
www.afm-journal.de

© 2021 Wiley-VCH GmbH2101556  (1 of 8)

Research Article

Smart Construction of an Intimate Lithium | Garnet 
Interface for All-Solid-State Batteries by Tuning 
the Tension of Molten Lithium

Mingjie Du, Yang Sun, Bo Liu, Bingbing Chen, Kaiming Liao,* Ran Ran, Rui Cai, 
Wei Zhou, and Zongping Shao*

All-solid-state lithium batteries (ASSBs) have the potential to trigger a bat-
tery revolution for electric vehicles due to their advantages in safety and 
energy density. Screening of various possible solid electrolytes for ASSBs 
has revealed that garnet electrolytes are promising due to their high ionic 
conductivity and superior (electro)chemical stabilities. However, a major 
challenge of garnet electrolytes is poor contact with Li-metal anodes, 
resulting in an extremely large interfacial impedance and severe Li dendrite 
propagation. Herein, an innovative surface tension modification method 
is proposed to create an intimate Li | garnet interface by tuning molten Li 
with a trace amount of Si3N4 (1 wt%). The resultant Li-Si-N melt can not 
only convert the Li | garnet interface from point-to-point contact to consecu-
tive face-to-face contact but also homogenize the electric-field distribution 
during the Li stripping/depositing process, thereby significantly decreasing 
its interfacial impedance (1 Ω cm2 at 25 °C) and improving its cycle stability 
(1000 h at 0.4 mA cm−2) and critical current density (1.8 mA cm−2). Specifi-
cally, the all-solid-state full cell paired with a LiFePO4 cathode delivered a high 
capacity of 145 mAh g−1 at 2 C and maintained 97% of the initial capacity after 
100 cycles at 1 C.
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1. Introduction
Since the commercialization of the first 
rechargeable Li-ion battery (LIB) by Sony-
Japan in the 1990s, significant academic 
and commercial progress has been made 
on LIBs. Recently, LIBs have started to 
power electric vehicles, but safety is a 
major concern, and high energy density 
is also required to meet an ever-increasing 
demand for long-distance travel.[1] Con-
ventional LIBs are limited by insufficient 
energy density and safety issues intrinsic 
to flammable liquid electrolytes.[2] All-
solid-state LIBs (ASSBs) with suitable 
solid-state electrolytes (SSEs) enable the 
use of the “Holy Grail” anode material 
of metallic Li (3860 mAh g−1, −3.04  V vs 
SHE) and have been proposed and widely 
studied to improve the energy density and 
safety of the batteries.[3] To date, various 
SSEs have been comprehensively explored 
for building high-performance ASSBs, 
including garnet,[4] sulfide-based glass/
ceramic,[5] sodium superionic conductor 

(NASICON),[6] LiSICON,[7] and perovskite materials.[8] In par-
ticular, garnet SSEs (e.g., Li7La3Zr2O12, Li6.5La3Zr1.5Nb0.5O12,  
Li6.4La3Zr1.4Ta0.6O12) are highly attractive because of their good 
chemical stability in the presence of metallic Li, high Li-ion 
conductivity at room temperature (1 mS cm−1 for the state of 
the art), and wide electrochemical potential window (≈0–5 V vs 
Li+/Li) that enables matching with high voltage cathodes.[9]

Despite the impressive merits offered by garnet SSEs, their 
targeted applications in ASSBs are limited by the high interfacial 
resistance originating from the poor contact of the garnet SSEs 
with metallic Li at the interface, even under hot pressing.[10] 
Subsequently, the interface worsens during the latter repeated 
Li stripping process due to an increase in the number of voids, 
and contact loss occurs between the Li anode and the SSE, as 
illustrated in Figure 1a. It is generally accepted that interfacial 
contact also plays a critical role in regulating Li deposition.[11] 
The poor contact at the interface accounts for a harmful point-
to-point physical connection between the rigid garnet-SSE and 
the uneven Li metal anode, which causes an inhomogeneous 
Li-ion flux distribution during the Li plating/stripping pro-
cess. Once Li dendrites nucleate and form, the local electrical 
field changes quickly.[12] As a result, Li dendrites propagate in 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202101556.

Adv. Funct. Mater. 2021, 2101556

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202101556&domain=pdf&date_stamp=2021-05-31


www.afm-journal.dewww.advancedsciencenews.com

2101556  (2 of 8) © 2021 Wiley-VCH GmbH

garnet SSEs even faster than in conventional liquid electrolytes, 
leading to a low critical current density (CCD) for the stable 
operation of Li metal electrodes and rapid short-circuiting of 
ASSBs.[13] Therefore, improving the interfacial contact is not 
only significant for reducing the interfacial resistance but also 
important for suppressing Li dendrite formation.

Many efforts have been made to tailor the interfacial con-
tact between garnet SSEs and Li metal electrodes to achieve a 
low interface impedance and enable dendrite-proof Li plating/
stripping at a high CCD. Referring to previous reports, three 
main approaches have been highlighted: 1) Removing lithi-
ophobic species from garnet SSEs. Recent experimental and 
computational studies have revealed that garnet SSEs are 
intrinsically lithiophilic, and that poor Li | garnet SSE inter-
faces arise because of the uncontrollable formation of lithi-
ophobic contaminants (e.g., Li2CO3 and LiOH) on garnet SSE 
surfaces during air exposure.[14] Many attempts have been made 
to remove surface contaminants, including rapid acid treat-
ment,[15] high-temperature carbon annealing,[16] and thermal 
treatment at >700  °C.[17]  However, garnet SSEs treated by the 
methods mentioned above usually cause electronically con-
ductive defects or loss of lithium. Meanwhile, regeneration of 
surface contaminants is inevitable if the garnet SSEs are re-
exposed to the air. 2) Tailoring wettability of the molten Li. It 
is widely accepted that the poor wettability of molten Li does 
not allow it to spread across the surface of garnet SSEs due 
to the lithiophobic contaminants described above. Instead of 
removing surface contaminants, some research endeavors have 
been made to improve the wettability of molten Li by modifying 
the composition. Examples of these efforts include Li@50 wt% 
graphite,[18] Li@50 wt% Na,[19] Li@33 wt% Zn,[20] Li@30 wt% 
Sn,[21] and Li@10 wt% g-C3N4.[22] With all these efforts, the Li | 
garnet SSE interfacial resistance has been reduced to 5 Ω cm2. 
However, introducing additional material to the Li anode inevi-
tably lowers the energy density of the whole battery; thus, the 

additive amount should be as small as possible. 3) Introducing 
a buffer layer on garnet SSEs. Polymer electrolytes (PEO, 
PVDF),[23] polymer films (PDMS, PAA, etc.),[24] and inorganic 
thin films (BN, ZnO, Al2O3, Cu3N, SnNx, Ge, Sn, Mg, C, Au, 
Ag, etc.)[25,26] have been utilized to optimize the Li | garnet SSE 
interface. Although polymer-based buffer layers are flexible and 
soft and enable intimate contact with garnet SSEs, their Li-ion 
conductivity at room temperature is still insufficient. The prac-
tical use of inorganic thin films in ASSBs, however, is greatly 
hampered by manufacturing costs and technology (e.g., atomic 
layer deposition, chemical vapor deposition, electron beam 
thermal evaporation). Consequently, efforts to explore pos-
sible solutions for the Li | garnet SSE interface are still highly 
needed.

Herein, we report the construction of an intimate Li | garnet 
SSE interface that achieves ultralow interfacial impedance, 
fast charge-discharge rate, and long cycling life without 
showing signs of short-circuiting, as illustrated in Figure  1b. 
Our approach utilizes the chemical reaction between Si3N4 
(1 wt%) and Li at 250  °C to create a distinct Li-Si-N melt that 
easily spreads on the garnet SSE (Li6.4La3Zr1.4Ta0.6O12, LLZTO) 
due to low surface tension. The contact angles of the pristine 
Li melt and the Li-Si-N melt on LLZTO pellets were greatly 
reduced from 120° to 30°. In addition, the in situ-formed Li3N 
and LiSi2N3 species are good Li-ion conductors at the Li-Si-N | 
LLZTO interface, which can isolate electrical contact between 
the LLZTO and Li, thus effectively suppressing the formation 
of dendritic Li. Density functional theory (DFT) calculations 
revealed that the presence of Li3N and LiSi2N3 in molten Li 
can effectively decrease the interface formation energy of Li | 
LLZTO. Owing to these merits, our solid-state Li-symmetric 
cells show much lower interfacial impedance (1 Ω cm2 at 25 °C) 
than other Li | garnet | Li cells reported to date. Moreover, this 
Li-Si-N melt demonstrates good applications in all-solid-state 
full batteries (e.g., Li-Si-N | LLZTO | LiFePO4). A fundamental 

Figure 1.  Schematic illustration showing the preparation of a) pure Li melt and b) Li-Si-N melt and the resultant interface contact behaviors with garnet 
pellets. Point-to-point interface contact is transformed into face-to-face contact with the help of 1 wt% Si3N4 modifier, enabling a dendrite-free system 
for better Li-ion transport across the interface. The digital photos show c) pure Li melt, d) Li-Si-N melt, e) LLZTO garnet pellet, and f) corresponding 
contact angles.
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understanding of intimate Li | garnet interface formation and 
outstanding electrochemical performance are further exploited.

2. Results and Discussion

The Li6.4La3Zr1.4Ta0.6O12 (LLZTO) pellet was selected as the 
model garnet SSE for this study because of its high ionic 
conductivity at room temperature. It was prepared by a solid-
state reaction according to procedures described in a previous 
report.[26] The pure cubic phase (Figure S1, Supporting Infor-
mation, PDF 45–0109) and high relative density (Figure S2, 
Supporting Information) resulted in ionic conductivity of the 
as-prepared LLZTO pellet as high as 8 × 10−4 S cm−1 at 25  °C 
(Figure S3, Supporting Information). The LLZTO pellets were 
mechanically polished to flatten the electrolyte and remove the 
surface contaminants (e.g., Li2CO3 and LiOH). The Li melt 
was obtained by heating pure Li foil at 250  °C in an Ar-filled 
glovebox. The Li-Si-N melt was prepared by simply adding 
1 wt% Si3N4 powder (with a size of approximately 20 nm and 
a surface area of 46 m2g, Figure S4, Supporting Informa-
tion) into molten Li in the same preparation process. Note 
that the Li melt shrank into a droplet in a stainless steel con-
tainer (Figure  1c), but the Li-Si-N melt laid flat (Figure  1d). It 
is widely accepted that liquid droplets tend to gather into the 
smallest volume state to form the smallest possible spherical 
shape due to surface tension.[27] Surface tension is related to 
the mutual attraction of liquid molecules, including the attrac-
tion of chemical bonds, hydrogen bonds, and van der Waals 
bonds. Usually, liquid-state metal shrinks easily because the 

metal bond is a chemical bond, which is much stronger than 
hydrogen bonds and van der Waals bonds. Therefore, the dif-
ferent shrinkage states of the molten Li and Li-Si-N indicate a 
remarkable change in the surface tension with the addition of 
1 wt% Si3N4. To determine whether surface tension affected the 
contact mode of the molten Li and the Li-Si-N with the LLZTO 
pellet (Figure 1e), a contact angle test was performed. As shown 
in Figure  1f, the contact angles of the Li melt and the Li-Si-N 
melt on LLZTO pellets greatly decreased from approximately 
120° to 30°, which further confirms that the Li-Si-N melt had 
a lower surface tension than the Li melt, thus enabling the Li-
Si-N melt to spread well on the LLZTO garnet and provide inti-
mate physical contact.

The X-ray diffraction (XRD) patterns in Figure  2a provide 
the phase information of the as-received Si3N4, pristine Li foil, 
and the obtained Li-Si-N composite. For the pristine Li foil, 
two diffraction peaks at approximately 36.4° and 52.4° can be 
well indexed to the (110) and (200) planes of the cubic struc-
ture Li (PDF 15–0401). For the as-received Si3N4 powder, all 
diffraction peaks can be well-indexed to γ-Si3N4 (PDF 01-075-
8455). After reaction with molten Li, the Si3N4 peaks completely 
(1 wt% Si3N4, Figure S5, Supporting Information) or almost 
(20 wt% Si3N4, Figure  2a) disappeared, and new diffraction 
peaks belonging to Li3N, LiSi2N3, and LixSi were detected in 
addition to the peaks of the Li metal in the Li-Si-N composite, 
indicating that the as-received Si3N4 powder completely reacted 
with molten Li. To achieve a fundamental understanding of 
the reaction between Si3N4 and Li, thermodynamic analysis 
based on DFT calculations were performed. Table S1, Sup-
porting Information, lists all the possible reaction equations, 

Figure 2.  Characterization analysis of Li-Si-N composite. a) XRD patterns of the Li, Si3N4, and Li-Si-N composite. b) Phase equilibrium diagram of the 
Li-Si-N system. c) N 1s XPS spectrum of Si3N4. d,e) Li 1s and N 1s XPS data collected from the Li-Si-N composite.
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in conjunction with the phase diagram of the Li-Si-N system 
(Figure 2b), suggesting that Li3N, LiSi2N3, and LixSi are instable 
phases in the final Li-Si-N composite. Therefore, the reaction  
Li + Si3N4 → Li3N + LiSi2N3 + LixSi is proposed in light of its 
thermodynamic favorability. X-ray photoelectron spectroscopy 
(XPS) was carried out to acquire further information about 
the chemical state of the Li and N species in the Li-Si-N com-
posite. As shown in Figure  2c, the N 1s spectrum of the as-
received Si3N4 with a peak centered at 397.5 eV corresponding 
to the Si-N species.[28] The Li 1s spectrum of the Li-Si-N com-
posite (Figure  2d) can be fitted to two peaks centered at 54.8 
and 55.2  eV, which can be assigned to Li and Li3N, respec-
tively. In addition, the XPS signal of the N 1s in the Li-Si-N 
composite (Figure 2e) can be fitted into two peaks centered at 
400.0 and 398 eV, which correspond to Li-N and Si-N species, 
respectively.[22] Based on DFT calculations and XRD and XPS 
analyses, the co-existence of Li metal, Li3N, LiSi2N3, and LixSi 
species in the Li-Si-N composite can be concluded.

The surface chemistry of the Li-Si-N composite was then 
investigated by DFT calculations. As shown in Figure 3a–c, the 
interfacial formation energies of Li | LLZTO, Li3N | LLZTO, 
and LiSi2N3 | LLZTO were −0.97, −1.47, and −1.82 J m−2, respec-
tively, indicating that the interfacial formation energies of Li3N 
| LLZTO and LiSi2N3  | LLZTO were more negative than those 
of Li | LLZTO. The data imply that the Li3N and LiSi2N3 spe-
cies generated from the reaction between Si3N4 and molten Li 
were beneficial for enhancing chemical contact between Li and 
LLZTO. The improved interfacial contact was further presented 
by cross-section scanning electron microscope (SEM) testing. 
As shown in Figure 3d–f and Figure S6, Supporting Informa-
tion, the upper section of the image is the pure Li or Li-Si-N 

composite, and the lower section is the LLZTO pellet. There 
was a large gap between the Li melt and the LLZTO pellet, 
while the Li-Si-N melt filled the surface voids of the LLZTO 
pellet and maintained close contact with the LLZTO particles. 
The difference in behavior of the melts demonstrates the effec-
tiveness of the addition of Si3N4 in altering the interface contact 
between the Li and LLZTO garnet. The EDS mapping image 
of the Li-Si-N | LLZTO interface confirms that N (Figure  3g) 
was uniformly dispersed in the Li metal and maintained good 
contact with the La and Ta at the Li-Si-N | LLZTO interface, as 
shown in Figure  3h,i, which is in agreement with the SEM 
results. The overall investigation indicates that the construction 
of a Li | garnet interface with a Si3N4 additive proceeds via two 
major pathways: 1) lowering the surface tension of molten Li 
to enable it to easily spread on garnet pellets to achieve good 
physical contact and 2) decreasing the interfacial formation 
energy of Li | garnet to enhance the chemical contact between 
the Li and the garnet. The second method works only when 
there is a large amount of additive.[18] However, introducing a 
large amount of additional material into the Li anode inevitably 
lowers the energy density of the whole battery. Therefore, this 
promising method demonstrated in this study is the first one 
smart construction of a stable and intimate Li | garnet inter-
face created by lowering the surface tension of molten Li with a 
trace amount of Si3N4 (1 wt%).

To evaluate the interface resistance and the electrochem-
ical stability of the Si3N4-modified Li | garnet interface, sym-
metric cells of Li | LLZTO | Li and Li-Si-N | LLZTO | Li-Si-N 
were assembled. EIS tests were carried out prior to the CCD 
and cycling tests to evaluate the initial interfacial resistances. 
Figure 4a shows the Nyquist plots of the Li | LLZTO | Li and 

Figure 3.  DFT calculations of the interfacial formation energies of the a) Li | LLZTO, b) Li3N | LLZTO, and c) LiSi2N3 | LLZTO interfaces. SEM images 
of the cross-sections of the d) Li∣LLZTO and e,f) Li-Si-N∣LLZTO interfaces at different magnifications. g–i) EDS mapping analysis of the Li-Si-N∣LLZTO 
interface.
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Li-Si-N | LLZTO | Li-Si-N symmetric cells measured at room 
temperature. The semicircle in the Nyquist plot characterizes 
the electrode | electrolyte interface. The calculated area specific 
resistance (ASR) of the Li-Si-N | LLZTO | Li-Si-N cell is as small 
as 1 Ω cm−2 (referring to the one-sided electrode | electrolyte 
interface), which is a nearly 200-fold reduction in the value 
compared to the Li | LLZTO | Li cell (220 Ω cm−2) and is also 
lower than some previously reported values for garnet electro-
lytes (Tables S2 and S3, Supporting Information). The CCD is 
defined as the maximum allowable current density at which the 
SSE can endure short circuits caused by Li dendrite penetra-
tion.[13] Figure  4b,c compares the CCD of the symmetric cells 
with pristine Li and Li-Si-N composite electrodes. As expected, 
the Li-Si-N | LLZTO | Li-Si-N symmetric cell exhibited a high 
CCD of 1.8  mA cm−2, while that of the Li | LLZTO | Li sym-
metric cell was only 0.12  mA cm−2 due to the poor interface 
contact. Additionally, galvanostatic cycling tests were performed 
to evaluate the long-term stability of Li | LLZTO and Li-Si-N | 
LLZTO interfaces. As shown in Figure S7, Supporting Informa-
tion, the Li | LLZTO | Li symmetric cell showed a high overpo-
tential of over 50 mV in the first cycle under testing conditions 
of 0.1  mA cm−2 and 0.1  mA h cm−2, and a rapid short circuit 
occurred after cycling for 4 h. Note that the visible Li dendrites 
also appeared (Figure S8, Supporting Information), indicating 
an uneven Li plating/stripping process. This may have resulted 
from the fact that the poor contact of the Li | LLZTO interface 
forms a harmful point-to-point physical connection between the 

lithium and the garnet, which causes a locally enhanced electric 
field and inhomogeneous Li-ion flux distribution during the Li 
plating/stripping process, accelerating dendrite growth. By con-
trast, long-term testing of Li-Si-N | LLZTO | Li-Si-N cells showed 
stable cycling performance for as long as 1000 h at 0.4 mA cm−2 
(Figure  4d,e), 1500 h at 0.2  mA cm−2 (Figure S9, Supporting 
Information), and 300 h at 0.6 mA cm−2 (Figure S10, Supporting 
Information) without short circuiting or overpotential enlarge-
ment, demonstrating the superior interfacial stability and den-
drite-suppressing capability of Li-Si-N composite electrodes, 
surpassing the performance described in most previous reports 
(as shown in Tables S2 and S3, Supporting Information). More-
over, only a slight increase in interfacial resistance (4.5 Ω cm2) 
was detected even after the Li-Si-N | LLZTO | Li-Si-N cell was 
cycled for 1000 h at 0.4  mA cm−2 (Figure  4f), and the cross-
sectional SEM image revealed that the Li-Si-N | LLZTO inter-
face still maintained intimate contact after cycling for 1000 h  
(Figure 4f inset and Figure S11, Supporting Information), and 
without no signal of Li dendrites (Figure S8, Supporting Infor-
mation). The above experimental results show that the Li-Si-N 
composite can not only achieve intimate interface contact with 
LLZTO garnet and reduce interface resistance but also signifi-
cantly improve the CCD and stability of the Li-Si-N | LLZTO | 
Li-Si-N symmetric cell.

To further demonstrate the feasibility of the Li-Si-N | LLZTO 
interface, an all-solid-state full cell was assembled using 
LiFePO4 as the cathode, an LLZTO pellet attached to Li-Si-N  

Figure 4.  a) Comparison of EIS spectra of the Li | LLZTO | Li and Li-Si-N | LLZTO | Li-Si-N cells at room temperature. The inset shows corresponding 
equivalent circuit. b,c) Comparison of CCD of the Li | LLZTO | Li and Li-Si-N | LLZTO | Li-Si-N cells under step-increased current densities with upper 
limit set to 2 mA cm−2. d,e) Li plating and stripping cycling of Li-Si-N | LLZTO | Li-Si-N cell under 0.4 mA cm−2 at room temperature and corresponding 
enlarged voltage profiles of Li plating/stripping at different cycling stages. f) EIS spectrum and cross-sectional SEM image of the Li-Si-N | LLZTO | 
Li-Si-N cell after being cycled at 0.4 mA cm−2 for 1000 h at room temperature.
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as the electrolyte and anode, and a PEO-based membrane 
as a cathode functional layer, as schematically illustrated in 
Figure 5a,b. The LiFePO4 cathode with a loading of 2 mg cm−2 
was prepared by mixing the LiFePO4 powder with Super P 
and a polymer (PEO20-LiTFSI). Then, a PEO precursor solu-
tion (PEO20-LiTFSI-10 wt% LLZTO-acetonitrile) was coated 
on the LiFePO4 cathode, followed by heating evaporation to 
form a functional layer with a thickness of 12 µm (Figure S12, 
Supporting Information); see “Cell fabrication” in the Sup-
porting Information. The soft PEO-based cathode functional 
layer possessed a high ionic conductivity of 1 × 10−3 S cm−1 at 
60 °C and a wide electrochemical potential window up to 4.2 V 
versus Li/Li+ at room temperature (Figure S13, Supporting 
Information), enabling the formation of an intimate cathode 
| electrolyte interface that reduced the resistance of Li+ migra-
tion across the interface. As expected, the all-solid-state Li-Si-
N | LLZTO | PEO-LiFePO4 full cell showed a total resistance 
of approximately 180 Ω cm2 at 60  °C, which is much smaller 
than that of the Li | LLZTO | PEO-LiFePO4 full cell (780 Ω cm2, 
see Figure S14a, Supporting Information). The all-solid-state 
full cell delivered a high specific capacity of 146 mAh g−1 at 1 C 
(Figure  5c) with small overpotentials exhibiting well-defined 
charge/discharge plateaus of approximately 3.4  V at a current 
density of 1 C (Figure 5d), which is even comparable to the per-
formance of liquid-electrolyte LIBs. By contrast, the Li | LLZTO 
| PEO-LiFePO4 full cell delivers a low discharge capacity of 115.5 
mAh g−1 for the first cycle, and following a rapid capacity fading 
after 10 cycles (Figure S14b, Supporting Information). In addi-
tion, the full cell maintained 97% of the initial capacity at 1 C 
for over 100 cycles with a high Coulombic efficiency of 99.9% 
(Figure  5c), suggesting superior cycling stability. Moreover, 
the all-solid-state Li-Si-N | LLZTO | LiFePO4 full cell showed 
good rate performance ranging from 0.1 to 2 C. As shown in 
Figure 5e,f, the discharge capacities were 159, 155, 152, 150, and 
145 mAh g−1 at rates of 0.1, 0.2, 0.5, 1, and 2 C, respectively. 

When the rate returned to 1 C, the specific capacity quickly 
recovered to 149 mAh g−1. Therefore, the present results pave 
the way for the creation of high-capacity and high-rate ASSBs 
based on garnet-structured SSEs.

3. Conclusions

In summary, we provide the first demonstration of modifying 
the Li | garnet interface by tuning the surface tension of molten 
Li with a trace amount of nano Si3N4 (1 wt%). From the phase 
diagram of Li-Si-N systems, in conjunction with XRD and XPS 
analyses, the formation of Li3N, LiSi2N3, and LixSi species was 
confirmed when heating a mixture of 1 wt% Si3N4 and Li metal, 
and the resultant composite was denoted as Li-Si-N melt. The 
Li-Si-N melt greatly improved the interfacial contact with garnet 
in two ways: 1) lowering the surface tension of molten Li to 
enable it to easily spread on garnet pellets to achieve superior 
physical contact and 2) decreasing the interfacial formation 
energy of Li | garnet to endow it with good chemical contact. 
Lowering the surface tension with 1 wt% Si3N4 played a domi-
nant role. As expected, the contact angles of the pristine Li melt 
and the Li-Si-N melt on LLZTO pellets were approximately 120° 
and 30°, respectively. SEM images show that introducing 1 wt% 
Si3N4 into molten Li changed the Li | LLZTO interface from 
point-to-point contact to intimate face-to-face contact, enabling 
a homogeneous current distribution during the Li plating/
stripping process. DFT calculations demonstrated that the Li3N 
and LiSi2N3 species in molten Li can simultaneously reduce 
the interface formation energy of Li | LLZTO. As a result, the 
modified solid-state Li | LLZTO interface achieved an ultralow 
interfacial impedance of 1 Ω cm2 at 25  °C and a high CCD 
of 1.8  mA cm−2. After continuous charging and discharging 
at 0.4  mA cm−2 for 1000 h, no dendritic Li penetration into 
the electrolyte layer was observed. Moreover, the all-solid-state 

Figure 5.  a,b) Schematic representation of the preparation and assembly of the all-solid-state Li-Si-N | LLZTO | PEO-LiFePO4 cell. c,d) Cycle perfor-
mance of the Li-Si-N | LLZTO | PEO-LiFePO4 cell under 1 C at 60 °C and the typical charge-discharge voltage profiles with cycle numbers indicated.  
e,f) Rate performance and corresponding charge-discharge voltage profiles of the all-solid-state Li-Si-N | LLZTO | PEO-LiFePO4 cell.
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Li-Si-N | LLZTO | LiFePO4 full cell could deliver a high capacity 
of 145 mAh g−1 at 2 C and maintain 97% of the initial capacity 
after 100 cycles at 1 C. Therefore, our research provides new 
insights into a new class of molten Li anodes with tunable 
surface tension that can promote unfettered development of 
garnet-based ASSBs.
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