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ReseaRch aRticle

Construction of Moisture-Stable Lithium Diffusion-
Controlling Layer toward High Performance Dendrite-Free 
Lithium Anode

Jian Wang,* Huimin Hu, Shaorong Duan, Qingbo Xiao, Jing Zhang, Haitao Liu, 
Qi Kang, Lujie Jia, Jin Yang, Wenlong Xu, Huifang Fei, Shuang Cheng, Linge Li, 
Meinan Liu,* Hongzhen Lin,* and Yuegang Zhang*

Spatially random lithium nucleation and sluggish lithium diffusion across the 
electrode/electrolyte interface lead to uncontrollable lithium deposition and 
the growth of lithium dendrite on metallic lithium surface, causing severe 
safety problems. Herein, a functional rapid-ion-diffusion alloy layer on the 
metallic lithium surface (RIDAL-Li) is designed through a simple chemical 
reduction reaction. Such a layer efficiently reduces energy barriers for lithium 
transport and thus significantly homogenizes the lithium atom flux for lateral 
deposition, which are confirmed by electrochemical tests, theoretical simula-
tions, and spectroscopic analysis. Furthermore, the as-prepared RIDAL layer 
also displays a much higher corrosion resistance to moisture and oxygen. 
As a result, in ether-based and carbonate-based electrolytes, the pretreated 
RIDAL-Li anode can achieve a long stripping/plating lifespan of 900 h and 
a high Coulombic efficiency of 99% without dendrite growth. Even after 
being exposed to the ambient environment with relative humidity of 51% 
for 60 min, the RIDAL-Li can survive for stripping/plating 400 h and exhibit 
a low overpotential of 18 mV, displaying the superiority for ambient atmos-
phere battery assembly. Matched with LiFePO4 or sulfur cathode, the full cells 
exhibit remarkably improved stability and capacity retention, showing its suit-
ability for applications in lithium metal batteries.

DOI: 10.1002/adfm.202110468

1. Introduction

With the development of modern intelli-
gent society, high-energy-density lithium 
batteries become much more urgent owing 
to the emerge of smart devices and elec-
trical vehicles.[1] In comparison with con-
ventional graphite anode (372  mA h g−1), 
metallic lithium (Li) is considered to be the  
most ideal anode material for lithium bat    -
teries because of high theoretical specific 
capacity (3860 mA h g−1) and relative low elec-
trode potential (−3.04 V vs SHE).[2–5] Unfortu-
nately, the following issues challenged the 
utilization of metallic lithium anode: 1) the 
lithium dendrites growth on the lithium 
surface and the large volumetric changes 
during plating/stripping process; and 2) 
the crack of self-generated solid electrolyte 
interphase (SEI), resulting in depressed 
performance and lifespan.[6,7] The uncon-
trollable lithium nucleation plating behav-
iors and sluggish lithium diffusion kinetics 
at the electrode/electrolyte interface are 
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responsible for the above challenges.[8] The tardy interfacial 
lithium diffusion and the random lithium ionic flux cause large 
overpotential and low Coulombic efficiency (CE) under high cur-
rent densities and hence limit the rate performance of lithium 
metal anode.[9] For the large commercialization, the practical 
applications of lithium metal anodes are also limited by their 
critical assembly conditions (O2 < 1 ppm; H2O < 1 ppm) since it 
is sensitive to moisture and leads to side reactions.[4]

Recently, numerous efforts have been put forward to resolve 
these challenges,[2,10,11,12] including: in situ forming robust 
SEI by screening suitable electrolyte additives; fabricating 
3D current collectors or matrix for accommodating preplated 
lithium and reserving space void for volumetric expansion; 
employing inorganic/organic (or polymer) artificial layers 
to suppress short-circuit by improving the SEI mechanic 
strength; and constructing lithium catalysis/modulation layer 
on the pristine Li. Among them, introducing alloying metal, 
that is, Si, Hg, In, or Zn to the lithium anode is deemed as 
a feasible way to increase the interfacial affinity to Li atoms, 
since the alloys can provide fast Li ion transportation chan-
nels.[13] However, the addition of a large content of alloying 
metals into the lithium anode system will burden the integral 
battery with increasing weight, reducing energy density, and 
large volumetric change. A better choice is to construct a thin 
lithiophilic alloy layer on the lithium metal surface. Different 
from a typical passivation SEI layer which is electronic isola-
tive and causes impedance to lithium-ion transport, the alloy 
layer allows fast diffusion of lithium ions and homogenous 
lithium ion/atom flux.[14] Atomic layer deposition technology 
and polymer coating have been employed to improve the air/
moisture stability of lithium metal.[15] However, its high cost, 
the rather sophisticated process, and its poor ability to trans-
port lithium ions hinder its large-scale application and further 
development. Note that most of the reported strategies are 
investigated in a selected electrolyte, while the feasibility of 
the alloy metal for universal applicability is still far from com-
prehensively understood.

Herein, a rapid-ion-diffusion alloy layer on metallic lithium 
surface (RIDAL-Li) is explored to modulate the lithium trans-
port and plating behaviors for achieving dendrite-free lithium 
anodes. Via a chemical reaction between Li and liquid SnCl4, 
Sn/LixSn alloy layer with a trace amount of insoluble LiCl is 
generated on the Li foil surface.[12] Theoretical simulations and 
electrochemical analysis verify that such an alloy layer allows 
fast atom diffusion and uniform distribution of the lithium 
ions over the lateral plane, thus lower the interfacial transport 
impedance or barriers. Moreover, the pretreated lithium with 
RIDAL could tolerate the corrosion of electrolyte solvent and 
show the resistance in reacting with moisture, as unveiled by 
sum frequency generation spectroscopy (SFG). Therefore, the 
so-fabricated RIDAL SEI modified Li is capable of guiding 
initial lithium nucleation and successive lateral plating with 
lower potentials in carbonate or ether-based electrolytes. It 
yields a long plating/stripping cycling lifespan up to 900 h 
and an improved CE of 99% in the LiFSI-based electrolyte, 
showing significant advantages in prohibiting lithium dendrite 
growth. Even when being exposed to the tough practical mois-
ture condition, the RIDAL-Li electrode is capable of resisting 
against the corrosion from oxygen and humid moisture and 

exhibits low overpotentials of 18  mV. Matching with LiFePO4 
or sulfur cathode, the so-fabricated full cells exhibit remarkably 
improved stability and rate capacity, showing great promise for 
high energy density lithium metal batteries.

2. Results and Discussion

As is well known, the metallic Li is sensitive to the moisture 
and oxygen after being exposed to ambient surrounding, and 
it can also react with electrolyte/solvents to form solid deposi-
tions, which may lead to a rough surface, and thus deteriorates 
the performances of the lithium electrode (Figure 1A). An ideal 
metallic Li electrode should have the ability in resisting mois-
ture and solvent corrosion. By introducing an artificial SEI layer 
on the metallic Li surface, the side reaction as mentioned above 
can be avoided and uniform lithium ion flux can be realized to 
deposit homogenously (Figure  1B).[4,5,7] In addition, the space 
charge theory proposed by Chazalviel suggests a higher uni-
form lithium diffusion rate may further suppress the growth 
of lithium dendrites. Therefore, how to construct a layer which 
not only protects Li away from moisture and electrolyte, but 
also propels lithium ion diffusion easily seems very important 
and challenging. To achieve the above goal, the diffusion rate of 
lithium atoms in a series of lithium salts were compared and 
evaluated. A wide-area diffusion path with the lowest global 
diffusion energy barrier for the diffusion of lithium ions was 
found.[16] As shown in Figure 1C–L and Figure S1, Supporting 
Information, two types diffusion modes, that is, interstitial dif-
fusion and vacancy diffusion for lithium atom were well-inves-
tigated in all systems. LiF is a well-known byproduct derived 
from electrolyte and protects the lithium surface. The insoluble 
LiCl is also well-known wide-band-gap insulator with the band 
gap of 6.27  eV in our calculations (Figure  1J). Compared with 
LiF, the interstitial diffusion of Li ions is still favorable mode 
in LiCl bulk, but the diffusion barrier is significantly decreased 
from 0.44 to 0.33  eV.[17] Therefore, the formation of insoluble 
LiCl can facilitate and accelerate lithium-ion transport across 
the interface.[18] As a demo, a typical metal of Sn is selected 
as the lithium ion flux modulator in here. First, the various 
stable crystal phase structures including LiF, LiCl, Sn, LiSn, 
and Li13Sn5 were optimized (Table S1, Supporting Information). 
Introducing the metallic alloy into the system (Figure  1E–G), 
the interstitial lithium ion diffusion is propelled owing to the 
unique structure of Sn, and it only exhibited extremely low 
diffusion energy barrier (0.08  eV), as displayed in Figure  1K. 
With the increasing lithium concentration in LiSn alloy, the 
favorable diffusion mode may be changed and the diffusion 
barrier is slightly increased to 0.19  eV (Figure S1, Supporting 
Information). Hence synergetic interaction between LiCl and 
LiSn alloy could improve the lithium-ion transport through 
the SEI. A more uniform lithium deposition at the SEI/Li inter-
face is anticipated and the formation of lithium dendrite is 
believed to be inhibited. Meanwhile, the capability of moisture 
on the metallic Li and alloy surface is also investigated, as dis-
played in Figure 1H–I and Figure S2, Supporting Information. 
The water molecular is more preferential to the metallic Li sur-
face since it can react with active Li, disturbing the surface sta-
bility. In contrast, the adsorption energy is reduced to 0.45 eV 
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upon the moisture water reaches the alloy surface, showing the 
rather chemical stability.

Following above guideline, the metal precursor (SnCl4) 
is dissolved in dimethyl ether (DME) and then dip-coated on 
metallic lithium surface, spontaneously yielding the Sn/LixSn 
alloy layer via chemical reduction of Sn(IV) by lithium. As 
shown in the scanning electronic microscopy (SEM) images 
(Figure 2A), compared with pristine Li metal (Figure S3, Sup-
porting Information), large numbers of uniformly distributed 
nanoparticles were observed on the lithium surface after self-
reaction. Further, the thickness of the so-formed RIDAL layer 

is characterized to be about 7  µm in average according to the 
cross-sectional SEM image (Figure 2B). Both the corresponding 
surface and cross-sectional SEM energy dispersed spectros-
copy mappings confirm the presence and uniform distribu-
tion of elemental Sn and Cl in the formed RIDAL SEI layer 
(Figure 2A,B). Both the RIDAL-Li and pristine Li show the typ-
ical crystal peaks of metallic Li. RIDAL-Li shows distinct feature 
peaks at 35° and 51° attributed to metallic Sn in the X-ray dif-
fraction patterns (Figure 2C). An extra peak at 38° is observed, 
suggesting the formation of lithiated Sn alloys (Li13Sn5) on the 
metallic lithium surface. As displayed in the high-resolution 

Figure 1. Schematic illustration of moisture and oxygen on A) pristine Li surface and B) ideal metallic Li surface; Atomic structures of interstitial Li-ion 
diffusion in C) LiF, D) LiCl, E) Sn, and F) LiSn; The yellow arrow indicates the diffusion direction of the interstitial Li. G) Atomic structure of vacancy 
Li-ion diffusion in Li13Sn5; Water moisture molecule adsorbed on H) Sn(100) surface and I) Li(001) surface. The red arrow indicates the trajectory of Li 
vacancy from the initial state to the final state. J) The comparison of electronic density of states between LiF and LiCl; K) The summary of the Li ion 
diffusion barriers in various materials; L) The adsorption energies of H2O on Sn (100) and Li (001) surface. The dark green, green, silver, purple, gray, 
red, and light pink balls represent interstitial Li, Li, F, Cl, Sn, O, and H atoms, respectively.
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Li 1s X-ray photoelectronic spectroscopy (XPS) spectrum in 
Figure  2D and Figure S4A, Supporting Information, the char-
acteristic peak at 54.7  eV is assigned to the metallic Li, while 
a new fitting peak centered at 54.1  eV ascribed to the LiSn 
bond comes out, suggesting the formation of LixSn alloy. In 
the high-resolution Sn 3d spectrum (Figure 2E), the Sn 3d5/2 at 
494.5 eV and Sn 3d3/2 peaks at 486.1 eV are able to be detected 
on the surface of pretreated sample.[12,19] The presence of LiCl 
in the RIDAL SEI layer is evidenced by its characteristic signal 
at 199.8  eV in the Cl 2p spectrum (Figure S4B, Supporting 
Information).

To illustrate the modulation effect of the RADIL layer, sym-
metric, and asymmetric cells based on RIDAL-Li and pris-
tine Li were assembled in carbonate and ether electrolytes, 
respectively. As shown in the electrochemical impedance 
spectroscopy, the RIDAL-Li electrode displays one charge 
transfer process and a lithium ion transfer process. And the 
pretreated RIDAL-Li electrode keeps the smaller charge transfer 
resistance than the pristine Li one (2.07 vs 15.35 Ω), indicating 
the highly conductive electrode/electrolyte interface (Figure S5,  
Supporting Information).[20] Compared with the stable resist-
ances of the RIDAL-Li electrode, the resistance of the pris-
tine Li becomes smaller gradually in the successive cycles, 
which might be caused by the formation of in situ generated 
SEI layer (Figure S5, Supporting Information).[21] As shown in 
Figure 3A, the RIDAL-Li electrode has a smaller slope (1.590) 
than that of pristine Li (1.847), implying the fast ionic transport 
across the preformed alloy SEI layer.[20,22] Besides, as shown in 

Figure 3B and Figure S6, Supporting Information, the lithium 
ion transference number of the cell based on RIDAL-Li elec-
trode is calculated to be 0.548, which is higher than that of the 
cell based on pristine Li.[23] These results co-reveal the ionic 
transport across the interface and in the alloy interior are sig-
nificantly improved, realizing a smooth deposition of Li. The 
ability of the RIDAL SEI in decreasing the nucleation and 
transport barriers is also reflected in the lifespans and CEs in 
different electrolytes under the plating/stripping capacity of 
1  mA h cm−2. Figure  3C and Figure S7, Supporting Informa-
tion show the voltage curves of the cells based on pristine Li 
and RIDAL-Li at 1 mA cm−2 in various electrolytes. In the con-
ventional carbonate-based electrolyte, the pretreated RIDAL-Li 
electrode exhibits a long life of 200 h within an overpotential of 
80 mV, while the pristine Li shows a depressed lifespan of 80 h 
and large fluctuating overpotentials (usually above 2000  mV). 
Similarly, in the ether-based electrolytes, the symmetric cells 
based on RIDAL-Li electrodes display enhanced cycle stability 
and low overpotentials, significantly better than that of pris-
tine Li electrodes (Figure  S7, Supporting Information). Note 
that in the LiFSI-based ether electrolyte, the performances of 
symmetric cells are superior to that in LiTFSI and LiPF6-based 
ones. A longer life of about 650 h with a stable overpotential of 
30 mV is achieved at 1 mA cm−2, demonstrating the advantages 
of the preformed RIDAL SEI layer. As a contrast, the pristine 
Li electrode displays a fluctuated voltage curve in the succes-
sive plating/stripping process and then encounters a sudden 
voltage drop, indicating the formation of lithium dendrite.[24] 

Figure 2. A) The SEM image and EDS elemental mappings of rapid ion diffusion alloy layer on lithium surface by self-reacted dip-coating. B) The cross-
sectional SEM image and EDS elemental mappings of RIDAL-Li, showing the thickness of RIDAL is about 7 µm. C) X-ray diffraction (XRD) pattern of 
RIDAL-Li and pristine Li. The high-resolution XPS spectra of D) Li 1s and E) Sn 3d in the RIDAL-Li electrode surface.
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Reducing the current density to a lower density of 0.5 mA cm−2 
(Figure 3D), the RIDAL-Li electrode keeps quite stable overpo-
tential tendency and runs for a lifespan up to 900  h. Similar 
stable overpotential and low diffusion barrier results are also 
achieved at high current densities (Figures S8 and S9, Sup-
porting Information).

In order to further evaluate the functions of the rapid ion 
diffusion modulation layer, the asymmetric LiCu cells based 
on the pristine copper with RIDAL-Li or pristine Li were 
assembled, respectively. As is well known, the CE is capable 

of witnessing the stability of the artificial SEI layer, which is 
defined as the stripping lithium amount divided by the plating 
lithium amount.[11,25] The initially plated lithium atoms are 
stripped off from the copper electrode and then deposited onto 
the lithium electrode during the charging process, and the 
depositing morphology substantially affects the lithium ion 
flux distribution in the successive discharging half cycle, and 
hence influences the lithium plating behaviors on the copper 
side. In the optimized FSI-based ether electrolyte, along with 
cycling, the CE valves of the LiCu cell based on pristine Li 

Figure 3. A) Plot of impedance as a function of the inverse square root of the angular frequency (ω) at low frequency. B) The transference number of 
RIDAL-Li and pristine Li electrodes. C) Galvanostatic plating/stripping stability of the symmetric cells based on RIDAL-Li and pristine Li electrodes 
at current density of 1 mA cm−2 in ether- or carbonate-based electrolytes D) Long plating/stripping stability of the symmetric cell based on RIDAL-Li 
electrode at 0.5 mA cm−2. E) the Coulombic efficiency measurement of asymmetric cells based on RIDAL-Li and pristine Li electrodes at 2 mA cm−2. 
F) The corresponding potential profiles at the tenth cycle at the current density of 2 mA cm−2.
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electrode undergo up-and-down and display a decreased ten-
dency after 300 cycles at 2  mA cm−2, indicating the dendrite 
growth of lithium at high-rate ionic flux. In contrast, the pre-
treated RIDAL-Li electrode maintains stable CE values above 
99% after the initial lithiation of alloy and stabilizes for more 
than 350 cycles (Figure  3E). The similar stable phenomena 
can also be observed when decreasing the current density 
to 1  mA cm−2 (Figure S10, Supporting Information). As dis-
played in Figure  3F, the pretreated RIDAL-Li electrodes show 
the lower overpotentials, indicating the decreased barriers and 
increased ion conductivity upon introducing the artificial alloy 
layer. Moreover, the RIDAL-Li electrode remains the superior 
CE and lifespan in the LiTFSI-based and LiPF6-based electrolyte 

system, as displayed in Figures S11 and S12, Supporting Infor-
mation. These results demonstrate that the alloy layer on the Li 
surface can propel the lithium ion transport across the inter-
face and interior and suppress the side reaction between the 
metallic Li and the electrolyte during cycling.

To pursue the large production in industrial field, the cor-
rosion of moisture and solvents are tough challenges deserved 
to be resolved since the metallic Li is sensitive to moisture 
and could not be stable in the ambient moisture surrounding 
(Figure  4A).[15] Figure  4A and Figure S13, Supporting Infor-
mation depict and display the optical images of pristine Li 
and RIDAL-Li electrodes exposed to practical environment 
with the humidity of 44% at room temperature (Figure S13, 

Figure 4. A) The optical image evolution of these two lithium foils exposed to humid air of 44% for 0, 30, and 90 min. B) The SFG spectra evolution of 
these two lithium foils exposed to humid surrounding, indicating moisture tends to adsorb on pristine Li. C) Corresponding XRD pattern of RIDAL-Li 
and pristine Li exposed to air after 3 h. SFG spectra comparison of the two lithium electrodes in D) DME/electrode interface and E) DOL/electrode 
interface, respectively. Galvanostatic plating/stripping stability of the symmetric cells based on exposed RIDAL-Li and pristine Li electrodes F) for 
30 min and G) for 60 min in the ambient humid surroundings, respectively.
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Supporting Information). With the increase of exposed time, 
the pristine Li without any protection was shining at the begin-
ning and became gray then to dark gray, suggesting the side 
reaction formed on the surface. However, in big contrast, no 
obvious color change was observed in the RIDAL-Li, implying 
its superior stability in the humid surrounding. The top view 
and cross-sectional SEM images of these two lithium foils 
were also obtained. As shown in Figure S14, Supporting Infor-
mation, after reacting with the moisture, the surface became 
rougher and the thickness was increased. The corrosive layer 
on the pristine Li became much rougher and contained many 
collapsed structures. In sharp contrast, the RIDAL-Li elec-
trode remained the original surface morphology composed of 
well-distributed Sn nanoparticles along with the increasing of 
exposure time. The moisture affinity adsorbed on the metallic 
Li surface was studied by interfacial vibrational SFG spectros-
copy at electrode/air interface.[26] As displayed in Figure 4B, the 
pristine Li one shows the feature peaks attributed to water and 
extensive affinity to the moisture adsorption at the interface 
after exposing to humid surrounding for 30 min. However, the 
RIDAL-decorated Li shows the resistance to the moisture and 
no feature SFG peaks were observed even after exposing for 
120 min. To clearly figure out the formed substance on metallic 
lithium surface, as displayed in Figure  4C and Figure S15, 
Supporting Information, pristine Li without RIDAL SEI layer 
shows a feature diffraction peak at 32.6°, which is attributed to 
the LiOH resulted from the reaction between lithium metal and 
oxygen/moisture in the air. The absence of LiOH in RIDAL-Li 
electrode means that the artificial RIDAL SEI layer can effec-
tively keep stable in humid surrounding and inhibit the mois-
ture reaction. Such surface protection ability is also reflected 
in the resistance to the electrolyte solvents. As displayed in 
Figure 4D,E, in the SFG spectroscopy, the signals at 1475 cm−1 
are assigned to CO bending vibration signals of DME, respec-
tively.[27] The stronger intensity of CO signal on pristine Li 
surface than that on RIDAL-Li demonstrates that the DME 
molecules have high affinity to pristine Li surface and almost 
little amount on the preformed SEI layer. Regarding the sol-
vent of DOL, the similar phenomenon is obtained (Figure 4E), 
strongly showing the high resistance of the SEI layer to the 
solvent in the electrolyte. The less coordinated solvent with 
lithium ions means the low desolvation energy barrier to over-
come on the interface, so that the bare lithium ion can easily 
reach the metallic surface, realizing a fast-rapid transport. From 
the practical view, the symmetric cells based on the exposed Li 
electrodes are also tested. As shown in Figure 4F,G, exposed to 
the humidity of 51%, the exposed RIDAL-Li electrode keeps the 
similar behaviors without any dendrite formation. Increasing 
the exposed time up to 60 min, the pristine Li exhibits extremely 
worse electrochemical plating/stripping behaviors and the cell 
is nearly unable to work (Figure  4G). While, the RIDAL-Li  
electrode can last for 400 h with the low stable overpotential 
of 18  mV at 1  mA cm−2, significantly implying the stability of 
RIDAL SEI under ambient humid surrounding. As illustrated, 
very few reports have investigated the stability in a practical 
moisture environment and the RIDAL-Li electrode displays the 
excellent lifespan. (Table S2, Supporting Information).

To deep clarify the RIDAL SEI, ex situ SEM and XPS were 
conducted to observe the cycled surface. As shown in Figure 5A, 

the RIDAL-Li still reserved many nanoparticles without aggre-
gation after 50 cycles, indicating the possibility of uniform 
lithium ion transport across the artificial SEI layer. However, 
the pristine Li without any protection exhibits many deep pits 
and large aggregation, resulting in formation/deformation of 
SEI layers under inhomogeneous stress (Figure  5B). In the 
cross-sectional SEM image, in comparison with the thickness 
in Figure  2B, the thickness of the cycled SEI layer increases 
slightly (7  vs 10  µm), which might be ascribed to partial vol-
umetric change and the formation of LiF derived from LiFSI 
(Figure  5C). To further make sense this, the new coming ele-
mental fluorine was detected in the surface and cross-section 
and it is also uniformly distributed on the surface and cross-
section (Figure 5D). The surface composition of RIDAL-Li elec-
trodes after cycling were also studied by XPS measurements, 
as shown in Figure 5E,F and Figure S16, Supporting Informa-
tion. In the high-resolution Li 1s spectrum (Figure 5E), both the 
peaks assigned to metallic Li and LiSn can be observed, which 
are consistent with the SEM results. A new peak at 56.0  eV 
comes out, which is attributed to the formation of LiF. Mean-
while, the LiF bond (685.0 eV) is also verified in the high-res-
olution F 1s spectrum (Figure  5F), demonstrating the forma-
tion of inorganic LiF on metallic Li surface during the cycle. To 
investigate the RIDAL layer from the 3D structure distribution, 
the unique time-of-flight second ion mass spectrometry (TOF-
SIMS) was carried out to observe the distribution and depth 
information of each species (Figure 5G,H). Figure 5G displayed 
reconstructed images from the overlay to each species. Both the 
surface and overlay morphology display a smooth ionic distri-
bution. Obviously, the electrochemically formed LiF is on the 
top of the RIDAL layer (Figure 5H). And the Li species have an  
overlap with the Sn, indicating the fast lithium diffusion in 
the Sn alloy layer. From the above theoretical simulation, elec-
trochemical and morphological results, the functions of rapid 
ion diffusion alloyed layer in modulating lithium nucleation 
are well illustrated (Figure 5I,J). According to the SFG results, 
organic solvent of electrolytes can be absorbed on the surface 
of pristine Li foils (Figure 5I). The adsorbed electrolyte solvent 
would increase the energy barrier to desolvate and result in 
an unstable interface with a great deal of defects such as pits, 
humps, and cracks, leading to a huge lithium nucleation bar-
rier. In the following plating process, the unsmooth surface will 
trigger the dendrite growth under the inhomogeneous Li ion 
flux. While for RIDAL-Li, as-prepared RIDAL SEI layer could 
understand high resistance toward electrolyte solvent by SFG 
results (Figure 5J), decreasing the desolvation barrier. Owing to 
the self-reaction between Li and Sn, the surface of lithium foils 
would be smoother. The as-fabricated alloy layer allows fast Li 
ion diffusion from the interface to interior, which efficiently 
reduces the energy barriers for lithium transport, nucleation, 
and plating. Through the RIDAL SEI layer, the plating behav-
iors of lithium atom flux was uniformized before reaching 
the below metallic lithium, resulting in smooth deposition of 
lithium. In the successive cycling, the plating lithium atom is 
evenly distributed on the formed surface without any dendrite 
growth. Therefore, the stability and lifespan of cells are signifi-
cantly improved under the regulation of the RIDAL layer.

In order to further explore the advantages in practical appli-
cation of RIDAL-Li electrode, the cycling performances of LiS 
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and LiLiFePO4 full cells are evaluated. When paired with a 
commercial LiFePO4 cathode (Figure  6A), the full cells based 
on RIDAL-Li electrodes consistently exhibit a much better 
rate capability compared with pristine Li electrodes. The cells 
based on pretreated RIDAL-Li deliver capacities of 128 and 

106  mA h g−1 at high rates of 2 and 5 C (1 C = 170  mA g−1), 
respectively, which are higher than that of pristine ones (120 vs 
93 mA h g−1). The cycling performance of LiLiFePO4 full cells 
cycled at 1 C shown in Figure 6B. The full cells based on pris-
tine Li electrodes exhibit rapid capacity decay, and the capacity 

Figure 5. The top view SEM images of A) RIDAL-Li, B) pristine Li, and C) the cross-sectional SEM images of RIDAL-Li after 50 cycles in the LiFSI-based 
electrolyte at 1 mA cm−2. D) The corresponding EDS elemental mappings of RIDAL-Li after cycling. The high-resolution XPS spectra of E) Li 1s and 
F) F 1s of RIDAL-Li after cycling. G) The TOF-SIMS color mappings of elemental Li+; Sn+, and Li2F+ species. H) The 3D reconstruction of the overlay; 
Sn+ and Li2F+. The schematic illustration of plated lithium behaviors on I) pristine Li and J) RIDAL-Li at the beginning or in the successive cycle.
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retention rate after 200 cycles is only 76.8%. In contrast, the full 
cells based on the RIDAL-Li electrodes deliver excellent cycling 
stability and still maintain 121 mA h g−1 with the capacity reten-
tion of 89.2% after 200 cycles. The slight fluctuation of the 
full cells might be ascribed to temperature fluctuation from 
the daytime to the night. What should be pointed out is that 
the CE of the cell based on RIDAL-Li is significantly improved 
compared with the pristine Li one. Furthermore, Figure  6C 
and Figure S17, Supporting Information show the cycling per-
formance of full cells at different current rates. In comparison 
with the cell based on pristine Li, the achieved high perfor-
mance of the full cell based on RIDAL-Li at high rates, that 
is, 4 and 5 C strongly demonstrates the feasibility of the rapid 
ionic diffusion across the electrode/electrolyte interface. As 
depicted in Figure 6D, the full cell based on RIDAL-Li electrode 
delivers an initial discharge capacity of 714 mA h g−1 with the 
capacity retention of 85.2% after 100 cycles, whereas the full cell 
based on pristine Li electrode has a lower capacity and rapid  
capacity fading. These results demonstrate that the RIDAL-Li 
can significantly improve the capacity retention rate and rate 

performance of the full cells, and it will have excellent prospects 
in actual applications. After cycling, the surface morphologies 
of two full cells were characterized (Figure 6E,F and Figure S18, 
Supporting Information). The RIDAL-Li electrode remains 
a smooth surface composed of many nanoparticles without 
obvious dendrites, while pristine Li surface is quite porous with 
the dendrite growth and collapse. It is roughly estimated that 
the volume expansion ratio of the cycled pristine Li electrode 
including dead Li is much higher than that in RIDAL-Li elec-
trode (3.56% vs 1.1%) in comparison to the 450 µm of commer-
cial Li foil one (Figures S19 and S20, Supporting Information).

3. Conclusion

In summary, a lithophilic alloy layer affording rapid interfacial 
Li ion diffusion kinetics is chemically fabricated on lithium 
foil surface. Such a layer efficiently reduces the energy barriers 
against interfacial lithium transportation, decreases the surface 
affinity to the solvent molecules, and significantly homogenizes 

Figure 6. A) Rate performance and B) cycling stability of LiLiFePO4 full cells based on RIDAL-Li electrode and pristine Li electrode. C) Rate perfor-
mance and D) cycling stability of LiS batteries based on RIDAL-Li electrode and pristine Li electrode. The ex situ SEM images of the E) RIDAL-Li and 
F) pristine Li after cycling.
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the lithium atom flux for lateral deposition, as thoroughly 
unveiled by spectroscopic measurements, theoretical simula-
tions, and electrochemical analysis. As a consequence, the 
pretreated lithium electrode exhibits a low overpotential of 
30 mV, and a long lifespan of more than 650 h at 1 mA cm−2, 
and an improved CE of 99% without dendrite formation in the 
LiFSI-based electrolyte. Moreover, exposed under a realistic sur-
rounding with moisture humidity of 51%, the symmetric cell 
remains a low overpotential of 18  mV for stripping/plating 
400 h. The so-assembled LiS and LiLiFePO4 full cells based 
on pretreated RIDAL-Li electrodes show higher capacity and 
rate performance, demonstrating the great promise for future 
commercialization.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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