed with poly-
ethylene oxide doped with lithium bis(trifluoromethylsulfonyl)
imide as separator. The composite cathode exhibited a specific 
discharge capacity of ≈135 mAh g−1 at the rate of 0.02 C, which 

Figure 12.  Interfacial engineering for solid-state cathode. A) Surface engineering between LiCoO2 and garnet-type SEs. Reproduced with permission.[122] 
Copyright 2016, American Chemical Society. B) The electrochemical performance of ASSLBs using Li3BO3 as sintering additive and buffer layer. Repro-
duced with permission.[132] Copyright 2018, Elsevier B.V. C) Advanced sintering method (SPS) in constructing composite cathode and sandwich ASSLB. 
Reproduced with permission.[135] Copyright 2014, Elsevier B.V. Reproduced with permission.[136] Copyright 2017, Elsevier B.V.
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might be due to the 3D conducting pathway. However, the 
interfacial resistance is still high, about 10 kΩ, resulting in a 
poor rate performance. Although 3D design increased the con-
tact area, it accelerated the thermal reactions during annealing 
process at the same time.

3.3.2. Sintering Additive

Due to the high melting points (>1000 °C) of both garnets 
and cathode materials, direct thermal annealing of garnets 
and cathode materials is challenging in achieving excel-
lent physical binding as well as avoiding chemical reaction, 
as discussed above. Increase of annealing temperature for 
better binding is not feasible because of accelerated thermal 
reactions at higher temperatures. Therefore, introduction 
of sintering additive during annealing process, not only can 
lower the annealing temperature, but also can mitigate the 
thermal reaction by avoiding the direct contact between cath-
odes and SEs.

The sintering additive used in cathode composite should 
exhibit low melting point, good stability with cathode and 
SE, high electronic conductivity, and/or ionic conductivity. 
Li3BO3 is a typical sintering aid used in oxide electrolyte, due 
to its relatively low melting point of ≈700 °C and moderate 
ionic conductivity of 2 × 10−6 S cm−1.[128] Therefore, Li3BO3 
plays roles as both SE and sintering aid. The single addi-
tion of Li3BO3 into the cathode as the SE exhibited a specific 
capacity of 0.6 mAh g−1.[129] Ohta et al. applied Li3BO3 as both 
SEs and binding materials in electrode layer, the electrode 
layer was coated on the surface of Li6.25La3Zr1.75Nb0.25O12 
pellet by screen printing process, and postheat treated at 
700 °C.[130] The constructed cathode/SE exhibited a total 
interfacial resistance of 230 Ω cm2. The low interfacial resist-
ance enabled the ASSLBs exhibiting a specific capacity of 
85 mAh g−1, keeping stable within 5 cycles at a rate of 0.05 C  
(10 µA cm−2). The low interfacial resistance and good elec-
trochemical properties of the ASSLB arisen from the good 
binding/contact between LiCoO2 and Li6.25La3Zr1.75Nb0.25O12 
with the aid of Li3BO3. In the same way, Park et  al. cosin-
tered a mixture of LiCoO2 and Li3BO3 on the surface of 
Li6.02Al0.2La3Zr2O12 pellet, exhibiting a good electrochem-
ical performance. The specific discharge capacity was 
67.2 mAh g−1 and kept stable within 10 cycles.[122] It is pro-
posed that the Li3BO3 not only enhanced the physical binding 
between LiCoO2 and Li6.02Al0.2La3Zr2O12, but also prevented 
the chemical interaction by obstructing the direct contact 
between LiCoO2 and Li6.02Al0.2La3Zr2O12 (Figure 12A).

Introduction of high conductive Li6.8La2.95Ca0.05Zr1.75Nb0.25O12  
particles in cathode composite can enhance the Li+ migra-
tion. In this case, Li3BO3 plays a role more like a binder 
rather than electroltye.[131] The mixture of LiCoO2, 
Li3BO3, Li6.8La2.95Ca0.05Zr1.75Nb0.25O12 with a ratio of 
42:35:23 (wt%) was pressed on the top of obtained  
Li6.8La2.95Ca0.05Zr1.75Nb0.25O12 pellet (1 mm),  and cosintered 
at 790 °C. The obtained cell exhibited specific charge and dis-
charge capacities of 98 and 78 mAh g−1. Li2CO3 is generally 
formed on the surface of LiCoO2 and garnets during storage, 
and it is dentrimental to the interfacial properteis. In addition, 

Li3BO3 is likely to react with Li2CO3, forming a solid solution 
Li2+xC1-xBxO3. Han et al. ingeniously built the interface of the 
composite cathode by utilizing the reaction between Li2CO3 
and Li3BO3. The constructed ASSLB exhibited a specific 
capacity of 94 mAh g−1 at 25 °C, with a good cycling perfor-
mance (Figure 12B).[132]

In addition, the electrochemical perforamcne of ASSLBs are 
also limited by the slow electron migration. Liu et  al. added 
In2O5Sn electronic conductive in complementary to the cathode 
materials, and Li3BO3 palyed roles as both SE and binder.[133] The 
fabricated ASSLBs exhited a discharge capacity of 101 mAh g−1  
at a current density of 5 µA cm−2. However, with the increase 
of cathode loading and thickness of cathode composite, the spe-
cific capacity decreased obviously due to the larger interfacial 
resistance in cathode composite.

Typically, introduction of sintering addtives can greatly 
improve the sinterability of composite cathode than direct 
thermal annealing. However, it is in an urgent need of a sin-
tering additive with low melting point, high ionic conductivity, 
high electronic conductivity, strong binding ability, and good 
plasticity.

3.3.3. Spark Plasma Sintering

Spark plasma sintering (SPS), also known as field assisted sin-
tering technique or pulsed electric current sitnering, is a fast 
sintering technique that can densify the powder compact near 
the theoretical density at lower sintering temperature com-
pared to the convertional sitnering techniques.[134] In addtion, 
the internal heat generation mode facilates a very high heating 
and colling rate. Therefore, the sintering process is fast and 
the thermal reactions could be greatly alleviated.[135] Woo et al. 
employed SPS to construct the cathode composite.[136] Cathode 
materials LiCoO2, SE (Li5La3Ta2O12), and multiwall carbon 
nanotube (MWCNT) as electronic additive were mixed togen-
ther and sinteried. The optimized compostion (32:65:3) and 
sintering temperature (600–800 °C) were chosen for getting a 
continuous Li+ and electron pathway and avoiding the reduc-
tion of LiCoO2 by MWCNT. The cathode composite exhibited a 
specific discharge capacity of 91.96 mAh g−1 at a current density 
of 0.05 C when tested in liquid electrolyte. Amouphous LiPON 
was sputtered onto the top of composite cathode, in order to 
replace the applied liquid electrolyes. Then Li metal was depos-
ited on the surface LiPON. The specific discharge capacity 
greatly droped to 0.3 mAh cm−2 at a current density of 0.05 C, 
when operated at 80 °C. The performance was mainly limited 
by the large ionic polariztion, which might be due to the low 
ionic conductivity of Li5La3Ta2O12, LiPON, and thick composite 
cathode (≈170 µm) (Figure 12C).

The bulk-type ASSLBs showed a much lower specific 
capacity than that of liquid batteries. The electrochemcial per-
formance is limited not only by moderate lithium diffusitivity at 
the cathode/electrolyte interface, but also in the SE if sintering 
additive is added. In addition, the thermal stability of composite 
cathode, including cathode materials, garnet electrolytes, elec-
tronic additive as well as sintering aids, needs special attention. 
The reported electrochemical performances of garnet-based 
ASSLBs are summarized in Table 2.
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3.4. Strain Accumulation and Mechanical Degradation  
during Cycling

The mechanical degradation is a serious issue in ASSLBs, 
as both electrode materials (nonlithium) and SEs are stiff 
in nature.[137] For most electrodes, the volume change 
will take place during lithiation and delithiation process 
(Figure 13A).[138] During lithiation process, the active material 
undergone crystal expansion. Mechanical degradation of SEs 
was caused by intercalation-induced expansion of electrode 
particles, within the constrain of a dense solid-state electrode. 
Bucci et al. studied the effects of materials properties to frac-
ture by implementing a coupled electrochemomechanical 
model. As the particle stress-free strain increases, compres-
sive stress develops in most of the microstructure. However, 
a few regions in proximity of the particles corner suffer from 
tensile stress (brown regions in the right contour plot in 
Figure 13B). This tension grows until large enough to initiate 
fractures in SE matrix, which is stage I. Thereafter, the cracks 
(marked with black lines) propagate in SEs at an approxi-
mately constant rate (stage II). Finally, the cracks propagate 
at a decreasing rate up to saturation. The propagation rate is 
highly dependent on the electrolyte elastic properties. A more 
compliant SE trends to deform more in the form of stretching 
and shearing in response to the volume change of electrode 
particles. An SE with stiffness closer to that of the active mate-
rials tends to develop higher compressive stress, but undergo 
lower tension. This results show that crack nucleation is 
delayed in tough SEs. The propagation rate and the final exten-
sion of cracks also decrease with the increasing SE stiffness 
(Figure  13C).[139] In composite electrode, SEs are responsible 
for binding active materials and establishing Li+ conduc-
tions. However, the formation of microcracks within SEs are 
inevitable, resulting in a reduced effective lithium diffusivity 
and electrochemical performance (Figure  13D).[140] The in 
situ EIS indicated the change of interfacial resistance during 
charge and discharge process, while the bulk resistance of SE 
kept constant (Figure 13E). In addition, the microcracks were 
observed in composite cathode after cycles, demonstrating the 
above deductions (Figure 13F).[121,141–143]

As expected, the volume change of electrode materials induces 
the stress accumulation in SEs, and initiates the cracks. Actu-
ally, the composite cathode/garnet interfacial phenomenon is 
complex during cycling process. The interfacial phenomenon 
between cathode layer and garnet layer is different from which 
within composite electrodes. Even within composite cathodes, 
the structural changes are depth dependent. However, the current 
researches have not distinguished the structural evolution within 
the composite cathode and between the composite cathode layer 
and garnet layer. Assuming Li+ diffusion is the rate-limited step 
in composite cathode, the electrochemical reaction should pref-
erentially happen near the garnet side, then propagates into the 
composite cathode toward the current collector side. Therefore, 
it is reasonable to believe that the composite cathode near the 
garnet side exhibits a deeper charge–discharge, a larger volume 
change and a larger stress accumulation, resulting in a more 
serious mechanical degradation. The mechanical degradation is 
depth dependent and alleviated toward the current collector side. 
If electronic conduction is the rate-limited step in composite 
cathode, the mechanical degradation shows a contrary trend and 
is alleviated toward the garnet layer side. In addition, the overall 
volume change of composite cathode arising from the accumula-
tion of individual volume change within the composite cathode 
would yield cracks even laminations between composite cathode 
layer and garnet layer (Figure  13F), exhibiting a more serious 
detriment to Li+ migration. In short, the mechanical degrada-
tion takes places with propagation of cracks within the composite 
cathode and between the composite cathode and garnet, reduces 
the effective Li diffusivity in solid-state electrode, thus blocking 
the electrochemical performance.

Considering the strain-induced mechanical degradation and 
occurrence of cracks in stiff electrodes, few strategies are ten-
tatively proposed to avoid/alleviate this degradation: 1) applica-
tion of zero-strain cathode materials (not applicable for current 
cathode materials); 2) reducing the macrovolume change by using 
cathode composite showing opposite volume change; 3) redis-
tributing the strain in composite cathode by using small cathode 
particles; 4) introduction of soft buffer layer to absorb the strain 
accumulation; 5) strengthening the binding between cathode 
materials and SEs. These strategies are expected to reduce the 

Table 2.  The electrochemical performance of garnet-based ASSLBs.

Cathode composition Temperature Loading [mg cm−2] Current Voltage range [V] Capacity [mAh g−1] Number of cycle References

LCO + 3DLLZO 80 N/A 6.4 µA cm−2 17 Ren et al.[126]

LCO RT N/A 2 µA cm−2 2.5–4.3 0.274 3 Kotobuki et al.[125]

LCO 50 °C N/A 0.2 C 2.5–4.4 35 10 Park et al.[122]

LCO + LLZO 25 µm 0.02 C 135 Wakayama and Kawai[127]

LCO + Li3BO3 60 °C N/A 14 µA cm−2 2.5–4.2 0.6–7 5 Shoji et al.[129]

LCO + Li3BO3 25 °C 1.7 0.05 C 3.0–4.05 85 5 Ohta et al.[130]

LCO + Li3BO3 50 °C N/A 0.2 C 2.5–4.4 67 10 Park et al.[122]

LCO + Li3BO3 + LLZO RT N/A 0.01 C 3.0–4.2 78 1 Ohta et al.[131]

LCO + Li3BO3 + In2O5Sn RT 1.2 0.025 C 2.8–4.3 101 1 Liu et al.[133]

LCO@Li2CO3 + Li2.3C0.7B0.3O3

+ LLZO@Li2CO3

25 °C 1 0.05 3.0–4.05 94 100 Han et al.[132]

LCO + MWCNT + LLTO 80 °C N/A 0.05 C 2.0–4.5 0.3 10 Woo et al.[136]
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strain initiation, absorb the strain via soft materials and increase 
the resistance to the strain, thereby depressing the formation of 
cracks and maintaining the mechanical morphologies.

4. Conclusion and Prospective

In conclusion, we reviewed and summarized the recent devel-
opment of interfacial issues in garnet-type ASSLBs, including 

interfacial building of garnets with Li metal and cathode mate-
rials, as well as the subsequent interfacial degradation/failure 
during cycling process. In anode side, the interfacial resist-
ance arises from the surface contaminated Li2CO3 from the 
air, ineffective contact, and side reactions between Li and gar-
nets. Strategies such as surface cleaning, Li annealing, external 
press, and introduction of artificial interlayer are applied to 
reduce the interfacial resistance. Even an excellent initial 
Li/garnet interface is built, the inhomogeneous stripping and 

Figure 13.  Volume change induced strain accumulation and associated mechanical and electrical properties. A) Volume change of electrode materials 
during charge and discharge, Reproduced with permission.[138] Copyright 2017, Elsevier B.V. B) Strain accumulation in SSLBs during lithiation process. 
Reproduced with permission.[139] Copyright 2017, Royal Society of Chemistry. C) Mechanical fracture in electrode of SSLBs. Reproduced with permis-
sion.[139] Copyright 2017, Royal Society of Chemistry. D) Effective diffusivity with the mechanical fracture. Reproduced with permission.[140] Copyright 2017,  
American Chemical Society. E) In situ characterization of impedance evolution in SSLBs. Reproduced with permission.[141] Copyright 2019, American 
Chemical Society. F) Microcracks observed in composite cathode after cycles. Reproduced with permission.[141] Copyright 2019, American Chemical 
Society.
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plating upon charge and discharge will also deteriorate the 
interface, increase the interfacial resistance and facilitate the 
lithium dendrite. Two mechanisms are proposed to explain 
the dendrite growth, including the continuous root-growth 
mechanism and sporadic bulk-plating mechanism, but still in 
controversial. The CCD is used to evaluate the dendrite resist-
ance of SE. It is found the uniform Li/garnet interface, dense 
garnets with less connected pores, high ionic conductivity, and 
low electronic conductivity are helpful in preventing lithium 
dendrite. In cathode side, the interfacial resistance arises from 
the poor physical contacts, side reactions, and lattice mis-
match between garnets and cathodes. Strategies including 3D 
design, postconventional sintering, addition of sintering addi-
tive, and spark plasma sintering techniques are employed to 
increase the effective contacts, facilitate the Li+ kinetics and 
alleviate the side reactions between garnets and cathodes, 
therefore reducing the interfacial resistance. However, the 
volume change of active materials during subsequent charge 
and discharge process causes the strain initiation and accumu-
lation in stiff electrode, and triggers the formation of cracks 
and mechanical degradation, therefore deteriorating the 
electrochemical performance.

The interfacial building has received great attention during 
the last decades because of its significances in determining 
the performance of ASSLBs. However, several challenges still 
exist, and the following aspects are worth to note: 1) although 
the resistance of as-built Li and garnets interface has been 
reduced to several tens of ohms, the inhomogeneous strip-
ping and plating during subsequent charge–discharge process 
will deteriorate the interfacial morphology, reduce the effec-
tive contact area, and increase the interfacial resistance. Strat-
egies need to be designed to maintain the effective contacts 
during cycling process, especially at high current densities. 
2) Lithium dendrites are not avoided in ASSLBs as expected. 
A convincing fundamental understanding of growth mecha-
nism of lithium dendrite and the associated affect factors are 
required. Optimized properties of garnets and their inter-
faces to Li are required in order to prevent or slow down the 
lithium dendrite growth. 3) The interfacial properties between 
cathodes and garnets are still not satisfied, and how to build a 
perfect interface is challenging due to their stiff nature. The 
origin of interfacial resistance needs to be identified, and the 
advanced sintering techniques and special interfacial design 
need further development for improving the Li+ dynamics 
between garnets and cathode materials. 4) Interfacial degrada-
tion in stiff composite cathode should be dedicated on. The 
relationship between volume change of active materials, strain 
initiation/accumulation, morphology degradation, impedance 
evolution, and electrochemical performance should be speci-
fied. Strategies need to develop in order to maintain a stable 
and recoverable morphology in stiff cathode during cycling 
process for long lifetime of ASSLBs. Introduction of a soft 
buffer layer should be a possible choice to alleviate the strain 
accumulation in stiff electrodes. 5) In situ and operando char-
acterizations are expected in order to provide insights into 
the morphology evolution and transport phenomenon occur-
ring at both the anodic and cathodic interfaces, guiding the 
rational design of interfacial structure and building method-
ology for garnet-based ASSLBs.
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