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electrode), making it the highest energy 
density anode.[1–3] However, several 
challenges substantially hinder the 
real application of Li anodes, especially 
when used in conjunction with organic 
electrolytes.[4–6] As one of the most reactive 
elements, Li can unavoidably react with 
organic electrolyte to form a solid elec-
trolyte interphase (SEI) on the surface.[4] 
Secondly, the process of Li plating/
stripping only occurs at ion and electron 
conducting sites, and the nonuniform and 
low Li+ flux of the SEI layer can cause vari-
ations in localized current density and ion 
depletion during cycling, thus resulting 
in large overpotentials and Li corrosion 
along with dendrite growth. Continued 
dendrite growth can lead to penetration 
of the separator and cause short circuiting 
of the battery.[6] Moreover, nonuniform Li 
plating/stripping leads to large mechan-
ical deformation and pulverization of 
the SEI layer, and further parasitic reac-

tions between Li and electrolyte.[7] Therefore, the gradual loss 
of electrolyte and active Li during cycling would result in low 
Coulombic efficiency and cycling stability.

To this end, various strategies have been proposed to stabi-
lize Li anodes.[6,8–19] Previously, 3D conductive current collects 
or stable hosts have been utilized to control the Li deposition 
morphology.[20–24] Additionally, ceramic separators with high 
elastic modulus have been shown to inhibit dendrite forma-
tion and penetration.[16,25,26] These approaches can be coupled 
with optimization of the electrolyte through use of additives 
to improve the stability of the SEI layer during the Li plating/
stripping process.[27–30] As an alternative strategy, artificial pro-
tection layers can reduce the side reactions between Li and 
electrolyte and are capable of modulating dendrite growth on 
the electrode surface.[8–13,31,32] However, it is still a significant 
challenge to prevent the unfavorable side reactions between 
the organic electrolyte and Li due to the large volume change 
and low Li+ flux during high dynamic and long-term Li plating/
stripping processes.

Recently, Li et al.[8] found that an artificial SEI layer of Li3PO4 
on the surface of Li electrode can restrain the unfavorable 
reaction between Li metal and organic electrolyte. However, 
the Li ion conductivity of Li3PO4 is too low (≈10−9 S cm−2 at 
300 °C)[33] to further improve their electrochemical performance. 

A thin and adjustable Li3PS4 (LPS) solid-state electrolyte protection layer 
on the surface of Li is proposed to address the dynamic plating/stripping 
process of Li metal. The LPS interlayer is formed by an in situ and self-limiting 
reaction between P4S16 and Li in N-methyl-2-pyrrolidone. By increasing 
the concentration of P4S16, the thickness of the LPS layer can be adjusted 
up to 60 nm. Due to the high ionic conductivity and low electrochemical 
activity of Li3PS4, the intimate protection layer of LPS can not only prevent 
the formation of Li dendrites, but also reduces parasitic side reactions and 
improves the electrochemical performance. As a result, symmetric cells with 
the LPS protection layer can deliver stable Li plating/stripping for 2000 h. Full 
cells assembled with the LPS-protected Li exhibit two times higher capacity 
retention in Li–S batteries (≈800 mAh g−1) at 5 A g−1 for over 400 cycles 
compared to their bare Li counterparts. Furthermore, high rate performances 
can be achieved with Li-LPS/LiCoO2 cells, which are capable of cycling at 
rates as high as 20 C. This innovative and scalable approach to stabilizing the 
Li anode can serve as a basis for the development of next-generation high-
performance lithium-metal batteries.

Lithium-Metal Anodes

Lithium (Li) is a promising anode for Li–sulfur and Li–air 
batteries, due to its high theoretical capacity of 3860 mAh g−1 
and low redox potential (−3.04 V vs the standard hydrogen 
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Sulfide-based solid-state electrolyte possess reasonably high 
ionic conductivity (especially for nanostructured layer, which 
can achieve ionic conductivities up to 10 mS cm−1 at room tem-
perature), and is a good choice of materials for the protection 
of Li metal. Therefore, the formation of a thin solid-state elec-
trolyte layer as isolation layer on the surface of Li metal may 
address most of the problems of Li anodes in organic electrolyte. 
Nazar and co-workers[27] suggested the formation of LPS on the 
surface of Li metal based on the use of Li2S6 and P2S5 as addi-
tives in organic electrolyte, which exhibited excellent cycling 
performance for symmertric Li cells and Li/Li4Ti5O12 cells. The 
sulfide-based solid-state electrolyte materials Li3PS4 is used as 
an artificial SEI layer due to its high ionic conductivity. Further-
more, the thickness of the sulfide-based solid-state electrolyte 
layer is very important due to the Li ion flux. Until now, control 
over the formation of a nanostructured Li3PS4 layers less than 
100 nm has not been achieved.

Here, we provide a new strategy for the synthesis and 
control over the formation and thickness of Li3PS4 layer on 
the surface of Li based on an in situ and self-limiting reaction 
between P4S16 and Li. The thickness of the Li3PS4 protection 
layer can be adjusted up to 60 nm, with changes in the con-
centration of P4S16 in solution. Li3PS4 possesses a reasonably 
high ionic conductivity (especially for nanostructured samples, 
which can achieve ionic conductivities ranging from 3 × 10−7 to  
1.6 × 10−4 S cm−1 at room temperature[34,35]) as a solid-state 

electrolyte and the in situ interfacial reaction enables intimate 
contact between the Li3PS4 layer and Li metal (Scheme S1a, 
Supporting Information). The protection layer of Li3PS4 can 
not only prevent the formation of Li dendrites but also reduce 
parasitic side reactions between Li and organic electrolyte and 
allow uniform and high Li ion flux during the lithium strip-
ping/plating process (Scheme S1b,c, Supporting Information). 
As a result, symmetric Li-LPS (Li electrode with a protection of 
Li3PS4 layer) cells can deliver stable Li plating/stripping voltage 
profiles for 2000 h with a small voltage hysteresis as low as 
≈10 mV. On the contrary, the bare Li symmetric cell displayed 
a gradual increase in hysteresis during cycling due to unstable 
SEI formation, reaching almost 140 mV after 900 h. More-
over, such Li-LPS anodes can further be employed to reshape 
the electrochemical behavior of Li/S and Li/LiCoO2 cells at 
high current density. As examples, a much higher capacity 
retention of Li-LPS/S cell (≈800 mAh g−1) can be retained at 
5 A g−1 for over 400 cycles, while, bare Li/S cells only offer 
≈400 mAh g−1 at the same conditions. Moreover, high rate per-
formances of Li-LPS/LiCoO2 cell have also been realized when 
using Li-LPS as anode (9 times higher capacity retention than bare  
Li/ LiCoO2 cell at 20 C).

Figure 1a shows the in situ fabrication process of the LPS 
layer on the surface of Li by the reaction between Li and our 
previously proposed P4S16 molecule.[36] To obtain a uniform 
LPS layer, low moisture and low concentration solution of 
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Figure 1. Characterization of the Li-LPS-10 electrode. a) Schematic illustration of the in situ formation process of Li-LPS. b,c) SEM images for the 
surface of the bare Li electrode (b) and the Li-LPS-10 electrode (c). d–f) XPS analysis for the surface of Li-LPS-10.
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P4S16/NMP (N-methyl-2-pyrrolidone) is necessary. Moreover, 
when increasing the concentration of the P4S16/NMP solution, 
the reaction shows a self-limiting process and the thickness of 
LPS layer could be adjusted up to 60 nm. Detailed synthetic pro-
cedures are given in the experimental section. Here, we choose 
to use one concentration (10 mg mL−1) of P4S16/NMP solution 
as an example for detailed analysis (marked as Li-LPS-10).

The Li metal is directly used without further treatment  
(Figures S1 and S2, Supporting Information). At the same 
time, we also tested the reaction between Li and NMP solvent. 
Optical image of Li foil after reaction with 2 mL NMP for 24 h  
at room temperature still remain silvery luster (Figure S3, Sup-
porting Information). The XRD patterns shows a pure Li peak 
without any impurity (Figure S4, Supporting Information) and 
the Raman spectrum still shows the same curves with bare Li 
foil (Figure S5, Supporting Information). Therefore, the reac-
tion between Li and NMP solvent is not serious, which suggests 
that it can be used as an inert solvent in the in situ fabrication 
process of the LPS layer. Optical images of bare Li electrode 
and Li-LPS-10 electrode are shown in the insets of Figure 1b,c 
and Figure S6 (Supporting Information). Compared to the bare 
Li electrode, the surface of Li-LPS-10 is obviously covered with 
a thin and uniform film. Scanning electron microscope (SEM) 
images of the bare Li electrode demonstrates a smooth and 
creaseless surface (Figure 1b). After treatment with the P4S16/
NMP solution (10 mg mL−1), the resulting Li-LPS-10 electrode 
has a creased surface layer (Figure 1c). The XRD (X-ray diffrac-
tion) pattern of the Li-LPS-10 electrode still reveals the peaks of 
metallic Li (Figure S7, Supporting Information). Moreover, the 
distribution of P and S on the surface of LPS layer is uniform 
based on energy-dispersive X-ray (EDX) elemental mapping 
(Figure S8, Supporting Information). Detailed cross-sectional 
SEM images of the Li-LPS electrode are shown in Figure S9 
(Supporting Information), on which the thickness of the LPS 
layer is seen to be uniform and thin.

X-ray photoelectron spectroscopy (XPS) was employed to 
detect the composition of the LPS layer. Figure 1d–f shows the 
Li 1s, S 2p, and P 2p XPS spectra of the Li-LPS-10 electrode. 
The XPS spectrum of the Li 1s can be fitted by two Gaussian 
component peaks at 54.8 and 55.6 eV (Figure 1d). The peak 
at 54.8 eV can be assigned to LiS bonding[37,38] and the peak 
at 55.6 eV is related to the LiO bond.[39,40] No characteristic 
peaks of Li metal (53.1 eV)[41] is found. Moreover, the P 2p 
spectrum exhibits several peaks, which can be fitted with four 
distinct doublets (2p1/2 and 2p3/2) (Figure 1e). Among them, a 
special double peaks of the P 2p3/2 appear at 133.3 and 132.5 eV 
can be assigned to PS4

3−, while the S 2p spectrum confirmed 
the proper assignment with the responsive peaks of S 2p3/2 at 
162.5 and 161.6 eV (Figure 1f).[42] The peak of P 2p spectrum 
at 132.1 eV (P 2p3/2) originates from PO4

3−,[43] which is due 
to the unavoidable oxidation during the XPS preparation and 
transfer process. Except for the peaks of PS4

3−, there is a special 
peak of P 2p spectrum at 133.9 eV (P 2p3/2), which is related to 
the bond of PS.[42] Moreover, Raman spectrum of Li-LPS-10 
foil (Figure S10, Supporting Information) demonstrated three 
typical peaks between 300 and 1000 cm−1. The peak located at 
442 cm−1 is related to Li3PS4 and the peak at 521 cm−1 can be 
assigned to Li2O. There is a wide peak located at ≈950 cm−1, 
which is related to the signal of PO4

3−. The existent of Li2O 

and PO4
3− maybe due to the unavoidable oxidation during the 

Raman preparation, transfer and testing process. Therefore, 
combined with the information obtained from Raman, XPS 
spectra and our previous result on the detail lithiation mech-
anism of P4S16 cathode,[36] it can be further concluded that 
Li3PS4 is the main product in the reaction between P4S16 and 
metallic Li.

Moreover, Rutherford Backscattering Spectrometry (RBS) 
were performed to further show the thickness of the pre-
pared LPS layer. Figures S11 and 12 (Supporting Information) 
demonstrate the RBS spectra and simulation profiles on the 
Li-LPS-10 electrode. From the figure, it can be found that Li, 
P, and S peaks are clearly visible. Moreover, a strong O peak 
and a weak C peak have been found, which is related to the 
air exposure of the Li-LPS-10 electrode during the transfer pro-
cess. From the integrated area density of Li, P, and S peaks, we 
can estimate that an ≈60 nm thick LPS layer has been formed. 
Moreover, in order to control the thickness of the LPS layer, 
we try to change the concentration of P4S16/NMP solution 
from 1 to 15 mg mL−1. RBS testing of Li-LPS-1 shows that the 
thickness of the LPS layer is about 32 nm (Figures S13 and 14, 
Supporting Information). Furthermore, when the concentra-
tion is increase to 2.5 mg mL−1, the thickness of the LPS layer 
is increased to ≈60 nm (Figures S15 and S16, Supporting Infor-
mation). This result is similar to the thickness of Li-LPS-10, 
indicating that the reaction between Li and P4S16 follows  
a self-limiting process and the LPS layer can be adjusted  
up to ≈60 nm.

Galvanostatic Li plating/stripping was carried out by using 
coin cells to substantiate the stability of the Li-LPS electrode. 
CR2016 coin cells were assembled as bare Li or Li-LPS elec-
trode symmetric cells. The Nyquist plots of the symmetric  
Li/Li and Li-LPS-10/Li-LPS-10 cells after assembling were 
tested by electrochemical impedance spectroscopy (EIS). As 
shown in Figure S17 (Supporting Information), the impedance 
of the cell is slightly increased from the initial standing pro-
cess to ≈20 h. The increase of impedance during the standing 
process is related to the SEI formation from the side reactions 
between Li and ether based electrolyte. The Nyquist plots of the 
symmetric Li-LPS/Li-LPS cells exhibit different behaviors as 
shown in Figure S18 (Supporting Information). The impedance  
of the cell is much more stable and even a slight decrease 
can be found during the standing process from 0 to 24 h.  
Figure 2a–c and Figure S19–S28 (Supporting Information) 
compare the voltage profiles of bare Li and Li-LPS symmetric 
cells cycled at 0.5 mA cm−2 and 1 mAh cm−2 capacity. The bare 
Li symmetric cell (Figure 2b,c) displayed a gradual increase in 
hysteresis during cycling, reaching 23 mV after 500 h and up to 
140 mV after 900 h. The continuous increase in overpotential 
is likely due to an unstable SEI formation during cycling. Com-
pared to the bare Li symmetrical cell, the Li-LPS cells show a 
significant improvement in cycling stability. For the symmetric 
Li-LPS-1 cell (Figures S19 and S20, Supporting Information), 
a small increase of voltage hysteresis during long term cycling 
is observed, indicating that a 32 nm thick LPS layer is still not 
enough to increase the stability of Li metal. When increasing 
the thickness of the LPS protection layer to 60 nm (Li-LPS-2 
to Li-LPS-15), the voltage hysteresis of the Li-LPS symmetric 
cell is stable without obvious fluctuation for long term cycling 
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(Figures S21–S28, Supporting Information). As an example, the 
symmetric Li-LPS-10 cell delivered stable Li plating/stripping 
voltage profiles for up to 2000 h with stable voltage hysteresis 
(≈10 mV, Figure 2c). Moreover, to further study the evolution 
of the hysteresis in detail, the 5th (16–20 h), 50th (196–200 h), 
100th (396–400 h), 150th (596–600 h), 200th (796–800 h), and 
250th (996–1000 h) cycle of the Li-LPS-10 and bare Li sym-
metric cells were enlarged in Figure S29 (Supporting Informa-
tion). For the Li-LPS-10 symmetric cell, except for the initial 
fifteen cycles, flat and overlapped voltage plateaus (≈10 mV for 
charging and ≈−10 mV for discharging) can be retained during 
cycling without any significant increase/decrease in hysteresis. 
Beyond 2000 h, as shown in Figure 2c, the Li-LPS-10 cell still 
revealed outstanding cycling stability and low voltage hyster-
esis. For bare Li, the voltage plateau for the charging process 
of 5th, 50th, 100th, 150th, 200th and 250th cycle is 8, 8, 10,  
25, 50, and 90 mV, respectively. Compared to the Li-LPS-10 cell, 
the bare Li cell showed higher overpotential at each plating/
stripping process and a gradual increase of voltage hysteresis 
during cycling. Except the gradual increase in voltage hyste-
resis, the bare Li electrode also exhibited several fluctuating 

voltage profiles. As exemplified from ≈800 to 1000 h, the voltage 
curves tend to fluctuate with sudden voltage drops, indicating 
an internal soft short-circuit due to Li dendrite formation. After 
1000 h, the bare Li cell changed to a stable hysteresis voltage, 
which is related to the formation of thick SEI layer.

Moreover, the Li plating/stripping profiles of bare Li and 
Li-LPS-10 symmetric cells at different current densities are 
shown in Figure 2d,e and Figure S30 (Supporting Information). 
The voltage hysteresis is characteristic of the electrochemical 
dynamics of Li plating/stripping. At 0.5 mA cm−2, the voltage 
hysteresis for the Li-LPS-10 electrode is ≈30 mV, whereas that 
of the bare Li electrode is ≈35 mV. When the current density is 
increased to 1, 2, 5, and 10 mA cm−2, the average voltage hys-
teresis for the Li-LPS-10 electrode is ≈80, 130, 210, and 400 mV, 
respectively. For bare Li, the voltage hysteresis in the Li plating/
stripping increases gradually as the current density increases, 
with a typical average hysteresis of ≈170, 350, 650, and 860 mV 
at 1, 2, 5, and 10 mA cm−2, respectively. As evidenced by galva-
nostatic cycling, the voltage hysteresis of Li-LPS-10 is signifi-
cantly lower than that of the bare Li electrode at high current 
density, highlighting the ability of the LPS protection layer to 
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Figure 2. Electrochemical characterizations of the Li-LPS-10 and bare Li electrodes. a,b) Charge/discharge curves of the Li-LPS-10 and bare Li symmetric 
cell. c) Long-term cycling performance of Li and Li-LPS-10 symmetric cells. d,e) Voltage profiles of Li-LPS-10 and bare Li symmetric cell at different 
current density.
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stabilize the SEI and provide a higher ionic conductivity com-
pared to the bare Li.

The reduced voltage hysteresis of Li-LPS-10 can be further 
supported by EIS. The corresponding Nyquist plots of the bare 
Li and Li-LPS-10 symmetric cells are shown in Figure S31 (Sup-
porting Information). The semi-circle at the high-frequency 
range of Nyquist plot is related to the diffusion resistance of 
Li+/electron through the interface layer between Li and elec-
trolyte. The bare Li symmetric cell displays a large interfacial 
resistance (Ri) of ≈170 Ω before cycling, which is due to the 
native SEI layers formed on the surface of the Li through the 
reactions between Li and electrolyte. After 10 cycles, Ri dropped 
to a lower value of ≈80 Ω due to the morphological change of 
the SEI layer and possible dendrite formation, which signifi-
cantly increases the contact area between Li and electrolyte. 
In contrast, the Li-LPS-10 symmetric cell has a low initial Ri 
of ≈70 and ≈60 Ω after 10 cycles. This phenomenon can illus-
trate the improved stability and stripping/plating kinetics of the 
Li-LPS-10 electrode. Thus, the Li-LPS-10 electrode can reveal 
a significantly reduced voltage hysteresis during Li stripping/
plating. In addition, the Li-LPS-10 electrode can also retain a 
delithiation capacity near the theoretical value of Li. As shown 
in Figure S32 (Supporting Information), a delithiated capacity 
of ≈3540 mAh g−1 (based on the whole mass of Li-LPS-10 
electrode) can be achieved when charged to 1.0 V (vs Li/Li+). 
The high specific delithiation capacity can be attributed to the 
nanoscale thickness and light weight of the LPS protection 
layer. Therefore, the protective LPS coating of the Li electrode 
offers the exciting possibility of fabricating high performance  
Li electrode with a minimal effect on capacity.

In order to reveal the underlying mechanism of the 
improved electrochemical performances, we further observe 
the morphological evolution of the Li electrode with and 
without a LPS protection layer after cycling. To analyze the sur-
face of the electrodes, Li and Li-LPS-10 symmetric cells cycled 
at 0.5 mA cm−2 for 200 cycles were disassembled in a glove 

box for SEM analysis. The changes in surface morphology of 
the Li and Li-LPS electrodes are shown in Figure 3. For the 
bare Li electrode, a thick, fragile and gray layer was found on  
the surface (Figure 3a, inset). Furthermore, compared to the 
pristine Li, the surface of the Li electrode becomes rough after 
cycling (Figure 3a). The SEM images reveal that there are 
large amounts of loose, porous and dendritic structures with 
a thickness up to ≈300 µm (Figure 3b,c). The dendrite struc-
tures on the surface of the Li exhibits a diameter of ≈1 µm 
and lengths of up to tens of micrometers. In comparison with 
the bare Li electrode, the overall morphology of Li-LPS elec-
trode is smoother, without obvious Li dendrite formation after  
200 cycles (Figure 3d,e). The photo of Li-LPS-10 electrode from 
the disassembled symmetric cell after cycling still demonstrated 
a smooth surface, which without the existent of fragile and 
gray surface layer (Figure 3d, inset). Moreover, the corrosion 
of Li-LPS electrode is obviously reduced (≈20 µm) compared to 
that of the bare Li electrode after cycling (Figure 3f). Thus, it 
can be concluded that the existence of a LPS protection layer 
on the surface of Li can prevent the formation of Li dendrites, 
reduce the decomposition of electrolyte, stabilize the SEI, and 
prevent further corrosion of Li metal during battery cycling.

Moreover, analysis of the SEI layer composition for Li and 
Li-LPS-10 electrodes after 200 cycles was carried out by XPS. 
The obtained results are presented in Figure 4 and Figures S33 
and S34 (Supporting Information). In the XPS survey spectra, 
peaks located at ≈53.8, 166.9, 284.8, 398.8, 530.8, and 688.4 eV 
were observed in both samples, corresponding to Li 1s, S 2p,  
C 1s, N 1s, O 1s, and F 1s, respectively (Figure S33, Supporting 
Information).[44,45] As for the Li-LPS electrode after cycling, four 
distinct doublets (2p1/2 and 2p3/2) of the P 2p spectra can be 
found (Figure 4a), which are similar to that of the Li-LPS elec-
trode before cycling. The responsive peaks of P 2p3/2 at 133.4 
and 132.7 eV corresponding to the existence of PS4

3− on the 
surface of Li-LPS after cycling, while the S 2p spectrum vali-
dates the assignment with a response measured at 161.6 eV  

Adv. Mater. 2018, 30, 1804684

Figure 3. Characterization of bare Li and Li-LPS electrodes after 200 cycles at 1 mA cm−2 for 1 mAh cm−2. a,b) Top-view and c) cross-sectional SEM 
images of bare Li electrode after cycling. d,e) Top-view and f) cross-sectional SEM images of the Li-LPS electrode after cycling.
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see the Appendix and Figure S34 in the Supporting Information.[42] 
These two peaks are similar to the pristine Li-LPS-10 electrode. 
Thus, it can be concluded that Li3PS4 still exists on the surface of 
Li, which further provides evidence of the flexibility of the Li3PS4 
protection layer. In addition, the Li 1s spectrum obtained from 
both electrodes contain several Li peaks at 56.1, 55.3, 54.8 and  

54.2 eV (Figure 4b). The peak at 56.1 eV suggested the pres-
ence of LiF.[17,46] The peak at 55.3 eV is attributed not only 
to LiOH but also to Li2CO3 or Li-CO2R organic species.[17,42] 
The peak at 54.8 eV is related to the LiS bond[37,38] and the 
peak at 54.2 eV originates from the LiN bond.[47,48] Table S1  
(Supporting Information) shows all of the peaks and the related 
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Figure 4. a) P 2p, b) Li 1s, c) F 1s, and d) C 1s XPS spectra and their fitted curves for the surface chemical composition of SEI layer of Li and Li-LPS-10 
electrode after 200 cycles. e) The main degradation products and these related contents in SEI layer of Li and Li-LPS-10 electrode after 200 cycles.
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assignments, contents and references. From the table, it can  
be found that the content of LiF (calculated from Li 1s spec-
trum) in the bare Li electrode after cycling is 16.4 at%, which is 
much higher than that of Li-LPS electrode after cycling (6 at%). 
The F 1s spectrum also suggests a much higher content of LiF 
(at the peaks of 685.5 and 684.8 eV)[46,49] in Li electrode after 
cycling than Li-LPS electrode (Figure 4c). The LiF content of 
Li-electrode after cycling for F 1s spectrum is about 61.0 at%, 
while the LiF content of Li-LPS electrode after cycling is only 
about 24.2 at%. In addition to the presence of LiF, the F 1s 
spectrum also suggests the presence of LiTFSI and LiSO2F 
with a band at 688.5 and 687.8 eV, associated with the peak 
of S 2p spectrum at 169.5 eV (S 2p3/2, Figure S34, Supporting 
Information).[17] Moreover, compared to the F 1s spectrum of Li 
electrode after cycling, an additional peak of PF (689.2 eV)[17] 
is present on the SEI surface of the Li-LPS-10 electrode. For 
the C 1s spectrum (Figure 4d), except for the typical peaks of 
284.3 eV (CH),[50,51] 284.8 eV (CC)[44,50] and 285.3 eV (CO 
or CN),[17,50] a new peak of 290.2 eV (assigned to CO3

2−)[17] and 
a higher intensity peak of 288.7 eV (assigned to OCOH)[52] 
have been found in the SEI, which indicates a higher degree of 
SEI degradation in the bare Li electrode compared to that of the 
Li-LPS counterpart.

The degradation products and related contents of the SEI 
layers of Li and Li-LPS-10 electrodes after cycling is summa-
rized in Figure 4e and Table S1 (Supporting Information). 
When compared to Bare Li after cycling, the concentration of 
LiF, CO3

2−, −SO2F, OCOH species, etc., in the SEI layer of 
Li-LPS electrode is decreased. Thus, the LPS protection layer 

can reduce degradation of inorganic products and slow down 
the degree of electrolyte consumption during cycling. More-
over, the peaks of PS4

3− still can be detected in Li-LPS-10 after 
long-term cycling, suggesting that the Li3PS4 layer is a stable 
and flexible coating. On the other hand, Raman spectra of 
Li-LPS-10 electrode after cycling still exhibited the same peaks 
observed in the pristine Li-LPS electrode, which provides fur-
ther evidence of the stability of the protection layer (Figure S35, 
Supporting Information).

To test the performance of the LPS protection layer in real 
application, full cells were fabricated and paired with S@C and 
lithium cobalt oxide (LCO) cathodes. Until now, Li/S cells dis-
played significant issues related to the shuttle effect, where long 
chain polysulfides diffuse to the surface of the lithium anode 
and are reduced to short chain polysulfides during standing 
and discharging processes. The short chain polysulfides can 
then move back to the cathode and be oxidized to long-chain 
polysulfides or sulfur. This parasitic process takes place con-
tinuously, creating an internal “shuttle” phenomenon.[53] It 
decreases the active mass utilization in the discharge process, 
markedly reduces the Coulombic efficiency and degrades the 
cycling life. Therefore, the protection layer of LPS on the sur-
face of Li should not only improve the electrochemical perfor-
mance of Li anode but also can block the side reactions between 
soluble long-chain polysulfide and Li, leading to a reduction 
in the shuttle effect of polysulfides when using S as a cathode. 
Subsequently, a high initial discharge capacity and improved 
cycling performance can be achieved based on the LPS pro-
tection layer. As shown in Figure 5, the LPS/S cell exhibits an 

Figure 5. Electrochemical performance of Li-LPS/S and Li/S cells. a,b) Galvanostatic charge/discharge curves of the Li-LPS/S cell (a) and the Li/S cell 
(b). c) Cycling performance of the Li-LPS/S and Li/S cells.
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initial capacity of 1.7 times higher than the Li/S cell at 0.5 A g−1 
(≈1200 mAh g−1 vs 720 mAh g−1). The significant differences 
between the bare Li/S and Li-LPS/S cell in the length of the 
voltage plateau of initial discharge process is related to different 
degree of self-discharging. Based on this, it can be found that the 
LPS protection layer can effectively reduce the self-discharging 
phenomenon of Li/S cell Moreover, the Li–S cells with LPS pro-
tection layer exhibited a much higher capacity (≈800 mAh g−1) 
at a high current density of 5 A g−1 for over 400 cycles. In con-
trast, the bare Li cells only offer ≈400 mAh g−1 after 400 cycles 
at the same charge/discharge rate. From the voltage profiles of 
initial five cycles (Figure 5a,b) and 50th, 100th, 200th, 300th, 
400th cycles in Figure S36 (Supporting Information), it can be 
seen that the charge/discharge curves of Li-LPS/S cell is much 
more stable. Moreover, the Coulombic efficiency of the Li-LPS 
cell can achieve an average value of 96% after 400 cycles, while 
the Coulombic efficiency of the cell with bare Li is reduced to 
an average efficiency of 89% after 400 cycles (Figure S37, Sup-
porting Information). This demonstrates the improved reversi-
bility and stability of Li-LPS for Li–S batteries. We believe that the 
good performance of the LPS/S cell is attributed to the greatly 
reduced shuttle effect because of the LPS protection layer.

On the other hand, when using LCO as the cathode, 
the Li-LPS/LCO cells reveal a significantly improved rate 
performance and reversible capacity compared to that of 
the Li/LCO cell (Figure 6). Figure 6 compares the rate per-
formance of Li-LPS/LCO and Li/LCO cells at different cur-
rent densities. The Li-LPS/LCO cell can be seen to exhibit 

an average reversible capacity of ≈137, 136, 132, 120, and 
104 mAh g−1 at 0.5, 1, 2, 5, and 10 C, respectively. Even at 
a high current density of 20 C, a reversible capacity of 
70 mAh g−1 can still be achieved. When the current density 
is returned back to 1 C, the Li-LPS/LCO cell can still retain a 
capacity of 137 mAh g−1. In contrast, the Li/LCO cell reveals 
average reversible capacities of 137, 124, 114, 92, 57, and  
8 mAh g−1 at 0.5, 1, 2, 5, 10, and 20 C, respectively. It can be 
concluded that the rate capability of the Li-LPS/LCO cell is 
significantly higher than that of the Li/LCO cell, especially 
when cycled at ultra-high current densities. The high rate 
performance of Li-LPS/LCO cell is likely to originate from 
the high-speed Li+ migration from the electrolyte to the Li 
electrode under the assistance of the LPS protection layer. 
Moreover, the Li3PS4-modified Li-metal electrode after cycling 
in a Li-LPS/LCO cell exhibits more uniform and smooth sur-
face than bare Li electrode after cycling without LPS protec-
tion (Figure S38, Supporting Information).

In summary, we designed an LPS solid-state electrolyte pro-
tection layer that is capable of stabilizing Li anodes. Based on 
the high ionic conductivity and low electrochemical activity 
of Li3PS4, the LPS protection layer can not only limit the 
unfavorable reaction between Li and organic electrolyte and 
enable uniform Li ion flux but can also stabilize the SEI layer 
and suppress Li dendrite growth. Thus, stabilized Li anodes 
with long-term cycling and high rate performance have been 
achieved in symmetrical cells, Li–S cells, and Li–LiCoO2 
batteries.

Figure 6. Electrochemical performance of Li-LPS/LiCoO2 and Li/LiCoO2 cells. a,b) Galvanostatic charge/discharge curves of the Li-LPS/LiCoO2 cell (a) 
and the Li/LiCoO2 cell (b). c) Cycling and rate performance of the Li-LPS/LiCoO2 and Li/LiCoO2 cells.
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