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ABSTRACT: All-solid-state Li metal batteries (ASSLMBs) have attracted
significant attention because of their high energy density and improved safety.
However, the poor stability at the Li anode/solid-state electrolyte (SSE)
interface is a long-standing problem that limits the current density and capacity,
thus hindering the practical application of ASSLMBs. Herein, fluorination of an
Argyrodite Li6PS5Cl (LPSCl) sulfide electrolyte is proposed to enhance the
interfacial stability toward the Li metal anode. Because of the condensed and
highly fluorinated interface that forms in situ with a self-healing essence, the Li
metal symmetric cell employing the fluorinated LPSCl SSE enables ultrastable Li
plating/stripping over 250 h at a superhigh current density of 6.37 mA cm−2 and
a cutoff capacity of 5 mAh cm−2. Furthermore, the Li metal treated by the
fluorinated LPSCl SSE is demonstrated to deliver good durability and rate
capability in full cells. Fluorinating sulfide electrolytes provides a new strategy
for realizing high-performance ASSLMBs.

All-solid-state Li metal batteries (ASSLMBs) have been
attracting an increasing amount of interest due to their
high specific energy density and improved safety

compared to those of conventional liquid-based Li-ion
batteries (LIBs).1−3 As one of the most important components
of ASSLMBs, the solid-state electrolyte (SSE) plays a crucial
role in the performance of ASSLMBs.3−5 Over the past several
decades, many studies have sought to improve the ionic
conductivity of SSEs. Sulfide-based SSEs exhibit a very
competitive ionic conductivity compared with those of the
oxide- and polymer-based counterparts. In addition, sulfide-
based SSEs can show a medium mechanical stiffness, intimate
contact with electrode materials, and negligible grain boundary
resistance.6−9 Therefore, sulfide-based SSEs are viewed as one
of the most promising SSE candidates for the commercializa-
tion of high-performance ASSLMBs.10,11

However, the poor compatibility at the Li anode and sulfide
SSE interface is one of the major problems with sulfide-based
ASSLMBs.11,12 The following issues need to be addressed at
the Li metal/SSE interface. (1) The reactivity between Li and
sulfide SSEs is high.13,14 Sulfide SSEs can be easily reduced by
Li metal and decompose to form a passivation layer. The
uncontrollable growth of the passivated layer can increase the
interface impedance with continued cycling, eventually leading

to the degradation of performance. (2) Li dendrites form
through the grain boundary or voids in sulfide SSEs.15,16

Electrons are inclined to accumulate on the grain boundary,
which facilitates dendrite growth and propagation. Con-
sequently, Li dendrites grow along the grain boundaries or
voids of the SSE resulting from the inherent loose tap density.
This would eventually lead to internal short circuits and
battery failure.
Surface modification of the Li anode can effectively prevent

the interfacial side reactions and Li dendrites growth to some
extent.17−20 Both F- and I-containing Li surfaces obtained by
pretreating Li metal with various chemicals have been reported
to be effective in reducing the interface impedance and
hindering the formation of Li dendrites. However, the
relatively low plating/stripping current density and capacity
at room temperature (RT) (<0.5 mA cm−2 and <0.5 mAh

Received: January 29, 2020
Accepted: March 5, 2020
Published: March 5, 2020

Letter

http://pubs.acs.org/journal/aelccp

© 2020 American Chemical Society
1035

https://dx.doi.org/10.1021/acsenergylett.0c00207
ACS Energy Lett. 2020, 5, 1035−1043

D
ow

nl
oa

de
d 

vi
a 

W
E

ST
E

R
N

 U
N

IV
 o

n 
A

ug
us

t 1
6,

 2
02

0 
at

 2
0:

22
:3

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feipeng+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuang+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shumin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keegan+Adair"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sizhe+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianwen+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianwen+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changhong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaona+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xia+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruying+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shangqian+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shangqian+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shigang+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueliang+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.0c00207&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aelccp/5/4?ref=pdf
https://pubs.acs.org/toc/aelccp/5/4?ref=pdf
https://pubs.acs.org/toc/aelccp/5/4?ref=pdf
https://pubs.acs.org/toc/aelccp/5/4?ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c00207?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf


cm−2, respectively) limit their applications in high-rate
ASSLMBs. On the other hand, LPS-based (Li3PS4) SSEs
incorporated with LiI additives can show significantly
improved capabilities (1 mA cm−2 and 1 mAh cm−2,
respectively, at RT) in suppressing Li dendrites at the Li/
LPS-LiI interface.21 The LiI-containing solid electrolyte
interphase (SEI) layer can provide a favorable Li+-ion
conductivity and enable a homogeneous Li deposition.
Nevertheless, considering the requirement for the practical
application of ASSLBs, these previously reported strategies are
still insufficient to meet the high current densities and cutoff
capacities required to compete with state-of-the-art LIBs based
on liquid electrolytes.22

LiF is a very popular compound that is widely employed as
an essential component in stabilizing the SEI layer.23−26

Additionally, it is reported that compared with the strategy that
is developed on the surface treatment of Li metal, the other
one based on modifying SSEs exhibits better protection for the
Li metal. This is attributed to the self-healing feature of the SEI
layer that forms in situ between the electrolyte and Li metal
during cycling.27,28 However, to the best of our knowledge,
using F-containing SSEs to derive the formation of functional
SEI layers with high concentration of LiF has rarely been
reported. Herein, the concept that fluorinating the sulfide-
based SSEs can induce the formation of a highly fluorinated Li
anode interface is proposed. We take Argyrodite Li6PS5Cl
(LPSCl) SSE as the host material and successfully incorporate
F by replacing LiCl with various contents of LiF in the
precursors to synthesize fluorinated LPSCl1−xFx sulfide SSEs (x

= 0.05, 0.3, 0.5, 0.7, 0.8, and 1). The Li symmetric cell using
the optimized “LPSCl0.3F0.7” SSE can deliver an ultrastable Li
plating and stripping for >250 h at a rarely reported current
density of 6.37 mA cm−2 and a specific capacity of 5 mAh cm−2

at RT. This performance can be even comparable to the best
performances in the liquid electrolyte counterparts. The in
situ-formed interface between the Li metal and LPSCl0.3F0.7
SSEs possesses a dense morphology and shows a high
concentration of LiF, playing a crucial role in achieving the
high performance. In addition, when the high-quality Li anode
interface is applied to the full cell, very promising cycling
stability and rate performance are achieved at RT.
Using the conventional solid-state reaction method, various

amounts of LiF were employed as one of the Li−halogen
starting materials in replacement of LiCl to prepare a series of
fluorinated LPSCl1−xFx sulfide-based SSEs with different
contents of incorporated F (see the detail in the Experimental
Section of the Supporting Information). X-ray diffraction
(XRD) measurements were conducted in an air-sensitive
sample holder for the prepared SSEs. The evolution of the
phase composition in the final products with different amounts
of incorporated F is displayed in Figure 1a. It is noted that the
broad diffraction peak at ∼19° is caused by the background
from the Kapton film used on the holder, and the additional
diffraction peak at ∼27.0° is assigned to the trace of Li2S raw
materials (PDF Card No. 00-026-1188). When x = 0, the
product is the pure Argyrodite Li6PS5Cl electrolyte, and the
corresponding diffraction peaks are consistent with the
standard LPSCl pattern indexed as PDF Card No. 04-018-

Figure 1. Characterizations of fluorinated sulfide-based SSEs. (a) XRD patterns of the prepared LPSCl1−xFx sulfide-based electrolytes (x = 0,
0.05, 0.3, 0.5, 0.7, 0.8, and 1). (b) XPS spectra of F 1s in LPSCl1−xFx sulfide-based electrolytes (x = 0.05, 0.3, 0.5, 0.7, 0.8, and 1). (c) SEM
image of the LPSCl0.3F0.7 electrolyte. (d−g) EDX element mapping of the observed area of panel c.
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1429.29 With the degree of fluorination of LPSCl-based
electrolytes increasing, phase transformation from LPSCl to β-
Li3PS4 is observed. The intensity of characteristic diffraction
peaks belonging to the Li6PS5Cl phase decreases continuously,
while the characteristic peaks of the β-Li3PS4 phase (PDF Card
No. 04-010-1784) become apparent gradually. Diffraction
peaks belonging to LiF can be observed after x = 0.5, which
can be attributed to the excessive LiF precursor existing after F
is completely incorporated into the LPSCl structure. The
excessive LiF can fill in the boundary/pore of the SSEs, which
can reduce the electronic conductivity and enhance the rigidity
of the SSEs to suppress the penetration of Li dendrites.30 X-ray
photoelectron spectroscopy (XPS) was then employed to
analyze the element chemical environment of the introduced F
in the fluorinated LPSCl1−xFx sulfide SSEs. As shown in Figure
1b, once x reaches 30, an obvious peak at 686.7 eV can be
observed. This is ascribed to the interaction between F and
PS4

3− molecules, which can be expressed as “Fδ−-Liδ+-PS4
δ−”.31

The existing peaks at 684.9 eV suggest the existence of Li−F
bonds in the prepared LPSCl1−xFx sulfide SSEs.18 The
corresponding change for S 2p and P 2p spectra can be
observed in Figure S1. The characteristic peaks shift to a higher
binding energy, confirming the electron cloud around S and P
becomes weak after F incorporation. Raman spectra of the
series of fluorinated LPSCl1−xFx (x = 0, 0.5, 0.7, 0.8, and 1)

sulfide-based SSEs (Figure S2) also verify that F incorporation
can cause a red shift of the P−S symmetric stretching of PS4

3−

fingerprint ions (at ∼425 cm−1),32,33 indicating a strong
electronegativity effect of F elements toward the PS4

3−

molecules. However, further detailed structure information
will need to be acquired in future studies. The morphology of
the prepared LPSCl0.3F0.7 electrolyte was studied using
scanning electron microscopy (SEM). Similar to other
reported lithium Argyrodite SSEs,29,34 the LPSCl0.3F0.7 electro-
lyte shows irregular particles with a microlevel size (Figure 1c).
Energy dispersive spectroscopy (EDS) element mapping
(Figure 1d−g) for the selected area demonstrates that
elements P, S, Cl, and F are homogeneously distributed.
Electrochemical impedance spectroscopy (EIS) was employed
to derive the ionic conductivity of prepared LPSCl1−xFx
electrolytes. As shown in Figure S3, the ionic conductivity
decreases with an increase in F content at RT. The ionic
conductivity of pure LPSCl electrolytes at RT reaches 3.1 ×
10−3 S cm−1, which agrees well with the published results.35

When F is fully introduced (x = 1) into the electrolyte, the
ionic conductivity drops to 5.2 × 10−4 S cm−1. This ionic
conductivity falls right at the level of LPS-based (β-Li3PS4)
electrolytes. This evolution trend reflects the fact that F
incorporated into the Argyrodite LPSCl phase can induce the
gradual formation of a β-Li3PS4 conductive phase. Direct

Figure 2. Li plating and stripping in Li//LPSCl0.3F0.7//Li symmetric cells. (a) Current density (0.127 mA cm−2) and cutoff capacity (0.1
mAh cm−2). (a-1−a-3) Magnified portions of panel a. (b) Current density (1.27 mA cm−2) and cutoff capacity (1 mAh cm−2). (c) Current
density (6.37 mA cm−2) and cutoff capacity (5 mAh cm−2).
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current (dc) polarization measurements (Figure S4) were
conducted to determine that the electronic conductivity of one
representative composition, LPSCl0.3F0.7 SSEs, is approx-
imately 9.85 × 10−10 S cm−1, which is lower than that of the
LPSCl SSEs (6.81 × 10−9 S cm−1). The lower electronic
conductivity is favorable and can restrict the formation of Li
dendrites at the Li/SSE interface, as demonstrated recently by
Han et al.36

The interface stability between Li metal and fluorinated
LPSCl1−xFx sulfide SSEs was then carefully evaluated through
cycling Li−Li symmetrical cells under various current densities
and cutoff capacities. As demonstrated in Figure S5, because
the Li dendrite grows arbitrarily through the SSE, short circuits
quickly occur in the symmetric cells with pure LPSCl and pure
β-Li3PS4 electrolytes.16,37 LPSCl1−xFx electrolytes with a low
degree of fluorination (x = 0.05, 0.3, and 0.5) cannot
effectively prevent the short circuit caused by dendrite growth,
while a high degree of fluorination (x = 0.8 and 1) can cause
large overpotentials because of the lower ionic conductivity of
the SSEs and thicker fluorinated interphase formed during
plating/stripping. By contrast, x = 70 is found to be the
optimized condition for guaranteeing a stable Li/LPSCl0.3F0.7
interface, with a limited overpotential and long cycling
durability. As shown in Figure 2a, under a moderate plating/
stripping condition of 0.127 mA cm−2 and 0.1 mAh cm−2, the
initial overpotential is around 15 mV (Figure 2a-1). This value
is approximately 3 times larger than that for plating/stripping
of Li in pure LPSCl electrolyte-based Li−Li symmetric cells,
which is ascribed to the lower ionic conductivity of
LPSCl0.3F0.7 electrolytes (7.1 × 10−4 S cm−1 at RT). With
the initial activation process, a stable Li/LPSCl0.3F0.7 interface
starts to form, and the overpotential reaches a maximum of 40
mV (Figure 2a-2). This in situ-formed Li/LPSCl0.3F0.7

interphase is robust and can prevent further side reactions
and Li dendrite formation. Even after 1000 h, the Li//
LPSCl0.3F0.7//Li symmetric cell remains stable and shows a
very stable overpotential that recovers to the initial state at
around 17 mV (Figure 2a-3). Time-resolved EIS profiles
(Figure S6) were recorded for the Li/LPSCl0.3F0.7 interfacial
impendence evolution at different stages during the plating/
stripping process. The results agree well with the changes in
cell overpotential, suggesting that electrochemically derived
interface evolution enables the formation of a robust and stable
Li/LPSCl0.3F0.7 interface. The Li plating/stripping behavior at
1.27 mA cm−2 and 1 mAh cm−2 is displayed in Figure 2b. The
symmetric cell undergoes an initial activation process similar to
that of the cells cycled at 0.127 mA cm−2: the overpotential
increases from ∼220 to ∼350 mV in the initial 100 h, followed
by a stable overpotential that is maintained at ∼150 mV after
1000 h. More remarkably, when we increased the current
density and cutoff capacity to 6.37 mA cm−2 and 5 mAh cm−2,
respectively, for the cycled symmetric cell, the cell can
continue performing ultrastable Li plating/stripping for an
additional 250 h (Figure 2c). The magnified polarization
curves of Li plating/stripping are shown in Figure S7,
suggesting a typically featured Li nucleation and growth
process at such a high current density and cutoff capacity. To
the best of our knowledge, the presented Li//LPSCl0.3F0.7//Li
symmetric cell performance has surpassed any other reported
performance with various sulfide SSEs at RT and can be
comparable to the best performance in liquid electrolyte
systems without using Li metals designed in a complicated
manner (see the performance comparison in Table S1).
To understand the reason behind the high performance of

Li//LPSCl0.3F0.7//Li symmetric cells, several characterizations
were carried out. First, rest time-resolved EIS of the fabricated

Figure 3. Characterizations of Li metal after cycling in the symmetric cells. (a) SEM images of the Li metal surface morphology. (b) ToF-
SIMS depth profiles of each element on the Li metal. (c) Chemical species images on the Li metal after sputtering with a Cs+-ion beam
during the ToF-SIMS measurement. The scar bar is 200 μm.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://dx.doi.org/10.1021/acsenergylett.0c00207
ACS Energy Lett. 2020, 5, 1035−1043

1038

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00207/suppl_file/nz0c00207_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00207/suppl_file/nz0c00207_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00207/suppl_file/nz0c00207_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00207/suppl_file/nz0c00207_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00207/suppl_file/nz0c00207_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00207?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c00207?ref=pdf


Li//LPSCl0.3F0.7//Li symmetric cell (Figure S8) verifies that
the Li/LPSCl0.3F0.7 interface is chemically stable, due to the
negligible change in interface impedance over 24 h. Then,
SEM was used to examine the difference in morphology
between LPSCl and LPSCl0.3F0.7 electrolyte pellets made
through cold pressing before electrochemical cycling. Figure
S9a suggests that there is a large area of cracks on the surface
of the LPSCl pellet. These gaps would provide space for Li
dendrite growth and thus easily cause short circuits.38 By
contrast, the surface of the LPSCl0.3F0.7 pellet (Figure S9b) is
much denser and relatively smoother, resulting from the good
densification ability of the LPSCl0.3F0.7 electrolyte derived from
effective fluorination. For the LPSCl0.3F0.7 SSE with F
incorporated, the bonding energy of P−S is reduced, while
the free volume of the SSE would increase to decrease Young’s
modulus.39 The lower bonding energy and Young’s modulus
can result in an increase in relative density for enhanced
densification ability of the electrolyte.39 In addition to the
potentially improved mechanical property of the fluorinated
LPSCl0.3F0.7 sulfide SSE, the in situ-formed functional Li/
LPSCl0.3F0.7 interface is confirmed by using various character-

izations. Ex situ SEM measurements were conducted to study
the morphology of the Li metal surface after Li plating/
stripping for ∼200 h (0.127 mA cm−2 and 0.1 mAh cm−2) in
the Li//LPSCl0.3F0.7//Li symmetric cell (which underwent
activation). As suggested in Figure 3a-1, the Li surface after Li
plating/stripping is very smooth. Close observation (Figure 3a-
2) suggests that numerous nanosheets are present on the
consecutive and homogeneous surface. The side-view SEM
images of the Li metal layer (Figure S10) also suggest the
formation of a sheetlike coating on the Li metal surface.
However, obvious corrosion reactions occur on the Li/LPSCl
interface (Li plating/stripping for ∼20 h) as suggested in
Figure S11a. The black spots in Figure S10b indicate lithium
dendrite growth from these sites. Side-view SEM images of the
Li metal surface (obtained after the short circuit happens to
the Li//LPSCl//Li symmetric cell) can also reveal the
formation of Li dendrites (Figure S11c,d). Time-of-flight
secondary-ion mass spectrometry (ToF-SIMS) was used to
analyze the surface chemical species on the cycled Li metal
electrode with ion milling depth profiling. For an analysis area
of 500 μm × 500 μm, before Cs+-ion sputtering, the obtained

Figure 4. XPS depth profiling analysis of the Li metal/SSE interface. (a and b) Overall evolution of the Li 1s and F 1s spectra with sputtering
depth at the Li/LPSCl0.3F0.7 interface. (c) Representative Li 1s and F 1s XPS spectra extracted from panels a and b.
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chemical species mapping suggests Li, F, P, S, and Cl species
disperse uniformly on the Li metal surface (Figure S12). Along
with Cs+-ion sputtering, ToF-SIMS depth profiles are shown in
Figure 3b.The increasing count intensity of Li suggests the
detection depth is gradually approaching the Li metal surface.
Obviously, the intensity of P, S, and Cl species decreases with
this increased probing depth. It is interesting to note that the
maximum F intensity was observed before the Li metal surface
was reached, which suggests the F species have a gradient
dispersed in the direction perpendicular to the Li metal
surface. A series of chemical species images recorded after Cs+-
ion sputtering are shown in Figure 3c. The spatially different
dispersion of Li-, F-, P-, S-, and Cl-containing species derived
from gradient differences can also be observed directly.
XPS depth profiling analysis was further conducted to study

the chemical composition of the Li/LPSCl0.3F0.7 interface
(after precycling for ∼200 h in the Li//LPSCl0.3F0.7//Li
symmetric cell at 0.127 mA cm−2 and 0.1 mAh cm−2). Multiple
signal collections (50 times in total) were conducted after
sputtering with the Ar500+ cluster ion source for 30 min at
intervals. The overall evolution of the P 2p, S 2p, and Cl 2p
spectra from the Li@LPSCl0.3F0.7 surface to the Li metal is
present in Figure S13. Along with the sputtering depth
increasing, signal intensities gradually decrease and nearly
reach zero toward the end of the testing period, suggesting that
depth profiling successfully penetrated through the interface
layer to the Li metal layer. The evolution of the Li 1s and F 1s
spectra is studied in detail as displayed in panels a and b of
Figure 4, respectively. Representative Li 1s and F 1s spectra in
different layers of interest are extracted and summarized as
shown in Figure 4c. The spectra of 1#−3# are assigned to the
SSE layer. The intensity of both Li 1s and F 1s in this layer
tends to decrease when progressing toward the interface. No
binding energy shift is observed in the characteristic peaks of

each element, indicating the peripheral LPSCl0.3F0.7 SSE is
stable against Li metal. In the interface layer (4#−8#), for Li 1s
spectra, the intensities of peaks at ∼55.9 eV assigned to the Li
1s in the LPSCl0.3F0.7 electrolyte decrease along with an
increasing sputtering depth, which accompanies the increase in
the intensity of the elemental Li (Li0) peak at ∼53.9 eV.17,40

One small peak at ∼55.1 eV starts to occur at the place that is
very close to the Li metal and even in the Li metal layer, which
is related to the strong electronegativity of F toward Li in LiF
compounds. F 1s spectra at the interface show a different
evolution trend compared with that of Li 1s spectra. The
dominant F species at the interface is from Li−F bonds
(indexed at ∼684.8 eV).19 The intensity of Li−F (from
LPSCl0.3F0.7 SSEs) decreases in the initial achievement of the
interface layer because of the vanishing LPSCl0.3F0.7 SSEs,
while an increase in the deeper interface closer to the Li metal
results from the gradual formation of LiF compounds. This
result agrees well with the ToF-SIMS result as shown in panels
b and c of Figure 3. In short, the effective LiF-containing
interface was formed through the interface and the closed Li
metal layer, serving as the robust protection layer for the
observed ultrastable Li plating/stripping.
Overall, the smooth interphase of Li/LPSCl0.3F0.7 with a

dense and sheetlike morphology is formed in situ after the
initial activation process. Moreover, the fluorinated
LPSCl0.3F0.7 electrolyte can support the formation of a robust
fluorinated interface (rich LiF). Also, the self-healing feature of
this interface layer guarantees long-term protection. All these
morphology and physicochemical properties have been
demonstrated to play very important roles in preventing Li
dendrite formation and stabilize the interface between Li metal
and sulfide electrolytes.
To demonstrate the application potential of the stabilized Li

metal interface with a high degree of fluorination, sulfide-based

Figure 5. Electrochemical performance of ASSLMBs. (a) Schematic diagram of the Li@LPSCl0.3F0.7//LPSCl//LCO@LNO/LPSCl ASSLMBs
with the highlighted fluorinated interface layer. (b) Charge−discharge profiles of the fabricated ASSLMBs. (c) Cycling stability of the Li@
LPSCl0.3F0.7//LPSCl//LCO@LNO/LPSCl ASSLBs at RT. (d) Rate capability of the Li@LPSCl0.3F0.7//LPSCl//LCO@LNO/LPSCl ASSLBs
at RT.
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ASSLMBs are constructed by using LPSCl0.3F0.7 pretreated Li
metal (plating/stripping for ∼200 h at 0.127 mA cm−2 and 0.1
mAh cm−2) as the anode (Li@LPSCl0.3F0.7), LiCoO2 (LCO)
with a LiNbOx (LNO) protection coating layer combined with
LPSCl as the cathode composite (LCO@LNO/LPSCl), and
LPSCl as the electrolyte (Figure 5a). The loading mass of the
LCO cathode is ∼8.92 mg cm−2. SEM images and EDX
element mapping of the cross section of this full battery are
presented in Figure S14, indicating good contacts between the
Li@LPSCl0.3F0.7 anode and LPSCl SSEs as well as within the
cathode layer. RT galvanostatic charge and discharge experi-
ments were conducted in the voltage range of 2.8−4.2 V (vs
Li/Li+). The charge and discharge curve obtained at a low
current density of 0.033 mA cm−2 (1 C corresponds to 1.3 mA
cm−2) is shown as the blue curve in Figure 5b, which is
extremely similar to the red curve that was obtained in the
liquid electrolyte-based coin cell (Li//liquid electrolyte//
LCO). This indicates a smooth electrochemical reaction
takes place in the solid state. In addition, no obvious voltage
plateau/slope corresponding to the side reaction on the
cathode or anode is found during the charge and discharge
process of Li@LPSCl0.3F0.7//LPSCl//LCO@LNO/LPSCl
ASSLMBs, with the exception of the somewhat inevitable
space charge effect indicated by a small slope before the
charging plateau of 3.9 V is reached.41 Similar to the capacity
and high reversibility delivered in the Li//liquid electrolyte//
LCO battery, the first discharge specific capacity is ≤122 mAh
g−1 and a high Coulombic efficiency of 89% can be achieved in
the Li@LPSCl0.3F0.7//LPSCl//LCO@LNO/LPSCl battery.
By contrast, if the Li metal is used without LPSCl0.3F0.7
pretreatment as the anode, the Li//LPSCl//LCO@LNO/
LPSCl ASSLMBs present very poor electrochemical perform-
ance (black charge and discharge curves in Figure 5b). Side
reactions take place severely at the Li/LPSCl interface, leading
to a large irreversible capacity. The RT cycling stability of the
Li@LPSCl0.3F0.7//LPSCl//LCO@LNO/LPSCl battery is
shown in Figure 5c; after the initial cycling at a low current
density of 0.033 mA cm−2, the battery operates smoothly at
0.13 mA cm−2. The specific discharge capacity remains stable
during the first 40 cycles with an ultrahigh Coulombic
efficiency (>99.5%), and capacity retention stands at 95%
after 50 cycles. The problems associated with the Li anode/
sulfide electrolyte interface (interfacial side reactions and Li
dendrite formation) would be much more serious under high
current densities,42 while the Li/LPSCl0.3F0.7//LPSCl//
LCO@LNO/LPSCl battery can show an excellent rate
capability at RT. As suggested in Figure 5d, the specific
capacity stands at 118 mAh g−1 under a low current density of
0.065 mA cm−2, while the specific capacity can reach 115, 103,
95, 89, and 86 mAh g−1 at increased current densities of 0.13,
0.26, 0.65, 1.04, and 1.3 mA cm−2, respectively. Furthermore,
the specific capacity can recover to 101 mAh g−1 and remain
stable, when the current density declines to 0.13 mA cm−2.
These results prove the performance of our full cells is one of
the best in the reported sulfide-based ASSLMBs (see the
performance comparison in Table S2). In stark contrast to the
excellent electrochemical performance of the sulfide-based
ASSLMBs employing Li@LPSCl0.3F0.7 as the anode, Li//
LPSCl//LCO@LNO/LPSCl full batteries that use bare Li as
the anode cannot even operate under a current density of 0.13
mA cm−2 when the cycling number is extended (Figure S15).
The battery has difficulty in charging and delivers a very large
but false specific charge capacity, which is ascribed to the

unstable Li/LPSCl interface and the resultant degradation of
LPSCl electrolytes.
In conclusion, F is incorporated into the popular Argyrodite

Li6LP5Cl sulfide-based electrolytes for the first time via
conventional solid-state synthesis routes. We have verified
that the fluorinated LPSCl0.3F0.7 electrolyte exhibits an
outstanding stability toward Li metal during Li plating/
stripping. In the Li//LPSCl0.3F0.7//Li symmetric cell, stable
Li plating/stripping for >1000 h can be achieved at a current
density of 1.27 mA cm−2 and a capacity of 1 mAh cm−2. Even
under a rarely reported current density of 6.37 mA cm−2 and a
capacity of 5 mAh cm−2, the Li//LPSCl0.3F0.7//Li symmetric
cell can still display stable Li plating/stripping for >250 h.
Furthermore, the excellent Li metal interface can be applied to
realize the high performance in Li@LPSCl0.3F0.7//LPSCl//
LCO@LNO/LPSCl full batteries. The superior in situ-formed
interface between the Li metal and LPSCl0.3F0.7 is demon-
strated to be endowed with a highly dense and sheetlike
surface morphology, as well as a high concentration of LiF
compounds. The fluorinated sulfide SSE can induce the
formation of an ultrastable Li metal interface and is expected to
lead to significant steps toward the development of high-
performance ASSLMBs.
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