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H I G H L I G H T S  

� Intragranular growth of lithium dendrite is firstly observed in garnet electrolyte. 
� Lithium dendrite can be suppressed from electrolyte/Li interface with Au coating. 
� A new lithium migration model is established.  
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A B S T R A C T   

The application of garnet-type solid electrolytes in all-solid-state Li metal battery is seriously impeded by the 
lithium dendrite and resultant short-circuit. To explore its growth mechanism, in this work, a special asymmetric 
cell configuration is designed with a porous Li6.55La2.95Ca0.05Zr1.5Ta0.5O12 (LLCZTO) electrolyte between two 
mutually perpendicular Li metal strips. Besides the generally perceived lithium dendrite growth through grain 
boundaries, it is witnessed for the first time that lithium dendrite could also penetrate and break the LLCZTO 
grains, i.e., intragranular growth. Furthermore, uniform distributed lithium spherical particles, instead of lithium 
dendrite, are found on the surface of LLCZTO with Au-coating, demonstrating the beneficial effect of Au layer on 
restraining lithium dendrite growth. These findings shed new light on the growth mechanism and inhibition 
measures of lithium dendrite and would be helpful for the future research of all-solid-state Li metal battery with 
garnet-type solid electrolytes.   

1. Introduction 

Li7La3Zr2O12 (LLZO)-based garnet-type solid electrolytes have been 
considered as the potential candidate for all-solid-state Li metal battery, 
owing to the obvious advantages of high Liþ conductivity of 10� 3–10� 4 

S cm� 1 at room temperature, wide electrochemical potential window 
higher than 6 V, and relatively high stability against Li metal and 
ambient air [1–5]. However, the application has been significantly 
retarded by the lithium dendrite growth during lithium plating/strip
ping process as a result of the inhomogeneous and not-intimate contact 
in the Li/electrolyte interface with voids and asperities [6–8]. Although 
Li metal is soft and has a low melting temperature of 180 �C, it is still 
impossible to achieve the tight contact even under high pressure and/or 
at elevated temperature because of the poor wettability and 
non-negligible surface roughness [9]. 

Facing these challenges, several strategies have been adopted 
including surface coating on the electrolyte with Au [2,10,11], Al [12], 
C [13], Ge [14], Sn [15], Mg [16], Al2O3 [17] or ZnO [18], etc. The 
coating layers themselves or their reaction products with Li metal could 
work either as new electrode materials or buffer layer between the Li 
metal and electrolyte, which can enhance the lithium wettability, 
decrease the interfacial impedance and to a certain extent inhibit the 
lithium dendrite growth. Unfortunately, so far, the detailed Liþ trans
port process as well as the growth mechanism of lithium dendrite are 
still mainly in the theoretical hypothesis stage. Although recent works 
have found that the lithium dendrite can be formed through either Li 
metal propagation along grain boundaries and interconnected pores or 
the reduction of Liþ at the grain boundary inside electrolyte [2,7,8,19, 
20], however, the further understanding and more direct experimental 
evidences of continuous Liþ migration path as well as the lithium 
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dendrite growth are still urgently needed. 
In this work, to elucidate the growth mechanism of lithium dendrite 

in garnet-type electrolyte Li6.55La2.95Ca0.05Zr1.5Ta0.5O12 (LLCZTO) and 
explore the possible measures to suppress them, the specially designed 
asymmetric cells with two mutually perpendicular Li metal strips as 
counter electrodes on both sides of the LLCZTO with or without Au- 
coating layer were employed and tested in combination with EIS, SEM 
and EDS techniques. We experimentally observed for the first time the 
intragranular growth of lithium dendrite inside LLCZTO electrolytes and 
the evenly distribution of Li metal on the Au-coating area. The Liþ

migration and distribution in the surface and interior of electrolytes 
were discussed. 

2. Experimental 

LLCZTO ceramic powder was synthesized as described in our pre
vious work [21]. After ball-milling, the dried powder was firstly pressed 
into pellets and sintered at 700 �C for 20 h. Then the ball-milling and 
pressing processes were repeated. Finally, the pellets covered by the 
mother powder were sintered at 1100 �C for only 6 h to get a porous 
structure. The surface of the pellets was polished with 800, 1500 and 
2000 grit SiC sandpapers, respectively. The final thickness of the pellets 
was about 1.40 mm to ensure mechanical strength, and the diameter was 
about 7.00 mm. Then, the Au layer with a diameter about 6.0 mm was 
formed on both sides of the pellets by using a sputter coater (K550X, 
Emitech) at the current of 20 mA for 60 s (Fig. S1). 

All the cells were assembled in an Ar-filled glove box with the purity 
level of oxygen and moisture less than 0.1 ppm. The specially designed 
asymmetric Li–Au-LLCZTO-Au-Li cell was packed with an electrolyte 
pellet between two mutually perpendicular Li metal strips in the 2032- 
type coin cell. The Li metal strips with a width about 2.0 mm were cut 
down from the lithium foil, which had been scraped to remove the 
native oxide layer by blade and rolled by rolling mill in sequence. Two 
stainless steel (SS) plates with thickness about 0.3 mm were used in the 
cells on each side as spacer. For comparison, electrolytes without Au- 
coating were also used to assemble asymmetric cells noted as Li- 
LLCZTO-Li. All the cells were stored at 50 �C for at least 10H before 
testing. 

The cells were cycled with a constant current of 0.022 mA and 1H 
plating/stripping time at 50 �C on a multi-channel battery test system 
(Neware, CT-4008). The electrochemical impedance spectroscopy (EIS) 
from 10 kHz to 1 Hz was measured on the electrochemical workstation 
(PARSTAT 4000, Princeton) at 50 �C. The conductivity of the LLCZTO 
pellet used in this work was measured at the temperature range from 30 
to 110 �C with Au as blocking electrodes as shown in Fig. S2. The crystal 

structures of both sides of the polished electrolyte were characterized by 
X-ray diffraction (XRD, X’Pert, PANalytical) as shown in Fig. S3. After 
electrochemical test, the cells were disassembled inside glove box and 
then LLCZTO pellets were characterized by scanning electron micro
scopy (SEM) and energy dispersion spectrum (EDS) (SU8020, Hitachi). 

3. Results and discussion 

3.1. Intragranular growth of lithium dendrite in the short-circuited Li- 
LLCZTO-Li cell 

Fig. 1a shows the EIS results of the Li-LLCZTO-Li and Li–Au-LLCZTO- 
Au-Li cells before cycling, both the two spectra present one incomplete 
semi-circle. The real axis values at the high frequency range corresponds 
to the total resistance of the LLCZTO electrolyte, the diameters of the 
semi-circle represent the interfacial resistance between the electrolyte 
and the Li metal [11]. According to the equivalent circuit shown in the 
inset of Fig. 1a and the fitting results of the Zview software (Table S1), 
the total resistance (R0) values of the two cells were similar, and the 
constant phase element (CPE) values of the two cells were in the range of 
10� 7–10� 9 Fcm� 2 which correspond to the reaction-diffusion process in 
the surface layer [22]. But the interfacial resistance (R1) of the 
Li-LLCZTO-Li cell is about 45.7 KΩ, which dramatically drops to 6.6 KΩ 
in the cell with Au-coating. The decreased interfacial impedance should 
be attributed to the superior electrical conductivity of Au layer in the 
interface. During the lithium stripping/plating process of the 
Li-LLCZTO-Li cells without surface modification, short circuit easily 
happened, even at the first cycle as shown in Fig. 1b, while the 
Li–Au-LLCZTO-Au-Li cell went well at lower current densities (Fig. 1b 
and Fig. S4). The voltage of the Li–Au-LLCZTO-Au-Li cell kept stable at 
about 0.20 V during the constant dc measurement process, but the 
voltage of the Li-LLCZTO-Li cell increased rapidly to as high as 1.18 V at 
first, then reduced to 0.87 V gradually and finally dropped sharply to 
almost 0 V as the stripping/plating process went on (Fig. 1b). The initial 
high voltage implied a larger impedance, which are in good accordance 
with the EIS results (Fig. 1a). Then the dissolution and deposition of Li 
metal may further modify the interfacial contact to some extent and lead 
to the decrease of the impedance as well as the polarization voltage. But 
this process would not stop until the growth of lithium dendrite led to 
the short circuit. 

To find out how this process was achieved, the failed Li-LLCZTO-Li 
cell was detached to get the electrolyte. Fig. 2a shows the cross- 
section SEM image and Fig. 2b is the enlarged map of the black frame, 
in which several irregular holes and a clear crack which started from the 
interior of the electrolyte and extended to the surface can be found. Both 

Fig. 1. (a) The EIS and the corresponding fitting curves of the Li–Au-LLCZTO-Au-Li and Li-LLCZTO-Li cells at 50 �C with the equivalent circuit shown in the inset. (b) 
The first charging process of the two cells with a constant dc of as high as 0.022 mA at 50 �C. 
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the holes and crack are filled with Li metal, which is confirmed by the 
heat shrinkage phenomenon observed during the SEM test process as 
shown in Fig. 2c and Fig. S5. As marked in the yellow frame in Fig. 2b 
and the EDS results in Fig. S6, the crack was just like the “strait” between 
the “lithium oceans”, and the continuous Li metal network with an 
irregular shape in the holes and crack has crossed one third of the cross- 
section of the electrolyte. It may be the very trigger and the direct evi
dence of the short circuit. Furthermore, it can be seen from Fig. 2d that 
two closed pores in the LLCZTO particle were split into two pairs of 
incomplete pores on both sides of the crack as indicated by two red 
dotted circles, which means that the separate two parts around the split 
pores used to be a whole. And the reason of the breaking could be the 
lithium dendrite, because the crack was filled with Li metal. A reason
able inference can be made that the deposited Li metal could induce the 
trans-crystalline fracture of the LLCZTO crystal particles. In this case, the 
prevention of Li metal local enrichment in the interface is particularly 
important. Once the lithium dendrite grew, it may pierce persistently 
into the electrolyte and finally lead to the short circuit as the mechanical 
strength of the electrolyte could not suppress it. In other words, facing 
the unmodified LLCZTO electrolyte, Li metal could always find a way. 

Except for the Li metal observed in the interior of the electrolyte, it 

could also be found on the surface. Before the EDS test, the electrolyte 
was stored in dry air for a while for the Li metal to adequately react with 
CO2. In this way, the in-situ formed carbonates may be used to indicate 
the distribution of Li metal. As shown in Fig. 3, Li metal may widespread 
on the surface in certain sites as point distribution (Fig. 3a) or some area 
as surface distribution (Fig. 3b) with SS as current collector. The 
detected Li metal should come from the deposition process rather than 
the external contamination because they were partly covered by several 
LLCZTO crystal particles as marked in the red frame in Fig. 3a, and the 
outline of the LLCZTO particles around by the Li metal is clear as shown 
in Fig. 3b. Remarkably, the Li metal could not distribute evenly on the 
surface, which should be the result of the incomplete contact between 
the electrolyte and the SS current collector. The decreased contact area 
would lead to an enhanced current density in the isolated sites, and to 
the locally concentrated Li metal distribution as well. Then the plated Li 
metal could work as a new current collector with low interfacial 
impedance and be apt to form the lithium dendrite growing into the 
electrolyte. 

Fig. 2. (a) Cross-section SEM image of the Li-LLCZTO-Li cell after the short circuit happened, (b) The enlarged map of the black frame shown in (a), (c) and (d) are 
the detailed map of the blue and red frame shown in (b), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 3. SEM and EDS images of the surface of the electrolyte from failed Li-LLCZTO-Li cell with (a) a point distribution and (b) a surface distribution of Li metal.  
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3.2. Lithium dendrite prevention mechanism of Au-coating 

Fig. 4a is the schematic illustration of the Li–Au-LLCZTO-Au-Li cell. 
The perpendicularly positioned Li strips were used for two reasons. 
Firstly, unlike the traditional cells with two face-to-face electrodes, the 
using of Li strips provide a chance to prove the possible lateral move
ment of the Liþ by observing the blue frame area as shown in Fig. S7. 
Meanwhile, the deposition results in the opposite area of the Li metal 
electrode could also be observed (the red frame area in Fig. S7). Fig. 4b is 
the SEM image of the area around the Li metal strip as marked with red 
frame in Fig. 4a in which lots of spherical particles appeared on the 
surface of Au-coating area. By further observation, it can be seen that the 
spherical particles had smooth surfaces as shown in Fig. 4c and they had 
no direct relationship with the La, C or Au elements according to the EDS 
results. However, after being stored in dry air for several days, the 
surface changed to be rough as shown in Fig. 4d. And at this time, the 
particles had a strong relationship with the C element. Compared the 
two results shown in Fig. 4c and d, it can be concluded that the spherical 
particles should be the deposited Li metal. Due to the sample was tested 
immediately after being detached, so the spherical particles have a weak 
relationship with the C element in Fig. 4c. After reacting with CO2 
during storage in dry air, a strong relationship with C element could be 
shown in Fig. 4d. 

Not only in the Au-coating area near the Li metal strips, but in the 
boundary region far away from the Li metal strips, lithium spherical 
particles also appeared in the Au-coating part, while the suspected Li 

metal aggregation appeared in the area without Au-coating layer as 
shown in Fig. 4e which is the enlarged map of the blue frame shown in 
Fig. 4a. Given the narrow Li metal strips electrodes and the asymmetric 
structure, it proved that the Liþ could migrate along the vertical and 
transverse paths in the electrolyte and finally deposit uniformly on the 
whole Au-coating area no matter it is close to the lithium electrodes or 
not. In this case, no such lithium dendrite shown in Fig. 2 should grow in 
the Au-coating area. The well widespread lithium spherical particles 
could be used as the direct evidence of the homogenized distribution of 
electric field brought by the Au-coating layer and the lithium dendrite 
suppression mechanism of Au-coating layer. 

3.3. Lithium migration mechanism in the internal and surface of LLCZTO 
electrolyte 

According to the results above, the schematic diagrams of Liþ

migration and Li metal deposition were shown in Fig. 5. It is convinced 
that the Liþ could transfer in the solid electrolyte along several vertical 
and transverse paths with similar impedance, just like a tree, as long as 
the counter side could provide electrons as described in Fig. 5a. The 
difference is that the Li metal particles tends to be evenly-distributed in 
the Au-coating area (Fig. 5b, Fig. 4b–e), while they were prone to be an 
aggregation in the area without Au-coating (Fig. 5b, Figs. 2, 3 and 4e). 
When the Liþ was deposited on the surface, the whole Au-coating layer 
functions well as the electron conductor and the Liþ could deposit 
anywhere in the Au-coating area. Therefore, the uniformly distributed 

Fig. 4. (a) Schematic illustration of the Li–Au-LLCZTO-Au-Li cell. (b) The SEM image of the surface in the marked red frame region in (a). The SEM and EDS images 
of the spherical particles after just being detached (c) and stored in air for several days (d). (e) The SEM and EDS images of enlarged region shown as blue frame in 
(a). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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lithium spherical particles could be as the result of the homogenized 
distribution of electric field brought about by the Au-coating layer. In 
contrast, without Au-coating layer, the deposited Li metal could enrich 
in some places and have the possibility to grow along the boundaries as 
lithium dendrite. Moreover, another grim fact is that the lithium 
dendrite has the ability to create a way by breaking the LLCZTO particles 
as shown in Fig. 2. And the cracks could work as the new channels for 
lithium dendrite growth. It seems like that the lithium dendrite could 
always find a way in the solid electrolyte just like life. Therefore, it is 
extremely important to eliminate the lithium dendrite formation in the 
surface. 

4. Conclusions 

A long and continuous Li metal path was detected and used to 
analyze the growing process of lithium dendrite. The Li metal could not 
only deposit along the grain boundaries, but also break the LLCZTO 
particles. The result implies that once the lithium dendrite formed in the 
interface, it would not stop growing and piercing into the electrolyte till 
the short circuits happen. Although the result is unsatisfactory, the 
dendrite growth still could be suppressed by using surface Au-coating 
technique. The Au-coating layer could work as “a great wall” between 
the Li metal anode and the electrolyte, promote the uniform electric field 
distribution, and as a result, the evenly distribution of Li metal particles. 
In sum, the lithium dendrite could always find a way in the electrolyte 
and the only method to prevent it is to stop it in the surface. And 
fortunately, the proper Au-coating layer could achieve the goal to some 
extent and may be a promising method to deal with the interfacial issues 
of the future research of solid-state Li metal batteries with garnet solid 
electrolytes. 
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