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ABSTRACT: A novel strategy has been proposed to produce in 2% 04
situ Li,S at the interfacial layer between lithium anode and the ;
solid electrolyte, by using an amorphous-sulfide—LiTESI—poly- 150

(vinylidene difluoride) (PVDF) composite solid electrolyte
(SLCSE). Besides retarding the decomposition of PVDF in CSE,
the Li,S-modified interfacial layer (SMIL) also improves the
wettability between lithium metal and SLCSE which in turn
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optimizes the lithium deposition process. Our density functional —e—LI[LCSE|ILFePO, {20 00F oo PN
theory calculation results reveal that the migration energy barrier ¢

of Li passing through SMIL is much lower than that of Li passing %5 1015 20 25 T s 4 5 6 7
through LiF-modified interfacial layer (FMIL) formed from the Cyele Number Liion going through LizS layer

decomposition of PVDEF. The as-prepared SLCSE shows a Li ionic

transference number of 0.44 and Li ion conductivity of 3.42 X 10™* S/cm at room temperature, and the LillSLCSEIILiFePO, cell
exhibits an outstanding rate performance with a capacity of 153, 144, 131, and 101 mAh/g at a current density of 0.05, 0.10, 0.25,
and 0.50 mA/cm?, respectively.
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B INTRODUCTION strength of polymer electrolytes make it difficult to meet the
requirements of practical applications.” Despite the high

modulus and excellent ionic conductivity of inorganic ceramic
10-12

Recently, the urgency for higher energy density has increased
with demand of electrical vehicles and large-scale electric

power storage systems. The Li metal anode with a high electrolytes, the poor interfacial contact and large
theoretical specific capacity (3860 mAh/g) and ultranegative electrolyte—electrode interfacial resistance between inorganic
potential (—3.040 V vs the standard hydrogen electrode) is an electrolyte and the electrode result in rapid failure of battery
ultimate choice for next generation lithium metal batteries cycling."”™"” To address these issues, interfacial architectures
(LMBs) to achieve the high-energy-density goal. However, are proposed to increase the wettability between inorganic
serious safety issues caused by liquid flammable electrolyte ceramic electrolytes and electrodes.'*™*° For example, by
leakage and lithium dendrite short circuiting in conventional coating a layer of PEO-based polymer on both sides of
organic liquid electrolyte LMBs are the major problems that Li;La;Zr,0y, (LLZO) electrolyte, the interface polarization of
urgently need to be addressed first. In this respect, solid-state a LiFePO, full battery decreases to ~30 mV when serving at 90
electrolytes are considered as highly desired materials for °oc2! Though the interfacial contact ability is significantly
replacing state-of-the-art liquid flammable electrolytes and improved by the artificial interlayer, it induces extra interfacial

enabling the use of lithium metal as an anode, which can well
address safety issues and provide higher energy density."”
On the basis of their components, solid-state electrolytes are
classified into polymer electrolyte, inorganic ceramic electro-
lyte, and composite solid electrolyte (CSE) categories. ] -
Polymer electrolyte, which is composed of poly(vinylidene Rec.e“’ed: August 20, 2020 %
difluoride) (PVDF) or poly(ethylene oxide) (PEO) and Revised: ~ October 19, 2020
lithium salt, such as LiPF,, LiBF,, LiN(SO,CF,), (LiTFSI), Published: October 27, 2020
and LiN(SO,F), (LiFSI), draws a lot of attention for its low
cost, high flexibility, and easy scalability in recent years.””*
However, the moderate ion conductivity and low mechanical

resistance and makes interfacial evolution and Li ion
transportation modes more complicated. In this case, one of
the alternative choices is the use of a CSE that is composed of
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Figure 1. Preparation and characterization of LCSE and SLCSE. (a) The preparation scheme of SLCSE; (b) the appearance of SLCSE; (c) the
section of SLCSE; (d) the Nyquist plots of LillLCSEIILi and LillSLCSEIILi symmetrical cells before and after the polarization; and the
chronoamperometry profiles under a polarization voltage of 10 mV, with (e) the spectra of P 2p (up) and S 2p (under) of pristine SLCSE.

inorganic ceramic electrolyte and polymer electrolyte, which
combines the merits of an inorganic ceramic electrolyte and
polymer electrolyte, such as their high mechanical strength,
satisfying ion conductivity, excellent flexibility, and good
wettability with electrodes.”” Lithium dendrites can grow
into the holes and grain boundaries of inorganic ceramic
electrolytes, as well as in the soft phase of CSE,”*™* risking
short circuiting of LMBs. In this case, Li dendrites could not be
well suppressed merely by CSE. Therefore, one of the critical
obstacles for practical application of CSE is how to prevent
lithium dendrite penetrating through the CSE.**™>’

Various proofs have demonstrated that the lithium dendrite
growth is attributed to the nonuniform plating and stripping of
Li on the surface of the Li metal anode.”® Instead of
exhaustedly suppressing Li dendrite growth by the high
mechanical module of a solid-state electrolyte, the in situ
construction of a solid-electrolyte interphase that is well
compatible to electrodes and contributes to the uniform
plating and stripping of Li is a promising and advantageous
strategy to serve the purpose well.”' ™" For example, by
constructing an artificial solid-electrolyte interphase (SEI)
composed of CuzN nanoparticles and styrene butadiene
rubber, uniform Li-ion flux was realized by in situ formation
of a Li;N layer on the surface of the Li metal anode, helping to
suppress Li dendrite formation.”* However, another critical
issue that cannot be ignored is the inevitable dehydro-
fluorination process of PVDF polymer during Li stripping—
plating experiments, leading to the failure of CSE.””> The side
reaction between PVDF and Li metal provides electrons for
the reduction of Li ions when Li ions migrate through CSE,
which consequently aggravates the uneven plating and striping
of Li.*>** Therefore, preventing the decompositions of CSE is
as essentially important as suppressing the formation of lithium
dendrites for improving the safety and lifespan of LMBs.

Herein, a new strategy was proposed to construct a Li,S-
modified interfacial layer (SMIL) in situ on the surface of a Li
metal anode to homogenize the plating and striping of Li and
to mitigate the decomposition of PVDF in SLCSE. By
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constructing such a SMIL on the surface of the Li metal
anode, the decomposition of PVDF in SLCSE is significantly
mitigated. Moreover, the SMIL is beneficial to improve the
uniformity of Li deposition and the reversible capacity owing
to the remarkable improvement of the wettability between
lithium metal and SLCSE. Consequently, the formation of
SMIL enables the Lil[SLCSEILiFePO, cell to exhibit a high
capacity of 153, 144, 131, and 101 mAh/g at 0.05, 0.10, 0.25,
and 0.50 mA/cm? respectively, as well as a good capacity
retention of 99.5% at the 150th cycle under 0.05 mA/cm?* (vs
the 20th cycle).

B RESULTS AND DISCUSSION

In our present work, amorphous 3Li,S-2P,S; (hereafter
abbreviated as LPS) compound powder was fabricated by
the solvent method. The as-prepared LPS powder with the
particle size distributed in dozens to hundreds of nanometers
(Figure S1) was mainly composed of an amorphous phase and
a trace amount of Li;PS, and Li,S crystalline phases (Figure
S2). Using the LPS as a filler, we prepared a flexible sulfide—
LiTFSI-PVDF composite solid-electrolyte-based (hereafter
abbreviated as SLCSE) film by doctor blading (Figure la).
Upon solvent evaporation, the typical thickness of flexible
SLCSE is around 40 ym (Figure 1b, c). The LiTFSI-PVDF
composite solid electrolyte (hereafter abbreviated as LCSE)
without LPS was also prepared with similar processes for
comparison. As shown in Figure S3, the SLCSE filled with LPS
powders possesses a remarkable flat surface, which may render
intimate contact with the lithium metal anode. As demon-
strated in Figure 1d, the Li ion transference number of SLCSE
is about 0.44, which is much higher than that of LCSE (0.16).
Moreover, the SLCSE shows a much lower interface resistance
than the LCSE (the inset of Figure 1d, Table S1), which
should be attributed to the better wettability between lithium
metal and the SLCSE electrolyte. The Li ion conductivity
values of LCSE and SLCSE are determined by the EIS plots of
SSIICSEIISS (SS = stainless steel) (Figure S4). Based on the
equivalent circuit model,* the Li ion conductivities of LCSE
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Figure 2. Plating and striping performance of Li. (a) Cycling performances of LillSLCSE/LCSEIILi symmetrical cells; (b) rate performances of Lill
SLCSE/LCSEIILi symmetric cells; surface morphologies of the (c) plating profile of Li in LillLCSEIICu and LillSLCSEIICu semisymmetrical cells;
and the SEM images of (d) pristine Li metal and the Li metal anode after 10 cycles in the (e) LilLCSEIICu semisymmetrical cell and (f) Lill

SLCSEIlICu semisymmetric cell.

and SLCSE at room temperature were calculated to be 2.40 X
107" S/cm and 3.42 X 107" S/cm, respectively. It has been
reported that the Li ion migration in CSE could proceed both
at the ceramiclpolymer interface and at the interior of the
ceramic.’’ > Therefore, the LPS dispersed in SLCSE is
essential to increase the Li ion conductivity and transference
number. Since the LPS is amorphous, the chemical species in
LPS were determined by the deconvoluted XPS data of
phosphorus and sulfur. As shown in Figure le, a double peak
locating at 134.0 and 134.8 eV is assigned to the P 2p of PS,*".
The binding energies of S 2p located at 162.2, 163.8, and 169.5
eV are attributed to Li,S, PS,>”, and S=O (TESI"),***
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respectively (Figures le and 2). It is demonstrated that the
LPS in SLCSE is mainly composed of amorphous Li,S and
Li,PS,.

To investigate the stability and wettability between SLCSE
and Li metal, LillSLCSE/LCSEIILi symmetrical cells were
assembled. Figure 2a displays the cycling performance of Lill
SLCSE or LCSEIILi symmetric cells that were periodically
charged and discharged for 1 h each at a current density of 0.04
mA/cm? at 25 °C. The polarization voltage of the LillSLCSEII
Li cell is about 15 mV, while the polarization voltage of the Lill
LCSEIILi symmetric cell reaches up to 35 mV. The polarization
voltage in the Lill[SLCSEIILi symmetric cell increases by only 4

https://dx.doi.org/10.1021/acs.nanolett.0c03395
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Figure 3. Studies of the interfacial layer. (a) The XPS data of F 1s of Li-LCSE (a-1) and Li-SLCSE (a-2) in LillLiFePO, full cells after 20 cycles;
(b) the XPS data of F 1s of pristine LCSE (b-1) and LCSE in the LillLCSEIILiFePO, cell after 20 cycles (b-2); (c) the XPS data of S 2p of Li-LCSE
(c-1) and Li-SLCSE (c-2) in LillLiFePO, full cells after 20 cycles; (d) the 1st—4th cyclic voltammogram curves of the LillLCSEIILiFePO, cell (d-1)
and LillSLCSEIILiFePO, cell (d-2); and the migration energy barrier of Li ions passing through the (e) LiF layer and (f) Li,S layer.

mV when cycling from the 200th hour to the 1000th hour,
which is only about half of that in Lill[LCSEIILi symmetric cells.
As it is shown in Figure 2b, the plating/stripping curves of Lill
SLCSEIILi are stable as the charge/discharge current density
increases from 0.05 to 0.50 mA/cm® However, the over-
potential of the LillLCSEIILi cell is two times higher than that
of the LillSLCSEIILi cell at the same operating current density.
Reasonably, the lower polarization voltage is attributed to the
lower interfacial resistance, stemming from the better
wettability between lithium metal and SLCSE. This deduction
can be confirmed by the values of electrode polarization
voltage in LillLCSElICu and LillSLCSElICu semisymmetric
cells (Figure 2c), which is controlled by the diffusion behavior
of Li ion in the electrolyte.*” The Li nucleation barrier,
referring to the wettability, can be reflected by the plating
overpotential at the initial stage of Li deposition.”> Figure 2c
illustrates the plating profile of Li deposition on the surface of
copper foil in Lill[LCSE or SLCSEIICu cells. It can be seen that
the SLCSE not only provides a lower nucleation overpotential
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for Li plating than that of LCSE but also exhibits a lower
electrode polarization. The accumulated capacity loss plots of
LillLCSElICu and Lill[SLCSEIICu indicate that the wettability of
SLCSE is higher than that of LCSE (Figure SS). Figure 2d
shows the SEM image of pristine Li metal. Figure 2e and 2f
display the microscopy images of Li metal anode in LillLCSEIl
Cu and LillSLCSEIICu semisymmetric cells after 10 cycles of
charging—discharging at 0.05 mA/cm?, respectively. The bright
part on the surface of Li-LCSE (Figure 2e) is suggested to be
dead lithium and SEI (circled by a blue line). Apparently, the
morphology of Li deposition on the surface of the Li metal
anode in the LillSLCSElICu semisymmetric cell is hemi-
spherical, while the morphology of Li deposition on the surface
of the Li metal anode in the Lill[LCSEIICu semisymmetric cell
is random and rough. This phenomenon can also be observed
on the surface of Li metal anode in the LillLCSEILiFePO, full
cell after cycling at 0.50 mA/cm” (Figure S6). It is reasonable
to believe that the flat surface of the Li metal anode and low
electrode polarization of SLCSE derive from uniform plating

https://dx.doi.org/10.1021/acs.nanolett.0c03395
Nano Lett. 2020, 20, 8273—-8281
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and stripping of Li during repeated charging—discharging,
which is closely related to the interfacial layer.*"*

In order to understand the interfacial layers of LiILCSE and
LilSLCSE, ex situ X-ray photoelectron spectroscopy (XPS) was
employed to ascertain the electrochemical evolution of the
interfacial layers (Figure 3). A SMIL was in situ formed on the
surface of the Li metal anode in the LillSLCSEILiFePO, cell,
which is contributed to retard the decomposition of PVDF of
SLCSE. Figure 3a-1 and Figure 3a-2 show the deconvoluted F
1s spectra on the surface of the Li metal anode in the Lill
LCSEIILiFePO, cell (Li-LCSE) and the LillSLCSEIILiFePO,
cell (Li-SLCSE) after 20 cycles, respectively. As shown in
Figure 3a-1, the binding energies of the F 1s spectra locating at
684.9, 687.8, and 688.9 eV are attributed to LiF, —CF,, and
—CF;, respectively.”*> The F 1s spectra of —CF, and —CF,
stem from PVDF and TFSI~, while the fluorine source of LiF
may derive from the decompositions of PVDF and LiTFSI
during repeated charging—discharging.”>**** In order to
further study whether the fluorine source of LiF originates
from the decomposition of PVDF or LiTFSL* the XPS
spectra of F 1s of pristine LCSE and LCSE in LillLCSEIl
LiFePO, after 20 cycles were carefully investigated, as shown
in Figure 3b. According to the F 1s signal in LCSE before and
after 20 cycles (Figure 3b-1—2), the relative intensity of the F
1s signal belonging to —CF, in LCSE is subjected to significant
change, which indicates that the fluorine source of LiF is
dominantly attributed to the decomposition of PVDF in the
present work. Notably, no F 1s spectra of LiF are observed on
the surface of Li-SLCSE, demonstrating that the defluorination
of PVDF and LiTFSI is retarded in the LillSLCSEIILiFePO,
cell. This deduction can be confirmed by the relative intensity
ratio of —CF,/—CF; in SLCSE before and after 20 cycles
(Figure S7). Figure 3c-1 and Figure 3c-2 show the
deconvoluted S 2p spectra on the surface of Li-LCSE and
Li-SLCSE, respectively. Two S 2p double peaks presented at
169.4 and 170.5 evV and 167.3 and 168.5 eV are attributed to
S=0 and S—O—Lj, respectively. The S 2p spectra of S=0O
are owed to pristine TESI™, while the S 2p spectra of S—O—
Li derives from S=O after lithiation. On the surface of Li-
SLCSE, apart from the S 2p spectra of S=0O and S—O—Li,
another S 2p double peak is presented at 162.3 and 163.5 eV,
which is attributed to the S 2p spectrum of in situ formed Li,S
(Figure 3c-2). These values of binding energy agree well with
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already reported XPS results of Li,S.>**” It is noteworthy that
no S 2p spectra of PS,*>~ (LPS) presents on the surface of Li-
SLCSE, which indicates that the performance of the interfacial
layer is mainly tailored by the SMIL. The difference of sulfide-
based species presented on Li-SLCSE and SLCSE after 20
cycles reveals that the chemical species on the Li-SLCSE
belong to SEI rather than SLCSE (Figure S8). Except for the P
2p spectra of PS,*, no extra P 2p signal was observed on the
surfaces of SLCSE after 20 cycles, indicating the stability of
PS,* in SLCSE (Figure S9). The decompositions of PVDF
and LiTFSI lead to partial blocking of the lithium trans-
portation pathway of LCSE, inducing nonuniform Li plating
and stripping.”” The absence of LiF on the surface of the Li-
SLCSE anode and the lower polarization voltage in the Lill
SLCSEIILi symmetric cell (Figure 2b) demonstrate that the
SMIL on the surface of the Li metal anode not only helps to
mitigate the decomposition of PVDF but also contributes to
the wettability between SLCSE and the Li metal anode.
Therefore, the cyclic voltammetries (CV) performed on Lill
LCSEIILiFePO, and LillSLCSEILiFePO, cells are used to
investigate the formation of SMIL (Figure 3d). As shown in
Figure 3d, compared to the CV curves of the LillLCSEIl
LiFePO, cell (Figure 3d-1), an extra pair of reduction—
oxidation peaks locating at around 2.75 V were observed in the
CV curves of the LillLCSEIILiFePO, cell (Figure 3d-2), which
can be attributed to the electrochemical reaction of formation
of SMIL. Evidently, the SMIL derived from LPS on the surface
of Li-SLCSE is induced by the electrochemical process during
repeated charging—discharging cycles. The Li,S in SMIL can
be formed not only by the chemical diffusion from SLCSE but
also from the electrochemical reaction during charging/
discharging cycling.”® It has been reported that the poor
chemical stability of PVDF toward Li metal results in the
uneven formation of LiF** and topically provides electrons for
the reduction of Li ions on the surface of the Li-LCSE
anode,’”*! which further leads to the uncontrolled growth of
Li dendrites.> Notably, the behavior of Li deposition is also
significantly affected by the kinetics of Li ion migration 1n
interfacial layers formed on the surface of the Li metal anode.**

In our present work, the dominated differences of chemicals on
the surface of Li metal anode are LiF and Li,S. This can be
confirmed by the XPS profile of Li 1s on the surface of Li-
LCSE and Li-SLCSE after 20 cycles (Figure S10). Therefore,
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Li,S and LiF involved in the interfacial layer are the main
reason for the improved electrochemical performance. Though
bulk Li,S shows low Li ion conductivity at room temper-
ature,” the nanoscale Li,S SEI exhibits high Li ion
conductivity.”* For these reasons, density functional theory
(DFT) calculations were performed to understand the
migration behavior of Li when passing through LiF and Li,S
layers. As illustrated in Figure 3e and 3f, the calculated
migration energy barrier of Li ions passing through LiF layer is
0.67 eV, while it is 0.22 eV for that in Li,S layer. Obviously,
this means that the Li ion conductivity of SMIL is much higher
than that of FMIL, which benefits the uniformity of Li plating
and stripping and consequently helps to suppress the growth of
Li dendrites. The migration energy barriers of Li in Li ionic
conductors reported by DFT calculations and experiments are
collected in Figure SI11. It can be seen that the calculated
migration energy barrier of Li in the Li,S layer (0.22 eV) is
close to that previously reported of Li in bulk 5-Li;PS, (~0.20
eV) and Li;P;S;; (0.24 €V),*>*° verifying the high Li ion
conductivity of the Li,S layer.

It is well known that crystal growth is closely related to the
surface energy of the crystal plane. Generally, a crystal grows
along the plane with lower surface energy. In order to have a
further understanding on the effect of LiF and Li,S layers on
the performance of Li plating/stripping, DFT calculations were
performed to study the formation energy of Li, LilLiF, and Lil
Li,S sufaces/interfaces (Figure 4 and Table 1). It can be seen

Table 1. Formation Energy of the Li Surface and LilLiF and
LilLi,S Interfaces

formation energy [J/m?] Li LilLiF LilLi,S
Li(100) 047 —0.084 —0.39
Li(110) 0.50 —0.078 —0.29
Li(211) 0.55 ~0.096 —0.44

that the values of formation energies of pristine Li(100),
Li(110), and Li(211) surfaces are 0.47, 0.50, and 0.55 J/m?,
respectively. These data are close to previously reported
results,”’ indicating the reliability of our calculation method.
Whereas, the formation energies of interface Li(100)ILiF
(Figure 4a), Li(110)ILiF (Figure 4b), and Li(211)ILiF (Figure
4c) and of Li(100)ILi,S (Figure 4d), Li(110)ILi,S (Figure 4e),
and Li(211)ILi,S (Figure 4f) are —0.084, —0.078, —0.096 J/m*
and —0.39, —0.29, —0.44 J/m? respectively. Obviously, the
formation energies of Li(100), Li(110), and Li(211) surfaces
are positive, while the corresponding formation energies of Lil
LiF or LilLi,S interfaces are negative. This implies that the
interface of LilLiF and LilLi,S can be spontaneously formed
when LiF or Li,S is present. However, with the much lower
formation energy of the interface, the LilLi,S interface is
energetically preferable to form on the Li metal anode than
that of the LilLiF interface when both LiF and Li,S are present.
These calculations verify that Li,S layer exhibits a better
wettability to Li metal than that of LiF layer, which could be
confirmed by the interfacial resistance of LillLCSEIILi at
various cycles (Figure S12) and the SEM images of the cross
section of the interfacial layer between the Li metal anode and
LCSE/SLCSE (Figure S13). As shown in Figure S12, the
interfacial resistance of LillSLCSEIILi decreases significantly
after 100 charging—discharging cycles, attributed to the
presence of SMIL, while the interfacial resistance of Lill
LCSEIILi is subjected to a decrease at the 50th cycle and then
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an increase at the 100th cycle due to the decomposition of
PVDF. Compared with LCSE, as shown in Figure S13, the
more intimate contact between Li metal anode and SLCSE
implies the higher wettability of SLCSE. On the other hand,
the positive surface energies of the Li(100), Li(110), and
Li(211) suggest that additional energies are necessary when
forming these surface. The higher the surface energy is, the
more additional energy is needed. Thus, Li atoms prefer to
deposit on the crystal plane with lower surface energy, which
may lead to the growth of Li dendrites on the surface of a
pristine Li metal anode.”® Whereas, the formation energy of
the LilLiF (or LilLi,S) interface needs to be overcome when Li
dendrites pierce through LiF layer (or Li,S layer). Compared
with the LilLiF interface, the lower formation energy of the Lil
Li,S interface indicates that the dendrite suppression ability of
Li,S layer is higher than that of LiF layer. The theoretical
results are in excellent agreement with the experimental SEM
images of the Li metal anode (Figure 2e, 2f). On the other
hand, the lower formation energy of the LilLi,S interface
illustrates that the wettability of Li,S layer to Li metal anode is
higher than that of LiF layer to Li metal anode. Further, the
better wettability will result in a higher contact area of the
interface and a lower interfacial polarization voltage, which also
contribute to improve the capacity and rate performance of
LMBs.

To examine the effect of in situ SMIL on the performance of
Li metal batteries, LillSLCSEIILiFePO, cells were assembled
along with a LillLCSEIILiFePO, full cell. Figure Sa shows the
galvanostatic cycling performance of LillLCSEILiFePO, and
LillSLCSEIILiFePO, cells at the current density of 0.0S mA/
cm? at 25 °C. The lifetime of the LillSLCSEIILiFePO, full cell
is more than 150 cycles with a capacity retention up to 99.5%
(vs the 20th cycle), while the failure of the LillLCSEIILiFePO,
full cell induced by parasitic reaction is observed at the 95th
cycle. As shown in the galvanostatic charge—discharge profile
of the S0th and 80th cycles (Figure Sb), the polarization
voltage of the LillSLCSEIILiFePO, cell is obviously smaller
than that of the LillLCSEILiFePO, cell. As it is shown in
Figure Sc, the discharge capacity at 0.05, 0.10, 0.25, and 0.50
mA/cm” is 153, 144, 131, and 101 mAh/g for the LillSLCSEIl
LiFePO, cell and 138, 123, 102, and 47 mAh/g for the Lill
LCSEIlILiFePO, cell, respectively, indicating the superior rate
capability of the Lill[SLCSEIILiFePO, cell over that of the Lill
LCSEIlILiFePO, cell. Moreover, as it is shown in Figure 5d, the
polarization of the LillSLCSEILiFePO, cell at high current
(0.50 mA/cm?) is much smaller than that of the LillLCSEIl
LiFePO, cell. The capacity and polarization in the Lil[SLCSEII
LiFePO, cell are significantly improved owing to the SMIL.
The electrochemical performance agrees very well with the
observations in the lithium symmetric cells and the calculated
prediction.

In summary, a new 3Li,S-2P,S;—LiTESI-PVDF-based
composite solid electrolyte (SLCSE) was proposed to modify
the wettability between highly reactive lithium metal and
composited solid electrolytes as well as to mitigate the
uncontrollable decomposition of PVDEF at the interface.
Along with a high ionic conductivity of 3.42 X 10™* S/cm
and high ionic transference number of 0.44 at room
temperature, the SLCSE helps to in situ construct a Li,S-
modified interfacial layer between lithium metal and the solid
electrolyte, which provides benefits to improve the wettability
and stability of the interfacial layer. Our DFT calculations
reveal that the migration barrier energy of Li passing through
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Figure S. Electrochemical performance of LillLCSEIILiFePO, and Lill[SLCSEILiFePO, cells. (a) Cycling performance at the current density of 0.05
mA/cm? at 25 °C; (b) rate performance at different current densities; (c) the galvanostatic charge—discharge profile of the 50th and 80th cycle at
0.05 mA/cm?; and (d) the galvanostatic charge—discharge profile at different charging—discharging current densities.

Li,S layer is much lower than that of Li passing through LiF
layer. Additionally, the formation energy of the LilLi,S
interface is much lower than that of the LilLiF interface and
the pristine Li metal surface, indicating the higher wettability
to the Li metal and better suppression ability to Li dendrites.
As expected, the LillSLCSEIILiFePO, cell shows an excellent
rate capability with a capacity of 153, 144, 131, and 101 mAh/
g at 0.05, 0.10, 0.25, and 0.50 mA/cm?, respectively, and
excellent cyclability with a capacity retention of 99.5% at the
150th cycle under 0.05 mA/cm” (vs the 20th cycle). Our
findings provide a new strategy to address the critical interfacial
challenge in solid-state LMBs.
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