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Abstract 
 

Solid-state lithium metal batteries have emerged as promising energy storage systems due to large energy storage density 
and low-risk safety hazard. However, high-interface resistance between the garnet-based electrolyte and Li metal anode is 
one of the major challenges for all-solid-state batteries. Herein, a straightforward modification method is reported, rather 
than relying on hot pressing under an inert atmosphere or high-cost fabrication techniques to produce metastable nano-
coating on garnet electrolyte surface. Fresh Li metal/cobalt-modified solid-state electrolyte/Li metal batteries are placed at 
room temperature for 48 hours under a tiny pressure of 1 MPa, however the interfacial resistance between the garnet and Li 
metal reduces from 5,800 – 8,200 Ω cm2 to only 162 Ω cm2. At a current density up to 1.6 mA cm-2, the symmetrical batteries 
exhibit a stable signal voltage of about 190 mV. The maximum voltage fluctuation is less than 7 mV for the batteries during 
160 Li-striping/plating cycles at 0.25 mA cm-2. Excellent electrochemical performance and easy-to-industrial modification 
method are beneficial for the commercialization of Li metal all-solid-state batteries. 
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1. Introduction 

Lithium metal anode is obvious attractive in enhancing the 

storage energy density of rechargeable batteries due to the 

highest theoretical specific capacity (3860 mAh g-1) and 

lowest redox potential (−3.05 V versus standard hydrogen 

electrode). The main obstacle to large-scale application is the 

high-risk safety hazards of the Li metal anode, based on the 

inevitable formation of Li dendrites on the anode during the 

electrodeposition process.[1-5] The Li metal dendrites undergo 

irreversible exothermic reactions with liquid electrolytes, 

resulting in low Coulombic efficiency and short cycle life of 

Li-ion batteries. On the other hand, Li dendrites penetrate into 

the electronically insulated separator and cause internal short 

circuits. A large number of strategies have been developed to 

address the challenge of the Li metal dendrites, such as the use 

of 3D architectural structured current collectors to reduce the 

uneven deposition of Li metal caused by tip discharge,[6,7] 

mixing electrolytes with additives to form a protective layer,[8,9] 

increasing the salt content of the electrolyte,[10] and using non-

combustible ionic liquids[11,12] to replace conventional 

carbonate solvents. Inhibiting the formation of Li metal 

dendrites at high current densities remains a continuing 

challenge for liquid Li metal batteries. 

Compared with liquid electrolyte batteries, solid-state 

batteries have considerable advantages in suppressing Li 

dendrite formation/penetration and improving 

thermal/chemical stability. A large number of solid-state 

electrolytes (SSEs) have been investigated, such as sulfide 

Li3PS4,[13,14] hydride LiAlH4,[15] halide Li2CdI4,[16] perovskite 

Li0.34La0.51TiO2.94,[17] phosphate LiGe2(PO4)3
[18,19] and 

Li1.3Al0.3Ti1.7(PO4)3,[20] and LiPON.[21,22] A good alternative to 

these SSEs is the garnet-type oxides with general formula 

A3B2C3O12 where A-, B-, C- sites have dodecahedral (Dd), 

octahedral (Oh), and tetrahedral (Td) coordinations, 

respectively. Garnet Li7La3Zr2O12 (LLZO)[23-27] electrolyte is 

very attractive for solid-state Li-ion batteries, as it features the 

advantages of low sintering temperature, stability toward Li 

metal, wide voltage window (0–6 V), and high ionic 
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conductivity at room temperature (10-3 − 10-4 S cm-1). One of 

major challenges is the large interfacial resistance between 

garnet electrolyte and Li metal electrode due to the poor 

wettability of the garnet electrolyte against molten Li 

electrode. Hot-pressed Li metal has a very limited reduction in 

interface resistance, because it is impossible to fundamentally 

solve the huge energy level difference between garnet and Li 

metal.[28] Currently, the reported surface treatment methods of 

the garnet electrolyte with thin metal (e.g., Al,[29] Ge[30]) or 

oxide coatings (e.g., Al2O3,[31] ZnO[32])alloying (e.g., Li-Si[33], 

Li-Mg,[34] Li-graphite[35]) surface leaning, and surface 

chemical treating,[36] can greatly improve the wettability of Li 

on the garnet SSE. However, such surface modifications based 

on cutting-edge manufacturing technology are only effective 

at the Li-buffer layer interface. It should not be ignored that 

the composition, structure, and ionic conductivity of the buffer 

layer are difficult to maintain stability under high current 

density or long-term electrodeposition. Stripping/plating Li 

metal slowly erodes the metastable buffer layer, resulting in 

the failure of the surface treatments. 

Herein, a self-wetting interface of garnet electrolyte and Li 

metal electrode is designed, and leads to a significant decrease 

in interfacial impedance from 5,800 – 8,200 Ω cm2 to only 162 

Ω cm2. Importantly, the high-quality contact interface is 

obtained through a thermodynamic spontaneous process at 

room temperature, resulting in a Li metal-based battery with 

excellent cycling and stability. The unique design is very 

beneficial to development of all-solid-state batteries. 

 

2. Experimental section 

2.1 Material preparation 

The LLAZO powder[31-35] was synthesized via the solid-state 

phase sintering technique. The starting materials were Li2CO3 

(99%, Aladdin), La(NO3)3 (99.9%, Aladdin), ZrO(NO3)2 

(99.9%, Aladdin), and Al2O3 (99.99%, Aladdin).  

Stoichiometric amounts of these chemicals were dispersed 

in deionized water and a 10% excess of Li2CO3 was added to 

compensate for Li volatilization during the high-temperature 

pellet preparation. The ball-milled mixture was evaporated at 

393K for 12 hours and then calcined to 1173 K for 12 hours to 

synthesize the precursor powder. The powders were then 

pressed into pellets, which were sintered at 1323 – 1423 K for 

24 hours. The sintered LLAZO pellets were polished to ~500 

μm thickness with two smooth surfaces, remarked as SSE. 

The fresh garnet ceramics were buried in commercial lithium 

cobalt oxide (LiCoO2) electrode material and calcined at 873 

K for 6 hours to ensure that the garnet surface was completely 

and uniformly doped. The modified sample was named 

Co@SSE@Co. 

 

2.2 Material characterization 

The surface morphology investigation was carried out on a 

field emission scanning electron microscope (FE-SEM, 

Hitachi S4800) and energy-dispersive spectroscopy mapping 

(EDS, Bruker Nano XFlash Detector 5030). Before the FE-

SEM investigation, the samples were sputtered with gold. A 

Kratos AXIS-SUPRA spectrometer was used to analyze the X-

ray photoelectron spectroscopy (XPS, Zetasizer Nano S90) of 

the materials. Powder X-ray diffraction (XRD) measurements 

were performed using Cu Kα (λ= 0.154056 nm) radiation with 

a scan rate of 4° min-1 and a step size of 0.03° in the 2θ range 

of 15° to 60°. 

To measure the ionic conductivity of the garnet SSE, both 

sides of the ceramic pellet were coated with an Au layer, which 

served as a blocking electrode. Electrochemical impedance 

spectroscopy (EIS) was performed across a frequency range 

of 1 MHz to 100 mHz with a 50 mV perturbation amplitude. 

Conductivities were calculated using σ = h/(Z×A), where Z is 

the impedance for the real axis in the Nyquist plot, h is the 

garnet ceramic disc length, and A is the surface area.A thin Li 

foil disc (0.5 cm in diameter and 0.2 mm thick) was put on 

Co@SSE electrolyte pellets in a glovebox filled with 

ultrahigh-purity Ar (99.999%), and then the laminated devices 

were allowed to stand at room temperature for 48 hours under. 

A low pressure of 1 MPa was used to help the initial contact 

of Li metal electrode on the surface of garnet electrolyte. The 

Li metal batteries were packaged in 2032-coin cell. 

Electrochemical performances, such as constant current 

charge/discharge curvesand AC electrochemical impedance 

spectroscopy, were carried out using electrochemical 

workstation (Shanghai Chenhua Instrument Co., Ltd., 

CHI660e). 

 

3. Results and discussion 

Garnet-type Li6.75La3Al0.25Zr2O12 (LLAZO) has been 

synthesized by the solid phase sintering, since trivalent Al-ion 

can reduce sintering temperature, stabilize cubic garnet phase 

and increase Li-ion conductivity.[ 3 7 , 3 8 ]  The powder X-ray 

diffraction (XRD) pattern of the LLAZO pellet shown in Fig. 

1 and Fig. S1 matches that of cubic garnet-phase 

Li5La3Nb2O12 (PDF #80-0457), and the cross-section 

scanning electronic microscopy (SEM, Fig. S2) displays 

uniform primary grains with the size of 0.5 – 10 μm. The 

mixed powder of garnet and lithium cobaltate with a mass 

ratio of 1:1 was annealed at 873 K for 6 hours, and 

corresponding XRD pattern is shown in Fig. 1A. A large 

number of new diffraction peaks are observed at 18.5°, 28.6°, 

33.0°, 47.6° and 56.4°, because of the spontaneous chemical 

reaction between LiCoO2 and garnet electrolyte material. 

Therefore, black lithium cobaltate (LiCoO2) powder was used 

to modify the surface of fresh garnet ceramics at 873 K for 6 

hours, and the modified Co@SSE@Co electrolyte displays 

several characteristic diffraction peaks of the cobalt-oxygen 

compounds (Li1-xCo1-yO2) in Fig. 1B. Even if the garnet 

electrolyte and LiCoO2 were kept in contact at room 

temperature for 48 hours, the impurity peaks were still clearly 

observed in Fig. S3. In Fig. 1C, the Co@SSE@Co electrolyte 

modified by cobalt-oxygen compounds changes from milky 

white to light yellow. As shown in the cross-section scanning 

electronic microscopy (SEM) image in Fig. 1D, nano-scale 
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Fig. 1 Characterization of the garnet LLAZO solid-state electrolyte. (A) XRD pattern of a mixed powder with an mgarnet/mlithiumcobaltate 

mass ratio of 1:1 calcined at 873 K for 6 hours. (B) XRD pattern of the Co@SSE@Co garnet ceramic calcined at 873 K for 6 hours. 

(C) Digital photos of garnet electrolytes. (D) SEM image for cross section of the Co@SSE@Co pellet. (E) EDS mapping of the 

Co@SSE@Co surface. 

 

Li1-xCo1-yO2 primary particles diffuse inward along the garnet 

grain boundary at 873 K, and finally homogeneously distribute 

the inner interface of the solid-state electrolyte. Fig. 1E 

exhibits the energy dispersive spectroscopy (EDS) elemental 

mapping of the surface of the Co@SSE@Co electrolyte. The 

Co elemental mapping further confirms the continuous 

modification area of the cobalt-oxygen compounds. 

X-ray photoelectron spectroscopy (XPS) analysis was 

performed to further confirm the chemical modification of the 

garnet surface by lithium cobaltate. The Co@SSE@Co 

electrolyte exhibits two sets of signal peaks at 794 – 779 and 

532 eV corresponding to Co 2p and O 1s core levels in Fig. 

2A, respectively. O 1s core spectrum of the Co@SSE@Co 

electrolyte can be cure-fitted to two peaks at 531.7 and 529.6 

eV that belong to the garnet electrolyte and Li1-xCo1-yO2 

materials, respectively. Compared with pure LiCoO2 powder, 

the signal peaks of Co2p are reduced from three to two for the 

Co@SSE@Coelectrolyte, and the deviation of the high bond 

energy direction is 0.8 – 0.9 eV. Li-ion conductivity of the 

garnet solid-state electrolyte is evaluated by electrochemical 

impedance spectroscopy (EIS) with gold electrodes at 

temperatures of 310 – 333 K. As shown in Fig. 2B, all the 

Nyquist plots are composed of two semicircles at high-

medium frequency and a tilted low-frequency tail. The 

intersection of the second arc and the x-axis at high 

frequencies can be assigned to the bulk resistance of LLAZO, 

whereas the depressed arc is associated with the grain 

boundary response. Total Li-ion conductivity of the as-

prepared Li6.75La3Al0.25Zr2O12 electrolyte (Fig. S4) is equal to 

0.14 mS cm−1 at 310 K, while the symmetrical 

Au/Co@SSE@Co/Au device shows a larger value of 0.21 mS 

cm−1
.
[39,40] The activation energy of the Co@SSE@Co 

electrolyte decreased from 0.47 eV to 0.35 eV in Fig. 2C. 

The Li/LiCoO2/SSE devices were assembled in an argon 

atmosphere as shown in Fig. 3A, and then placed under a 

pressure of 1 MPa at room temperature for 48 hours. It is 

difficult to observe black lithium cobaltate on the garnet and 

Li metal. In contrast, a large amount of residual LiCoO2 

powder is clearly observed in the stainless steel/LiCoO2/SSE 

device (Fig. S5). Therefore, Li metal is beneficial to the 

physical modification of the garnet electrolyte, which is 

further confirmed by the weakened diffraction peaks of 

lithium cobaltate (Fig. 3B). 

The fresh garnet SSE, Co@SSE@Co and 

Li/Co@SSE@Co/Li samples were carried out by using XRD 

in Fig. 4A. The featured XRD peaks of the cubic LLAZO and 

Li metal are maintained for the Li/Co@SSE@Co/Li sample. 

However, the diffraction peak derived from the cobalt-oxygen 

compounds at 28.6, 33.0, 47.5 and 49.7° disappeared 

completely for the Li/Co@SSE@Co/Li. This further shows 

that Li metal can promote the chemical reaction cobalt-oxygen 

compounds and the garnet electrolyte, and finally achieve Co 

doping of the surface of the garnet electrolyte. The interface 

morphology was carried out by SEM, as shown in Figs. 4B-D, 

which compares the Li wetting behavior of garnet SSE 

with/without a Li1-xCo1-yO2 coating. A large gap exists in the 

Li/garnet interface even after Li metal is pressed onto the 

LLAZO SSE at 453 K. Li metal electrode is contacted with the 

garnet Co@SSE@Co electrolyte at room temperature for 48 

hours. From the SEM images in Figs. 4C and D, we can clearly 
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Fig. 2 XPS (A), EIS (B)and Arrhenius plot (C) of the as-prepared Co@SSE@Co electrolyte. 

 

see that almost all the pores on the surface of the 

Co@SSE@Co garnet have been filled with Li metal, 

indicating that the Li1-xCo1-yO2 coating layer can significantly 

improve the wettability of the garnet electrolyte for Li metal. 

Inset is photo of melted Li metal on top of the garnet surface 

(Fig. 4D), demonstrating classical wetting behavior for the 

modified garnet.  

 
Fig. 3 Digital photos (A) and XRD patterns (B) of the garnet electrolytes. Note: M sample is the garnet electrolyte of the 

Li/LiCoO2/SSE device after being placed at room temperature for 48 hours. N sample is derived from the stainless steel/LiCoO2/SSE 

device. 
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Fig. 4 Characterizations of garnet solid-state electrolyte/Li metal interface. (A) XRD patterns. (B) Cross-section SEM image of the 

Li/pure garnet. (C) SEM image of the Li/Co@SSE@Co/Li sample. The Co@SSE@Co electrolyte was calcined at 873 K for 6 hours. 

(D) SEM image of the garnet electrolyte after stripping Li metal from Li/Co@SSE@Co/Li device. 

 

The interfacial resistance was evaluated by 

galvanostatically charging and discharging at a series of the 

constant current densities. The symmetric Li/SSE/Li battery 

(surface area of ~0.2 cm2) is difficult to withstand the long-

term test of 20 μA in Fig. 5A, and corresponding total 

resistance increases rapidly from 12,200 Ω cm2 to 17,000 Ω 

cm2. Note that the total resistance corresponds to a garnet 

solid-state electrolyte with a thickness of about 500 μm and  

 
Fig. 5 Charge-discharge curves (A) and total resistances (B) of the symmetric Li/SSE/Li and Li/Co@SSE@Co/Li batteries at 

different current. Note: The data represent the difference and rate of change of the total resistance (Fig. 5B). 
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two symmetric interfaces between the garnet electrolyte and 

Li metal. The resistances of the LLAZO electrolyte before and 

after modification of the LiCoO2 powder are 450 and 300 

Ωrespectively, which can be calculated according to the results 

of Li-ion conductivity in Fig. 1. Therefore, the interface 

resistance of the Li/SSE/Li battery fluctuates between 5,800 Ω 

cm2 and 8,200 Ω cm2. The Li/Co@SSE@Co/Li battery is 

placed under a pressure of about 1 MPa at room temperature 

for 48 hours. The characteristic interface resistance is constant 

at 162 ± 12 Ω cm2 at current densities of 5 μA to 320 μA (Fig. 

5B), accounting for only 3.7% of the resistance of the 

Li/SSE/Li battery. The constant current charge-discharge 

curves fully confirm the good physical contact between Li 

metal and garnet electrolyte. 

The interfacial resistances were evaluated by 

electrochemical impedance spectroscopy (EIS) and voltage 

profile depicting the Li plating/striping behavior for Li/garnet 

SSE/Li symmetric batteries. Fig. 6A is a schematic diagram of 

the basic structure of the symmetric batteries. The newly-made 

Li/garnet SSE/Li batteries are placed under a pressure of 1 

MPa at 298 K for 48 hours to reduce the influence of the 

assembly process on the contact of the Li/SSE interface. The 

total resistance of the Li/SSE/Li decreases from 34,000 Ω 

cm2(under 1MPa for 1 hour) to 20,000 Ω cm2(under 1MPa for 

48 hours) in Fig. 6B; however, the resistance of the symmetric 

Li/Co@SSE@Co/Li battery is between 705 – 630 Ω cm2. The 

97% drop value of the total resistance proves that the 

surface/interface of the garnet chemically modified with 

lithium cobaltate can strengthen the infiltration ability of Li 

metal. The heat treatment temperature of the symmetric 

batteries is increased from 298 K to 413 K. Interfacial 

resistances of the Li/SSE/Li battery drop from 4,800 Ω cm2 to 

2,100 Ω cm2 in Fig. 6B, as molten Li is squeezed into the 

coarse pores of the garnet. For the Li/Co@SSE@Co/Li battery, 

it is almost impossible to reduce the interfacial resistance of 

165 – 150 Ω cm2 by hot pressing at the temperature of 298 – 

413 K. In agreement with the EIS test results, 

Li/Co@SSE@Co/Li battery exhibits a long-term stable 

electrochemical striping/plating process at a 50 μA cm-2 

current density in Fig. 6C, whereas the signal voltage of the 

 
Fig. 6 Electrochemical performances of the Li/garnet SSE/Li symmetric batteries. (A) Schematic diagram of the symmetric batteries. 

(B) EIS spectra of the batteries after hot pressing at different temperatures. (C) Galvanostatic cycling of the symmetric batteries. (D) 

Li plating of the Li/Co@SSE@Co/Li battery at room temperature with a current density of 0.05 mA cm-2 for 20 hours. (E) Nyquist 

plots of the symmetric batteries at various elevated temperatures.
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Li/SSE/Li battery is obviously related to the pretreatment 

temperature. EIS and Li plating/striping results fully show that 

the garnet Co@SSE@Co electrolyte has high wettability to Li 

metal. The symmetric Li/Co@SSE@Co/Li battery is tested at 

room temperature at a current density of 50 μA cm-2 for about 

20 hours, and the D-value between the initial and cut-off 

voltage does not exceed 7 mV in Fig. 6D. The 

Li/Co@SSE@Co/Li battery presents a specific capacity of 1.0 

mAh, which is equivalent to transferring 0.26 mg of Li metal 

to the counter electrode. 

The temperature-dependent resistance was characterized 

using EIS for the Li/SSE/Li and Li/Co@SSE@Co/Li batteries 

at temperatures from 310 K to 333 K. The total resistance of 

the symmetric batteries decreases as the temperature increases. 

The intersection of the semicircle and real axis at medium-low 

frequency decreases in an orderly manner, indicating that the 

interface resistance negatively correlates with temperature. 

For the fully balanced Li/SSE/Li battery treated at 453 K for 

12 hours, the total resistance still exceeds 600 Ω at 333 K. The 

total resistances of the Li/Co@SSE@Co/Li are equal to 510, 

350, 275, 204 and 170 Ω at the temperature of 310, 318, 323, 

328, 333 K, respectively. 

 

4. Conclusions 

In summary, we have reported a novel strategy to solve the 

interface contact issue between Li metal electrode and garnet 

solid-state electrolyte toward all-solid-state Li metal batteries. 

Cobalt oxide nanoparticles diffuse inward along the grain 

boundary of the garnet electrolyte until these primary particles 

are evenly distributed on the inner interface of the garnet. Li 

metal perfectly penetrates into the pores of the garnet 

electrolyte with the help of cobalt-oxygen compounds, so that 

the point contact between the Li metal and the garnet 

electrolyte (Fig. 4B) is transformed into a three-dimensional 

contact (Fig. 4D). The total resistance, which contributes to a 

garnet solid-state electrolyte and two symmetric contact 

interfaces, drops from 20,000 Ω cm2of the Li/SSE/Li 

symmetric battery to 630 Ω cm2of the Li/Co@SSE@Co/Li. 

The Li/Co@SSE@Co/Li battery exhibits a series of stable 

signal voltage platforms at current densities of 0.025 – 1.6 mA 

cm-2. The maximum voltage fluctuation is less than 7 mV for 

the modified battery during 160 Li-striping/plating cycles at 

0.25 mA cm-2. Our surface treatment technique no longer 

relies on hot pressing under an inert atmosphere or expensive 

manufacturing technology to produce metastable nano-

coating on the surface of garnet. It will inspire more effective 

strategies to overcome the interface problem of the garnet 

electrolyte and facilitate the application of the all-solid-state 

Li metal batteries. 
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