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fully utilizing lithium metal as an anode 
in commercial cells are still immense. For 
example, lithium metal tends to grow a 
dendritic structure upon fast charging. In 
addition, the continuous reaction between 
lithium dendrite and the organic electro-
lyte leads to increase in impedance and 
results in poor Coulombic efficiency.[4,14–19] 
As a consequence, excess lithium metal 
is usually needed for lithium metal bat-
teries. These problems boil down to the 
inhomogeneous solid–electrolyte interface 
(SEI), which results in nonuniform depo-
sition and dissolution of lithium during 
the charge/discharge cycle.[20–26] Recently, 
there have been significant efforts in 
tackling the lithium metal problems. For 
example, various modifications have been 
reported to improve the specific surface 
area of the electrodes by using 3D cur-

rent collectors, i.e., 3D porous copper,[27,28] copper nanowire 
mesh,[29] submicrometer skeleton of copper[30,31] and 3D frame-
works of graphic carbon nanostructures,[32–37] or by building 
up 3D lithium-penetrated composite electrodes.[38–40] Although 
certain improvements in lithium anode performance have been 
achieved, some of these methods are difficult to scale up in 
practical batteries, while others involved forming lithium metal 
composite that significantly reduce the specific capacity of 
lithium metal anode. Moreover, the increased surface area may 
aggravate the site reaction between the electrode and electrolyte, 

The propensity of lithium dendrite formation during the charging process of 
lithium metal batteries is linked to inhomogeneity on the lithium surface layer. 
The high reactivity of lithium and the complex surface structure of the native 
layer create “hot spots” for fast dendritic growth. Here, it is demonstrated that 
a fundamental restructuring of the lithium surface in the form of lithium sili-
cide (LixSi) can effectively eliminate the surface inhomogeneity on the lithium 
surface. In situ optical microscopic study is carried out to monitor the electro-
chemical deposition of lithium on the LixSi-modified lithium electrodes and 
the bare lithium electrode. It is observed that a much more uniform lithium 
dissolution/deposition on the LixSi-modified lithium anode can be achieved as 
compared to the bare lithium electrode. Full cells paring the modified lithium 
anode with sulfur and LiFePO4 cathodes show excellent electrochemical 
performances in terms of rate capability and cycle stability. Compatibility of the 
anode enrichment method with mass production process also offers a practical 
way for enabling lithium metal anode for next-generation lithium batteries.

Surface Enrichment

Lithium metal is a promising anode material for the next-
generation battery technologies as it has a high-specific capacity 
of 3860 mAh g−1, which is approximately one order of magni-
tude higher than that of the conventional graphite anode.[1–8] 
In addition, the use of lithium metal anode can further expand 
the choice of cathode materials to include lithium-free candi-
dates with high-specific capacities, such as V2O5, sulfur, and 
oxygen.[9–11] The specific energy densities of these batteries 
can be around 3–5 times of today’s lithium–ion batteries.[12,13] 
While there have been significant progresses, the challenges for 

Dr. W. Tang, Dr. X. Yin, S. L. Teo, Prof. G. W. Zheng
Institute of Materials Research and Engineering
A*STAR
2 Fusionopolis Way, Innovis, Singapore 138634, Singapore
E-mail: wesley-zheng@imre.a-star.edu.sg
Dr. W. Tang
School of Chemical Engineering and Technology
Xi’an Jiaotong University
Xi’an, Shaanxi 710049, China
S. Kang, Prof. H.-W. Lee
School of Energy and Chemical Engineering
Ulsan National Institute of Science and Technology (UNIST)
Ulsan 44919, Republic of Korea
E-mail: hyunwooklee@unist.ac.kr

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201801745.

Z. Chen, X. Wang, Prof. K. P. Loh
Department of Chemistry
National University of Singapore
3 Science Drive 3, Singapore 117543, Singapore
E-mail: chmlohkp@nus.edu.sg
Prof. B. Tian
International Collaborative Laboratory of 2D Materials for  
Optoelectronics Science and Technology
Key Laboratory of Optoelectronic Devices and Systems  
of Ministry of Education and Guangdong Province
Shenzhen University
Shenzhen 518060, China
Dr. X. Chi
Singapore Synchrotron Light Source
National University of Singapore
Singapore 117603, Singapore
Prof. G. W. Zheng
Department of Chemical and Biomolecular Engineering
National University of Singapore
10 Kent Ridge Crescent, Singapore 119260, Singapore

Adv. Mater. 2018, 30, 1801745



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801745 (2 of 10)

www.advmat.dewww.advancedsciencenews.com

resulting in the rapid degradation of battery performance. Some 
electrolyte additives have been reported to stabilize the lithium 
surface.[41,42] To obtain maximum capacity from lithium metal 
anode, it is best to use lithium in its original form, with the 
caveat that the interfacial issue on lithium has to be solved first. 
So far, several approaches have been explored to engineer the 
surface of lithium metal, such as solid-state electrolytes,[43–50] 
hybrid solid electrolyte,[51–55] ion-conductive polymer,[56–62] 
metals,[63] metal oxides,[64] 2D materials, etc.[65,66] Depositing 
polymeric passivation layers on lithium foil does not solve the 
problems at its roots because the interstitial regions between the 
adlayer and lithium are still prone to dendritic growth. On the 
other hand, the utilization of inorganic solid electrolytes is also 
hindered by their poor interfacial compatibility with lithium 
and difficulty in fabricating. Surface modification of inorganic 
solid electrolyte is necessary.[49] A better strategy is to construct 
a surface layer that provides uniform sites for lithium reaction, 
as well as create a buffer in electrochemical potential between 
the highly reducing lithium anode and the organic electrolyte.

To build up the ion-conducting layer on top of lithium foil, 
conformal silicon deposition was first carried out in a radio fre-
quency (RF)-magnetron sputtering system at room temperature 
(Figure 1a-i). Upon coating with Si, the as-prepared lithium 
foil was transferred into the glove box and heated to 250 °C to 

speed up the alloying between the lithium and the deposited 
Si (Figure 1a-ii) to form a LixSi layer (Figure 1a-iii). The idea is 
to provide a uniform alloying layer for lithiation before lithium 
deposition. In a conventional pristine lithium metal anode, 
due to the various surface formation energies and diffusion 
barriers of the species on the surface,[67,68] lithium dissolu-
tion/deposition from the pristine lithium surface is generally 
uneven and only part of surface area is involved in the reaction 
process (Figure 1c). As a result, the real local current density 
is much higher than the intended value during the charging/
discharging. Previous study has shown that a higher local cur-
rent density leads to increased nucleation sites and growth of 
small dendrites.[69] By coating the lithium foil with a LixSi layer, 
the lithium reaction could be much more uniform and a higher 
percentage of the lithium surface is utilized, which can help to 
distribute the applied current on the whole surface (Figure 1b).

When Si is deposited onto the lithium surface, the silvery 
lithium foil changes into yellow (Figure 2a,b and Figure S1, 
Supporting Information). The deposited Si layer is amorphous 
(Figures S2 and S3, Supporting Information) and its thickness 
is ≈330 nm (Figure 2d). Upon heating, the Si layer is lithiated by 
the melted lithium, as indicated by the change in color to gray. 
Plane-view images of the Si-coated lithium foil (Figure 2e,f) 
show that the sputter-growth Si nanograins uniformly cover the 
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Figure 1. Schematic representation of the preparation process and electrochemical behavior of LixSi-modified lithium foil. a) The preparation process 
of LixSi-modified lithium foil: i) sputter-growth of thin layer of Si on lithium foil; ii) heating the Si-modified lithium foil to be the melting point of lithium 
metal, and iii) melted lithium reacting with Si to form LixSi. Illustrator of electrochemical deposition and dissolution of lithium on LixSi-modified  
b) lithium foil and c) pristine lithium foil. As shown in panel (c), the dissolution and deposition of lithium on the surface of pristine lithium is nonuni-
form. While only part of surface area is involved in the process, the real local current density should be much larger than the applied one. In contrary, 
the deposition and dissolution on the LixSi-modified lithium foil proceed through a uniform manner to effectively improve the utilization of lithium 
surface, which can help to distribute the applied current on the whole surface.
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surface of the lithium foil. The cross-section images (Figure 2g 
and Figure S4, Supporting Information) show a clear uniform 
silicon coating on top of the lithium foil [Some scanning elec-
tron microscopy (SEM) images are colored for greater clarity. 
The original images are shown in Figure S5 in the Supporting 
Information.]. From the EDS mapping (Figure 2i), Si signals 
are mainly observed in the coating layer, which is consistent 
with energy dispersive spectroscopy (EDS) spectra (Figure S6 
and Table S1, Supporting Information). As calculated from 
the EDS, the Si content is 26.81 wt% and the oxygen content 
is 3.92 wt%, which indicates light surface oxidation of the Si 
nanograins. The Si 2p peak of Si-coated lithium foil shifts to 
lower binding energy, indicating the lithiation of Si by melting 
lithium to be LixSi upon heating [Figure 2h; X-ray photoelectron  
spectroscopy (XPS) of Li 1s peak is shown in Figure S7 in 
the Supporting Information.]. Upon lithiation by the melted 
lithium, the surface is slightly roughened due to the volumetric 
change of lithiated silicon, but the overall surface morphology 
is still quite uniform (Figure 2j,k; during the lithium deposi-
tion/dissolution, the actual volumetric variation of the protec-
tion film is quite small as shown in Figure S8 in the Supporting  
Information.). The coating layer is estimated to be around 
350 nm, as observed from the cross-section view (Figure 2l,m).

Spatially uniform lithium transport between the electrolyte 
and lithium foil is important for the stable lithium deposition/
dissolution.[1] To investigate the effect of the LixSi coating, we 
performed in situ optical microscopic study to monitor the elec-
trochemical deposition of lithium on the modified and pristine 
lithium electrodes using a custom-made glass cell. The sym-
metric cell comprised of either two pristine lithium foils or 
two modified lithium foils as working and counter electrodes, 
with a piece of commercial separator soaked with electrolyte 
placed in the middle (Figure 3c,d). Using a current density of 
1 mA cm–2, the voltage profiles (Figure 3a) and morphological 
evolutions of the electrodes (Figure 3e,f) were recorded at the 
same time. For the control pristine lithium electrode (Figure 3e 
and Movie S1, Supporting Information), the morphology of 
lithium deposition is uneven and porous, along with obvious 
dendrite growth at 6 h. In contrast, the Li deposition on modi-
fied lithium electrode is relatively smooth and dense, even after 
10 h of charging (Figure 3f and Movie S1, Supporting Informa-
tion). The morphology evolution agrees with the voltage profile. 
A flat voltage profile was observed for the lithium deposition 
on the modified lithium electrode compared to the unstable 
deposition voltage profile on the pristine lithium (Figure 3a). 
Quantitative comparison of the morphological evolutions by 
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Figure 2. Characterizations of LixSi-modified lithium foil. Photographs of a) pristine lithium foil, b) lithium foil coated by sputter-growth Si, and  
c) LixSi; and d) surface profile of sputter-growth Si to show the thickness. SEM images of e,f) plane view and g) cross-section of Si-coated lithium foil. 
h) Synchrotron radiation XPS of lithium foil coated by Si and LixSi layer. i) EDS mapping of the cross-section of Si-coated lithium foil to show the signal 
of Si. SEM images of j,k) surface and l) cross-section of LixSi-coated lithium foil. m) SEM image of FIB cut cross-section of LixSi-coated lithium foil to 
demonstrate the thickness of coating layer.
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plotting the height of the deposit at different times was shown 
in Figure 3b. The increase in the depositing thickness on the 
modified lithium is much slower than that on the pristine 
lithium as the deposited lithium on the LixSi-modified lithium 
foils is much denser. It is obvious that the LixSi-enriching layer 
results in much uniform deposition over long period of time.

Plane-view SEM images of the lithium surface shows that 
there is an obvious difference between the pristine and the 
modified lithium foil during the electrochemical process, when 
lithium is deposited on the surface of the pristine lithium foil 
(Figure 4a). The SEM images are false colored for greater clarity. 
The original images are shown in Figure S9 in the Supporting 
Information, lots of lithium “islands” are observed on top of the 
lithium with very low surface utilization of ≈22% (Figure 4d). 
The cause of “island deposition” boils down to the inhomoge-
neous surface layer on pristine lithium, which consist of the 
native layer of Li2O, LiOH, Li2CO3, and so on,[68] and the as-
formed SEI when in contact with the electrolyte solvents. The 
topographical and electrical inhomogeneity of these species on 

pristine lithium results in sporadic lithium nucleation, leading 
to the island deposition.[69] Upon removal of lithium from the 
nonuniform surface (Figure 4b), the formation of pits is evi-
dent, indicating uneven removal of lithium from the surface, 
which is ≈15% of the total area (there is no pit observed on pris-
tine lithium foil before electrochemical process as shown in 
Figure S10 in the Supporting Information.). The formation of 
“pits” could be attributed to the preferential dissolution at cer-
tain sites on the lithium surface, wherein the native layer is 
broken to create some “hot spots” with a better ionic conduc-
tivity for further lithium dissolution. Such nonuniform deposi-
tion and dissolution behavior is observed throughout cycling. 
It is found that ≈35% of the surface area remains inactive in 
the cycled electrochemical deposition (Figure 4c). Since the real 
local current density is largely dependent on the utilized surface 
area, such nonuniform deposition and dissolution behavior will 
increase the actual local density on the active surface during the 
deposition and dissolution of lithium on the pristine lithium 
foil, which limits high-rate performance of pristine lithium and 
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Figure 3. In situ optical microscopy observations of lithium electrochemical deposition. a) Voltage profiles of lithium deposition on pristine lithium 
and LixSi-modified lithium electrodes in home-made visualization glass cell at current density of 1 mA cm–2; b) height of the lithium deposition as a 
function of time for pristine and modified lithium electrodes observed in visualization experiments; illustrator of symmetric c) battery and d) set-up for 
the visualization experiments; time lapse of lithium deposition on e) pristine and f) modified lithium electrodes. The scale bars for panels (e) and (f) 
are 500  µm. The large error bar of pristine lithium electrode in panel (b) indicates a large variation of depositing height.
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aggravate the growth of lithium dendrite. Zoom-in SEM images 
show that the lithium “islands” are formed by aggregation of 
loosened lithium dendrites (Figure 4e,f). During dissolution, 
the deposited lithium cannot be fully removed and deposited 
lithium from the previous cycles can still be observed in the pits 
(Figure 4g,h). Such residual lithium cannot be removed due 
to the poor electrical contact with the bulk lithium foil. After 
prolong cycling (Figure 4i,j), the dendritic lithium “islands” 
merge to form large “mossy” lithium plates on the surface of 
the pristine lithium. In contrast, the deposition and dissolu-
tion of lithium on the modified lithium foil proceed through a 
much more uniform manner. There is no obvious lithium den-
drite observed on the surface of the LixSi-coated lithium after 
deposition (Figure 4k,l, the cross-section SEM images added in 
Figure S11 in the Supporting Information). In the case of dis-
solution, no pit is observed on the surface. The deposition likely 
goes through an initial lithiation, followed by lithium growth 
process (cyclic voltammetry and voltage profile of Si-deposited 
copper foil is shown in Figures S12 and S13 in the Supporting 
Information).[70] In the present case, the deposition and dis-
solution of lithium happens underneath the surface coating 
layer, while the ion-conducting alloy layer provides a uniform 
lithium ion flux during the deposition and dissolution (resis-
tivity calculation of the protection film and SEM images of 

the lithium deposited underneath the protection film are 
shown in Figures S14 and S15 in the Supporting Information, 
respectively). The uniform deposition and dissolution of 
lithium ensures that the local current density experienced by 
the lithium anode is same as the applied current density, in 
contrast to the case of pristine lithium foil where a much larger 
local current density is experienced on the electrode due to the 
limited reactive area (Figure S16, Supporting Information).

The Galvanostatic electrochemical performance of the LixSi-
modified lithium foil was studied with the electrolyte of 1 M 
LiPF6 dissolved in ethylene carbonate and diethyl carbonate 
(1:1 in volume) in symmetric cells. Other methods to evaluate 
lithium anode performance include estimation of Coulombic 
efficiency. While there is no consensus in the community about 
a standardized method yet, Zhang and co-workers have pro-
vided a good overview on the various ways for Coulombic effi-
ciency calculations.[71] In this study, we focus on the overpoten-
tial in symmetric cells to evaluate the performance of different 
lithium anode structures. Due to the optimized local current 
density, the LixSi cell exhibits much better rate capability and 
cycling stability at different current densities as compared to 
the pristine lithium foil (Figure 5a). When the current density is 
varied from 1 to 3 mA cm–2, lower overpotential from ≈40 mV 
(at 1 mA cm–2) to ≈90 mV (at 3 mA cm–2) can be obtained from 
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Figure 4. Microscopic studies of the electrochemical deposition and dissolution of lithium on pristine lithium foil and LixSi-modified lithium foil. SEM 
images of the surface of pristine lithium at the end of a) initial deposition, b) initial dissolution, and c) cycled deposition. d) Accordingly analysis of 
the active involved area of pristine lithium foils from the SEM images. Plane view and magnified SEM images of the surface of pristine lithium at the 
end of e,f) initial disposition, g,h) initial dissolution and i,j) cycled deposition. Plane view and magnified SEM images of the surface of LixSi-modified 
lithium foil at the end of k,l) initial disposition, m,n) initial dissolution, and o,p) cycled deposition. The dissolution and deposition current density is 
fixed at 1 mA cm–2; and the capacity is fixed at 1 mAh cm–2.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801745 (6 of 10)

www.advmat.dewww.advancedsciencenews.com

the LixSi-modified cell than those of the pristine lithium foil at 
the same current densities (Figure 5a). After the current density 
was changed back to 1 mA cm–2, the overpotential of LixSi-mod-
ified cell decreased to ≈38 mV, indicating a good reversibility. 
The good rate capabilities of LixSi-modified lithium foil were 
further validated by paring with LiFeO4 electrodes (mass loading 
≈3.2 mg cm–2). Higher capacity was constantly retained using 
LixSi-modified lithium foil as an anode through all the rates 
tested, especially at higher rates (Figure 5b). The LiFePO4//
modified lithium foil cell realized discharge capacities of 
168 mAh g–1 at 0.2 C, 166 mAh g–1 at 0.5 C, 156 mAh g–1 at 1 C, 
142 mAh g–1 at 2 C, 115 mAh g–1 at 5 C, and even 93 mAh g–1 
at 10 C. In comparison, LiFePO4//pristine lithium foil cell gave 
discharge capacities of 164 mAh g–1 at 0.2 C, 155 mAh g–1 at 

0.5 C, 142 mAh g–1 at 1 C, 123 mAh g–1 at 2 C, 94 mAh g–1 
at 5 C and 70 mAh g–1 at 10 C. The charge/discharge curves 
of LiFePO4//modified lithium foil cells at all of the tested rates 
are much flatter than those of LiFePO4//pristine lithium foil 
cells (Figure 5c,d, Figure S17 and Table S2, Supporting Infor-
mation), demonstrating a very homogenous lithium deposi-
tion/dissolution processes on LixSi-modified lithium foil. In 
symmetric cells at 1 mA cm–2, stable cycling with a low over-
potential of ≈40 mV and flat voltage plateaus is observed for 
the modified lithium electrode for over 200 cycles, whereas 
the control pristine lithium foil suffers internal short circuit 
after 156 cycles (Figure 5e; according impedance studies are 
shown in Figure S18 in the Supporting Information.). Such a 
stability of LixSi-modified lithium foil can also be observed by 
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Figure 5. Electrochemical performance of LixSi-modified lithium foil. a) Voltage profile of pristine lithium foil symmetric cell (orange) and that of LixSi-
modified lithium foil symmetric cell (blue) at different rate various from 1 to 10 mA cm–2. b) Rate capability and voltage profile at c) 1 C and d) 5 C of 
LiFePO4 electrodes combined with LixSi-modified lithium foil (blue) and pristine lithium foil (orange); e) voltage profile of pristine lithium foil (orange) 
and LixSi-modified lithium foil symmetric cell (blue) at 1 mA cm–2. Stripping/plating capacity is fixed at 1 mAh cm–2, 1 C = 170 mA g–1.
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pairing the modified lithium with different cathode materials. 
When paired with LiFePO4 electrodes, the cells deliver cycling 
capability up to 110 cycles with 100% capacity retention and an 
average Coulombic efficiency up to 99.7% at 0.5 C in carbonate 
electrolyte (Figure S19, Supporting Information; the electro-
chemical performance of LiFePO4 electrodes with higher mass 
loading up to ≈7.4 mg cm–2 are shown in Figure S20 in the 
Supporting Information.).

To verify the compatibility of LixSi-modified lithium foil in 
lithium–sulfur batteries, LixSi-modified lithium and pristine 
lithium foils were further paired with high-capacity nanosulfur 
cathodes (mass loading of around 2 mg cm–2) using an ether 
electrolyte.[72] As seen in Figure 6a, sulfur//modified lithium 
foil cells show a significantly higher capacity than sulfur//
pristine lithium foil cells, especially at higher rates (Figure S21 
and Table S2, Supporting Information). The sulfur//modi-
fied lithium foil cell realized stable discharge capacities of 
1190 mAh g–1 at 0.1 C, 910 mAh g–1 at 0.5 C, 800 mAh g–1 
at 1 C, 681 mAh g–1 at 2 C, 629 mAh g–1 at 3 C, and even 
446 mAh g–1 at 5 C (Figure 6b–d). In comparison, sulfur//pris-
tine lithium foil cell gave discharge capacities of 985 mAh g–1 at 

0.1 C, 718 mAh g–1 at 0.5 C, 589 mAh g–1 at 1 C, 189 mAh g–1 at 
2 C, 138 mAh g–1 at 3 C, and 107 mAh g–1 at 5 C. Moreover, it 
is clearly shown in Figure 6b–d that the LixSi-modified lithium 
cells exhibited lower overpotential compared with the pristine 
lithium foil counterpart, and a pronounced difference was 
observed when the rate was further increased to 3 C, wherein 
the pristine lithium–sulfur cell lost its second plateau and 
showed significant capacity drop. In contrast, the LixSi-modified 
lithium foil cells realized much better kinetics, with a second 
plateau of ≈1.9 V even at the high rate of 3 C. With nanosulfur 
cathode, the LixSi-modified lithium cells can be charged/dis-
charged for up to 160 cycles with 91% capacity retention and an 
average Coulombic efficiency up to 99.4% at 0.5 C in ether elec-
trolyte (Figure S22, Supporting Information; extensive cycling 
performance is shown in Figure S20 in the Supporting Infor-
mation.). After cycling in lithium–sulfur cells, clear dendrites-
like morphology can be observed from the cross-section view 
(Figure 6f) and plane view (Figure 6h) of the pristine lithium. 
A layer of porous lithium on the top of pristine lithium will 
increase the internal resistance of the cells, leading to low-rate 
capability and poor cycling performance. On the contrary, a flat 

Figure 6. Effect of LixSi-enrichment in lithium–sulfur batteries. a) Rate capabilities of lithium–sulfur cells with the pristine and modified lithium anode. 
Voltage profiles of the lithium–sulfur batteries at b) 0.5 C, c) 1 C, and d) 3 C. e) Cycling performance of lithium–sulfur cells at 0.5 C. f) Cross-section 
view SEM images of modified lithium foil (upper) and pristine lithium foil (lower) after 160 cycles. Plane-view SEM images of LixSi-modified g) lithium 
foil and h) pristine lithium foil after 160 cycles. EDS sulfur mapping of i) modified lithium foil and j) pristine lithium foil after 160 cycles, and k) the 
corresponding EDS spectra. The scale bar of the intensity in panel (i) is two orders of magnitude lower than that of panel (j), indicating extremely low 
sulfur content on the LixSi-modified lithium foil. The scale bar is 10 µm in panels (f, g, h) and 30 µm in panels (i, j).
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and dense lithium deposition was observed in LixSi-modified 
Li foils after long cycles (Figure 6f,g). In addition, the surface 
passivation of lithium foil by lithium polysulfides, which was 
considered as a long-standing problem in lithium–sulfur bat-
teries, was found to be effectively mitigated by the LixSi coating. 
From the EDS analysis, much less sulfur signal was detected on 
the surface of the LixSi-modified lithium foil than that of pris-
tine lithium foil after long cycling (Figure 6i–k; cross-sectional 
EDS studies are shown in Figure S23 in the Supporting Infor-
mation.). The LixSi enrichment provides both a buffer layer in 
electrochemical potential between the highly reducing lithium 
anode and the organic electrolyte, and also uniform sites for 
lithiation and deposition.

Due to the high reactivity of pristine lithium metal, its sur-
face chemistry is very complex and may include the native 
Li2O, LiOH, Li2CO3, and electrochemically induced SEI spe-
cies,[73] such as LiN, LiX (X = F, Cl, et al), ROCO2Li, ROLi, 
LixMFy (M = As, B,P, et al) and RCOO2Li ,etc. In addition to the 
chemical complexity, their distribution and structures also vary 
a lot.[67] We demonstrated that restructuring the lithium surface 
into LixSi layers improves the uniformity of lithium dissolution 
and deposition compared to bare lithium. The protecting layer 
provides a buffer between the highly reducing lithium anode 
and the organic electrolyte and enables uniform lithium depo-
sition. This allows a more homogeneous utilization of lithium 
and a better rate capability compared with pristine lithium foil. 
From a safety perspective, dendritic growth on lithium foil can 
be effectively suppressed, as confirmed by the in situ optical 
microscopy (OM) and electronic microscopy studies, thus 
allowing the lithium anode to enjoy a long cycling life.

Experimental Section
Preparation of LixSi-Modified Lithium Foil: The conformal silicon 

deposition was carried out in an RF-magnetron sputtering system 
(Oerlikon 350) at room temperature. The lithium foil (99.95%, thickness: 
0.59 mm) purchased from China Energy Lithium Co., Ltd., was attached 
on the substrate in the glove box (H2O < 1 ppm, O2 < 1 ppm) and then 
transferred into the growing chamber without exposure to the air. The 
system was pumped down to a background pressure of <3 × 10−7 mbar 
and then pure Ar gas was introduced to keep the working pressure at 
1 × 10−2 mbar. A 2 inch silicon (99.99% purity) target was sputtered at 
60 W for 3 h. After growth, Si-coated lithium foil was transferred into 
glove box, placed on an iron plate, and heated to 250 °C. After heating at 
250 °C for 2 min, the Si was lithiated by the melted lithium, with surface 
color changing from yellow to gray. Upon cooling, the as-prepared 
lithium foil was pouched into disks and stored in glove box for further 
characterization.

Materials Characterizations: Wide-angle X-ray diffraction patterns 
were collected on Bruker D8 Focus Powder X-ray diffractometer using 
Cu Kα radiation (40 kV, 40 mA). SEM analysis was performed on JEOL-
6701F SEM. Transmission electron microscopy (TEM) analysis was 
performed on an FEI Titan 80–300 S/TEM (scanning/transmission 
electron microscope) operated at 200 kV. Lithium foils at different 
electrochemical status (dissolution/deposition) were recovered from 
coil cells and transferred into SEM chamber without exposure to the 
air. To remove the residual electrolyte on lithium foils, the lithium foils 
running in carbonate electrolyte were rinsed in dimethyl carbonate 
for three times, while foils running in ether electrolyte were rinsed in 
1,3-dioxolane. LixSi-modified lithium foils were cut by a dual beam 
focused ion beam (FIB) (Helios NanoLab NanoLab 450S) to expose 
the cross section for SEM characterizations. Synchrotron radiation 

XPS was conducted on the SINS beamline at Singapore Synchrotron 
Light Source. The lithium foil was transferred into the loading chamber 
without exposure to the air. The available photon energy range reaches 
from 50 to 1200 eV. This range was covered by four spherical gratings in 
a modified dragon-type monochromator. At a resolving power of 2000 a 
photon flux of about 1010 photons s−1 100 mA−1 is delivered into a spot 
size of 1.5 × 0.2 mm2 (full width at half maximum).

In Situ OM Studies: A custom-made transparent glass cell was used 
for in situ OM studies. Symmetric configuration was used comprised 
of either LixSi-modified lithium foil or the freshly scraped lithium foils, 
with a piece of commercial separator filled with electrolyte placed in the 
middle. The electrolytes used were 1 M lithium hexafluorophosphate 
(LiPF6, Sigma-Aldrich, battery grade, ≥99.99% trace metals basis) 
in 1:1 ethylene carbonate (Sigma-Aldrich, anhydrous, 99%)/diethyl 
carbonate (Sigma-Aldrich, anhydrous, 99%) without additives.

Electrochemical Measurement: To study the Li dissolution/deposition 
processes, the electrodes were assembled into CR-2032-type coin 
cells (MTI) in a symmetric cell. The electrodes used in symmetric 
configuration were either LixSi-modified lithium foil or the freshly 
scraped lithium foils (China Energy Lithium Co.,Ltd). LiFePO4 powder 
was received from Shanghai Power Energy Storage Battery System 
Engineering Technology co., LTD. The LiFePO4 electrodes were 
fabricated by mixing 70 wt% active materials, 20 wt% Super P carbon 
black, and 10 wt% polyvinylidene fluoride (PVDF) binders in appropriate 
amount of N-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich) as solvent. 
After stirring for 8 h, the resulting paste was spread on aluminum foil 
by Automatic Film Coater with Vacuum Pump and Micrometer Doctor 
Blade (MTI). After evaporation of NMP solvent in a vacuum oven 
at 120 °C for 12 h, the electrodes were pressed and cut into disks. 
Nanosulfur was synthesized according to previous report.[72] Sulfur 
working electrode was fabricated by mixing Super P carbon black 
(30 wt%) and PVDF (10 wt %) binder with the nanosulfur (60 wt%) 
in NMP to form a slurry. The slurry was then coated onto carbon 
coated aluminum foil and dried under vacuum overnight at 40 °C. 
LixSi-modified lithium foil or pristine lithium foil was then paired 
with LiFePO4/nanosulfur electrodes to evaluate the electrochemical 
performance by using CR-2032 cell. The electrolytes used were 1 M 
lithium hexafluorophosphate (LiPF6, Sigma-Aldrich, battery grade, 
≥99.99% trace metals basis) in 1:1 ethylene carbonate (Sigma-Aldrich, 
anhydrous, 99%) /diethyl carbonate (Sigma-Aldrich, anhydrous, 99%) 
without additives. The electrolytes used for sulfur//lithium foil cells 
were 1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma-
Aldrich, 99.95% trace metals basis) and 0.1 M LiNO3 (Sigma-Aldrich, 
99.99% trace metals basis) in 1,3-dioxolane (Sigma-Aldrich, anhydrous, 
99.8%) and 1,2-dimethoxyethane (Sigma-Aldrich, anhydrous, 99.5%) 
(volume ratio, 1:1). Those cells were tested on a LAND 8-channel battery 
tester. Electrochemical impedance spectroscopy was carried out using 
Autolab PGSTAT30 digital potentiostat/galvanostat at room temperature 
about 23 °C. The frequency was varied from 0.1 MHz to 10 mHz with an 
alternating voltage signal amplitude of 10 mV.
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