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A B S T R A C T

All-solid-state lithium batteries (ASSLIBs) employing sulfide solid electrolyte hold high promise to replace tra-
ditional liquid-electrolyte LIBs due to their high safety and energy density. However, Li dendritic growth in
sulfide electrolyte limits the realization of the high energy of ASSLIBs. In this work, we use LiF (or LiI) layer at
the interface between Li and sulfide electrolyte and penetrated HFE (or I solution) inside of sulfide electrolyte to
suppress the Li dendrite growth. Due to the higher interface energy of LiF/Li than that of LiI/Li, LiF interlayer
show much higher capability than LiI in suppressing the Li dendrite. Even if the Li dendrite breaks through LiF
(or LiI) interlayer, the Li dendrites will be consumed by coated/penetrated HEF (or I) forming LiF (or LiI) thus
preventing Li dendrite growth. A LiNbO3 @LiCoO2/Li7P3S11/Li ASSLIB employing HFE coated/infiltrated
Li7P3S11 glass-ceramic as electrolyte, and LiF coated Li metal as anode shows a high reversible discharge capacity
of 118.9mAh g−1 at 0.1 mA cm−2 and retains 96.8 mAh g−1 after 100 cycles. The designed solid electrolyte
interphase between Li and solid electrolyte that has a high interface energy to Li provides new opportunity to
commercialize the Li metal batteries.

1. Introduction

Lithium metal is recognized as the optimal choice for anode mate-
rial to achieve high energy density batteries because it has low negative
electrochemical potential (−3.04 V vs. standard hydrogen electrode),
low density (0.53 g cm−1) and high theoretical capacity
(3860mAh g−1) [1,2]. However, lithium metal is extremely reactive
and it is easy to form uncontrolled dendritic lithium at the interface of
lithium anode, which may puncture the separator during cycles, thus
leading to internal short-circuiting and serious safety issues [3]. In the
past decades, various attempts have been made to suppress Li dendrite
growth by introducing electrolyte additives [4], forming protective
films [5] and employing Li-hosted current collectors [6]. However, it is
still far away from the practical realization for Li metal-based batteries.
Bulk-type all-solid-state lithium batteries (ASSLIBs) employing me-
chanically-strong solid electrolytes hold the promise to suppress the
lithium dendrite and achieve high energy density [7–11]. To realize the
highly promising solid electrolyte batteries, the solid electrolyte should
satisfy the following requirements: (1) high ionic conductivity of>
1.0 mS cm−1 at room temperature, (2) wide electrochemical window
(> 5.0 V vs. Li/Li+), (3) negligible electron conductivity, (4) high

chemical compatibility versus anodes and cathodes. However, most
highly-conductive sulfide-type solid electrolytes (such as Li7P3S11,
17mS cm−1 [12]; Li10GeP2S12, 12mS cm−1 [13];
Li9.54Si1.74P1.44S11.7Cl0.3, 25 mS cm−1 [14].) have an unstable interface
against lithium metal [14–16]. Another key challenge is the formation
of Li dendritic along the voids and grain boundaries in these solid
electrolytes [17] although these materials have much stronger me-
chanical strength than Li metal. In fact, the Li dendrite is more easily
grown in sulfide solid electrolytes than in liquid electrolytes with un-
known mechanism.

Li dendrite formation in sulfide electrolytes are closely related to the
interface stability of the electrolyte with Li. Most sulfide electrolytes are
not stable with Li. During Li plating at a potential below 0.0 V, these
sulfide electrolytes will be reduced forming a solid interphase layer.
Although the reduction of the electrolytes can enhance the wettability
of the electrolyte with Li anode, it also increases the interface resistance
because the interphase layer normally has a lower ionic conductivity
than the parent electrolyte [18]. If the interphase has a low interface
energy with Li anode or has a high electronic conductivity, the inter-
phase will promote the Li dendrite growth. For example, the decom-
position of Li10GeP2S12 when contacting with Li will largely reduce the
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ionic conductivity of solid electrolytes due to the poor conducting in-
terphase. [19]. Since the reduction interphase layer (Li2S, Li3P, and
Li15Ge4 [16]) has much lower ionic conductivity and higher electronic
conductivity than Li10GeP2S12, the high interface resistance and low
limiting current for Li dendrite formation limit the application of Li
metal anode in Li10GeP2S12. To minimize electrochemical reduction of
sulfide electrolytes, lithium alloys with a high alloying/dealloying po-
tential have been used as an anode. Li-In alloy with a flat voltage pla-
teau at 0.62 V (vs. Li/Li+) for In-Lix (0 < x < 0.9) and a high specific
capacity [20] has been widely used in ASSLIBs to suppress the reduc-
tion interface reactions of solid electrolytes. However, Li-In alloy an-
odes significantly reduced the cell energy density due to the reduced
cell voltage and capacity. In addition, the expensive of indium metal
also increases the cell cost. Therefore, enhancing the interfacial stability
between lithium metal and sulfide solid electrolytes to suppress the Li
dendrite growth is critical for the utilization of sulfide electrolytes in
solid state Li batteries [21–23].

The interface stability of the electrolytes with Li metal and the
nature of formed interphase affects the Li dendrite formation in the
electrolytes. However, the mechanism for dendrite formation and
growth in solid electrolyte is unclear and controversial [24]. Using situ
SEM, Nagao et al. [17] reported that lithium initially reacts and grow
along grain boundaries and the cracks inside the sulfide electrolyte.
However, the Li dendrite still form and grow in grain-boundary free
amphoras sulfide electrolytes [25]. To suppress the Li dendrite growth,
the interface reaction with Li has to be prohibited by a solid electrolyte
interphase and the interphase layer should have a high interface en-
ergy.

In this work, we demonstrate that the interfacial reactions between
lithium metal and Li7P3S11 sulfide solid electrolytes (LPS) and Li den-
drite are significantly suppressed by LiF (or LiI) interphase layer. LiF
and LiI layers are electrochemically stable with both solid electrolytes
and Li. They also have high interface energy with Li [26]. By coating
methoxyperfluorobutane (HFE) (or I) on the surface and infiltrating
HFE (or I) into the holes among sulfide solid electrolyte particles, the
LiF or LiI interphase layer on the interface between Li anode and sulfide
electrolyte can prevent the Li dendrite growth. Even if the lithium
dendrite passed through the LiF (or LiI) interphase layer, it can quickly
react with penetrated HFE (or I), consuming Li and suppressing the
growth of dendrite. The Li-Li symmetrical cell using LiF coated Li and
HFE infiltrated sulfide electrolyte can be stably charge/discharged for
200 cycles without Li dendrite formation in the room temperature at a
current of 0.5 mA cm−2 and a capacity of 0.1 mAh cm−2. Coupled with
a LiNbO3 (LNO) coated LiCoO2 (LCO) cathode, ASSLIBs with LiF layer
coated and HFE infiltrated sulfide electrolyte exhibits a high capacity of
118.9 mAh g−1 for 100 cycles. The LiF layer coating combing with F-
rich solvent infiltrating to electrolytes is a universal strategy for stabi-
lizing the Li/electrolyte interface and preventing the growth of lithium
dendrite for high-performance ASSLIBs.

2. Results and discussion

The schematic diagram of Li/Li7P3S11 interface of ASSLIBs is illu-
strated in Fig. 1a. The bare lithium metal directly contacts with Li7P3S11
sulfide solid electrolytes, forming a decomposition layer consisting of
Li2S and Li3P at interface due to the chemical instability of Li7P3S11
against lithium metal [15,27,28]. As a result, the high interfacial re-
sistance restricts the fast transport of lithium ions and promoting the Li
dendrite formation/growth, limiting use of sulfide electrolytes for Li
metal batteries [29,30]. Therefore, our strategy is to coat a uniform LiF
(or LiI) thin layer on lithium metal by exposing Li metal to HFE (or I2)
and also infiltrating HFE (or I) into sulfide electrolytes to prevent the Li
dendrite growth (Fig. 1b). As a result, we realized improved interfacial
stability, which was demonstrated by long cycle stability of chron-
oamperometry charge/discharge of lithium symmetric cells and Li/
Li7P3S11/LiCoO2 full cells.

LiF or LiI is formed on Li surface on Li after exposing Li to HFE and
I2 gas at 150 °C. Fig. 2a shows the schematic diagrams of the processes
for the surface coating of LiF (or LiI) layer on the Li metal surface. When
Li is exposed to HFE (or I2) gas, it will spontaneously react with Li metal
and form a layer on the surface. To prove the successful coating of LiF
(or LiI) layer on lithium metal, we conduct the analysis using X-ray
diffraction (XRD), scanning electron microscopy (SEM) and energy
dispersive X-ray photoelectron spectroscopy (XPS). Fig. 2b shows the
XRD patterns of the prepared LiF and LiI coated Li, where the diffrac-
tion peaks of LiF and Li for LiF@Li and LiI and Li for LiI@Li are clearly
observed, confirming that the LiF (or LiI) coating layer successfully
grew on the lithium foils. The lithium oxide peaks observed in the XRD
is formed during preparation and measurement since the Li foils have
been polished before the experiments. The scanning electron micro-
scope (SEM) images of polished pristine Li are shown in Fig. S1. Fig. 2c,
d show the SEM images of the top surface of LiI-coated and LiF-coated
Li foils obtained by exposing Li metal to I2 or HFE gases at 150 °C for
6 h, respectively. The surface of LiI-coated Li foil exhibits very rough
morphology with several pores (Fig. 2c), while the LiF-coated Li foil
shows dense and less rough surface morphology (Fig. 2d). It is because
the large volume expansion of 200% from Li to LiI increases the
roughness of the formed LiI surface, while the volume change from Li to
LiF is extremely small (−15%). Fig. S2 shows that the thickness of the
LiF and LiI coated layers are approximately 1.08 µm and 1.31 µm, re-
spectively. In addition, the X-ray photoelectron spectroscopy (XPS)
results (Fig. 2e, f, g) further confirmed that the LiF-rich layer and pure
LiI layer were successfully coated on Li. As shown in Fig. 2e, the peak at
684.90 eV is originated from the signal of F 1s [31,32], which confirms
the growth of LiF film on the Li foil, in agreement with the XRD ana-
lysis. The C 1s XPS signal of Li@LiF (Fig. 2f) shows four peaks at
284.80, 286.70, 287.70, 292.50, attributed to C-C, C-O bands, and CF,
CF2 groups, respectively [33,34]. The CF and CF2 groups are generated
from the reactions between Li and HFE. As for the Li@LiI sample, two
peaks at 618.90 and 630.40 eV in the I 3d spectra (Fig. 2g) were as-
signed to the characteristic peaks of I− [35], confirming the successful
preparation of LiI coated Li metal.

Li7P3S11 was synthesized by high-energy mechanical ball milling
with follow-up annealing. All the diffraction peaks in X-ray diffraction
(XRD) pattern of the Li7P3S11 solid electrolyte (Fig. S3a) are identified
to characteristic peaks of Li7P3S11 [36,37], conforming a highly pure
Li7P3S11 was synthesized. Sharp diffraction peaks imply a high crys-
tallinity of the as-synthesized electrolytes. The Raman spectrum be-
tween the wavelengths of 300–500 cm−1 were also used to character-
ization of Li7P3S11 electrolyte. Two main peaks at 405 cm−1 and
420 cm−1 in Fig. S3b are assigned to the stretching of P2S74− and PS43−

respectively [38], confirming the existence of Li7P3S11. From the XRD
and Raman characterizations, Li7P3S11 glass-ceramics structure is
shown in Fig. S4. The Li7P3S11 glass-ceramics have the P-1 space group
with a three-dimensional network consisting of Li−Li bonds around the
P2S7 di-tetrahedral and PS4 tetrahedral units [27,39]. The structural
framework of Li7P3S11 crystal facilitates the high mobility of Li ions due
to the low potential barrier, making it a promising solid electrolyte with
high conductivity for ASSLIBs. SEM results (Fig. S5) show that the
Li7P3S11 electrolyte particles are uniform size of around 2–5 µm. The
ionic conductivity of Li7P3S11 is measured using a blocking Pt/Li7P3S11/
Pt cell. As is shown in Fig. S6, the synthesized Li7P3S11 electrolyte has a
high lithium ion conductivity of 1.89mS cm−1 at room temperature
with an activation energy of 227meV, which is comparable with the
value of the reported Li7P3S11 sulfide solid electrolytes [15,40].

Fig. S7 shows the SEM images of the surface of Li7P3S11 electrolyte
after cold pressing. Some micropores and cracks can be observed on the
solid electrolyte. The width of the cracks is around 500–800 nm and the
size of the micropores is in the range of 200–500 nm. The SEM images
(Fig. S8) of cross-section further confirm that cracks and pores exist in
the entire electrolyte pellet. The cracks and pores promote lithium
dendrite growth along these cracks and pores during repeated
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stripping/plating cycles, as shown in Fig. 3a. To suppress the Li den-
drite growth, HFE (or I) solutions is coated on the surface and also
infiltrated into these cracks and pores of solid electrolyte, where Li can
react with HFE (or I) forming LiF (or LiI) even if the Li dendrite breaks
the coated LiF (or LiI) layer. The LiF (or LiI) interphase layer ensures
the stability/compatibility at lithium/electrolyte interface and inhibits
the growth of lithium dendrite simultaneously (Fig. 3b). Therefore, the
advantage of this method is that the infiltrated HFE (or I) in electrolyte
will consume the lithium dendrite by formation of LiF (or LiI) at
boundaries and in cracks and thus prevents the Li dendrite growth in
the micro-short circuit of ASSLIBs.

The effect of LiF and LiI interphase layer on the interface resistance
and Li dendrite suppression were evaluated in a symmetrical Li/elec-
trolyte/Li cells using LiF (or LiI) coated Li, and HFE (or I) coated/in-
filtrated Li7P3S11 electrolyte. The interfacial resistance was evaluated
by electrochemical impedance spectroscopy (EIS). The LiF (or LiI)
coated Li foils were pressed on the both side of the solid electrolyte for
24 h to ensure the stability between Li and electrolyte before testing. If
the LiF is broken during assembly of the symmetric Li@LiF/
Li7P3S11(HFE)/LiF@Li, the HFE will penetrate into the crack and react
with Li forming LiF. Three symmetric cells, Li/LPS/Li (Bare Li cell), Li@
LiI/LPS(I)/LiI@Li (LiI coated cell) and Li@LiF/LPS(HFE)/LiF@Li (LiF
coated cell), were synthesized in an argon-filled glove box. The EIS
profiles of the symmetric cells are shown in Fig. 3c. The resistance in
the intersection at the high-frequency range is attributed to the solid
electrolyte, while semi-circle resistance can be attributed to the inter-
face resistances between Li and electrolyte [41]. As shown in Fig. 3c,
the bulk resistances of Li7P3S11 in three cells are approximately
82.8Ω cm−2 due to the same thickness of the electrolytes. However, the
Li cell using bare electrolyte exhibits a high interfacial resistance of
about 127.4Ω cm−2 due to the decomposition reaction of Li7P3S11 to
Li2S and Li3P. The interfacial resistance reduces to 66.2Ω cm−2 and
48.4Ω cm−2 for the cells using LiI and LiF coated Li metals, respec-
tively. The results indicate that the LiF and LiI interphase between Li
and electrolyte effectively suppressed the side reactions and dramati-
cally reduces the interfacial resistance.

The capability of LiF and LiI interphases in suppressing Li dendrite
growth was evaluated by galvanostatic discharge/charge cycles at a

fixed stripping/plating capacity of 0.1 mAh cm−2 at room temperature.
As shown in Fig. 3d and g, at a low current density of 0.1mA cm−2, Li
cell using a bare electrolyte exhibits curved overpotential with a high
average overpotential of about 25mV, which is much larger than that
of LiI coated cell (about 18mV) and LiF coated cell (about 12mV)
during entire 200 cycles. At a high current of 0.2mA cm−2 (Fig. 3e, h),
the bare Li cell shows a large increase in polarization followed by in-
ternal short circuit after 110 cycles due to the growth of lithium den-
drite. The LiI coated cell also shows short circuit after 150 cycles while
LiF coated cell does not short after 200 cycles. As the current density
further increased to 0.5mA cm−2 (Fig. 3f, i), the LiF coated cell still
remained stable and a low overpotential in entire 200 cycles. It exhibits
an average overpotential of 90mV with a low total resistance of
293.0Ω cm−2. In contrast, the polarization of the bare Li cell increases
dramatically to 0.3 V. Both the bare Li cell and LiI coated cell suffer
internal short circuit after 54 and 116 cycles, respectively, due to the
lithium dendrite propagation. When a higher current density of
1.0 mA cm−2 was applied to the symmetric cells at room temperature
(Fig. S9), the LiF coated cell is still able to keep stable over 60 cycles
despite large polarization occurs, which is significantly better than bare
Li cell with extremely high polarization followed by internal short
circuit after 12 cycles. The LiI coated cell only survives for 18 cycles at
such a high current density.

The electrochemical performance and EIS analysis of three sym-
metric Li/Li cells using bare Li metal, LiF or LiI coated Li metals de-
monstrated that interface resistance of bare Li metal cell quickly in-
creases and the cell rapidly failed during Li plating/striping especially
at a high current due to reduction of LPS by lithium. The formed in-
terphase layer has a poor ionic conductivity at Li/Li7P3S11 interface,
resulting in a high interfacial resistance. The side reaction also pro-
motes the Li dendrite growth in the LPS electrolyte, resulting in quick
short circuit. LiI and LiF with high stability to Li and Li7P3S11 are
chosen as the SEI layer between Li and Li7P3S11 to prevent the reduc-
tion of sulfide electrolytes due to the extremely low electronic con-
ductivity [24,26,34,42]. In addition, the LiF SEI layers are able to
suppress the dendrite due to high interface energy between Li and LiF.
In comparison, LiF is easier to form dense/uniform layer on lithium
metal and possesses high stability window over 6 V vs. Li/Li+ [43], thus

Fig. 1. Schematic diagrams of (a) Li/Li7P3S11 interface of ASSLIBs and (b) modified interface with a uniform thin LiF (or LiI) interphase layer and HFE (or I solution)
infiltrated sulfide electrolyte.
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it has advantages over LiI in maintaining interface stability and in-
hibiting the growth of lithium dendrite [26], which is supported by the
electrochemical performance of symmetrical cells. Even if Li dendrite
passes through LiF interphase layer and grows into LPS electrolyte
through grain boundaries/cracks, it quickly reacts with HFE (or I)
forming LiF (or LiI), consuming the lithium dendrite in sulfide solid
electrolyte and extending the cycle lives.

The interface stability at Li/Li7P3S11, Li/LiF and Li/LiI were also
calculated using density functional theory (DFT). The interface energy
was first calculated using DFT to understand the interface stability and
the Li dendrite suppression capability. DFT calculation in Fig. 4a shows

that the interface energy linearly changes with the number of Li. The
interface energy values (γ) at Li/Li7P3S11, Li/LiF and Li/LiI can be ob-
tained from the vertical axis intercept. Fig. 4b shows DFT calculated
interface energy of each compound to Li. The negative interface energy
at the Li/Li7P3S11 interface demonstrates the instability between Li
metal and Li7P3S11 electrolyte [15,44]. LiI and LiF both show positive
interface energy versus Li metal. Therefore, LiI and LiF are highly stable
to Li. In addition, the Li/LiF interface has much higher interface energy
(73.28 meV Å−2) than Li/LiI interface (36.67meV Å−2). The high in-
terface energy at Li/LiF improves the Li diffusion along the Li/LiF in-
terface, relieves interface stress and promotes a uniform Li deposition

Fig. 2. (a) Schematic diagrams of the processes for the surface coating of LiF (or LiI) layer on the Li metal surface. (b) XRD patterns of the prepared Li@LiI (bule line),
Li@LiF (red line) and Li metal (black line). SEM images of the top surface of (c) Li@LiI and (d) Li@LiF foils. XPS detail spectra of (e) F 1s and (f) C 1s for Li@LiF and
(g) I 3d for Li@LiI.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 3. Schematic diagrams of lithium stripping/plating behavior of (a) bare Li with untreated solid electrolyte and (b) LiF (or LiI) coated Li metal with HFE (or I)
infiltrated electrolyte. (c) Nyquist plots of Li/LPS/Li, Li@LiI/LPS(I)/LiI@Li and Li@LiF/LPS(HFE)/LiF@Li symmetrical cells. Galvanostatic discharge/charge voltage
profiles of Li/LPS/Li (black), Li@LiI/LPS(I)/LiI@Li (blue) and Li@LiF/LPS(HFE)/LiF@Li (red) symmetrical cells at current densities of (d, g) 0.1 mA cm−2, (e, h)
0.2 mA cm−2, and (f, i) 0.5 mA cm−2 with a fixed stripping/plating capacity of 0.1 mAh cm−2 at room temperature. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article).
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(Fig. 4c). Therefore, LiF layer can suppress dendrite growth. The in-
terfaces structure at Li/Li7P3S11, Li/LiF and Li/LiI that are built based
on the surface energy and construction rules are shown in Fig. 4d, e and
f, respectively. The relaxed Li/Li7P3S11 interface undergoes the large
distortion near the interfacial region, which exacerbates the interface
reactions. In contrast, the relaxed Li/LiF and Li/LiI interfaces experi-
ence very good matching.

Using LiNbO3 coated LiCoO2 (LNO@LCO) as a cathode, the elec-
trochemical performances of the all-solid-state sulfide electrolyte Li/
LCO full cell were examined. The high LiCoO2 loading of 3.6 mg cm−2

was used in the all-solid-state cell to achieve high energy density.
Fig. 5a shows the first three charge-discharge curves of the Li/LPS/LCO
cell (Bare Li/LCO cell) at the current density of 0.1mA cm−2 at room
temperature in the voltage of 2.5–4.2 V. The cell exhibits the initial
charge capacity of 143.2 mAh;g−1 and the corresponding discharge
capacity of 106.4 mAh g−1. The low Coulombic efficiency in the first
cycle is attributed to the reaction between LCO and LPS. The sulfide
solid electrolyte materials are not thermodynamically stable at the
voltage of 4 V [28]. A high polarization and quick capacity decline are
observed in the following cycles. Fig. 5b and c shows the galvanostatic

charge-discharge profiles of the Li@LiI/LPS(I)/LCO cell (LiI@Li/LCO
cell) and Li@LiF/LPS(HFE)/LCO cell (LiF@Li/LCO cell) at 0.1mA
cm−2, respectively. Comparing the two cells, the total capacity of LiF@
Li/LCO cell is higher than that of LiI@Li/LCO cell, which is because the
dense LiF layer is uniformly coated on lithium metal and the full cell
resistance is much lower due to the thin LiF layer (Fig. S10). A high
reversibility and a low polarization can be observed in the LiF@Li/LCO
cell due to the suppression of side reactions. Fig. 5d presents the cycling
performances of the Li/LCO cell, LiI@Li/LCO cell and LiF@Li/LCO cell
at 0.1mA cm−2. The initial discharge capacity of LiF@Li/LCO cell is
118.9 mAh g−1 and the reversible capacity stabilizes at about
100mAh g−1 after 20 cycles. The discharge capacity at 100th cycle still
retains 96.8mAh g−1 with a capacity retention of 81.4%. In contrast,
the bare Li/LCO cell and LiI@Li/LCO cell only exhibits 77.5 and
51.2 mAh g−1 after 100 cycles, respectively. With the help of LiF
coating and infiltrated HFE in sulfide solid electrolyte, the LiF@Li/LCO
cell shows the best performance with high capacity and long cycle
stability (Fig. 5e), which is consistent with the results of the symme-
trical Li/electrolyte/Li cell test. The electrochemical impedance spec-
troscopy (EIS) results (Fig. S10) also prove that the resistance of LiF@

Fig. 4. (a) DFT calculation results between the interface energy and the number of Li at Li7P3S11/Li, LiF/Li and LiI/Li. The interface energy values can be obtained
from the vertical axis intercept. (b) DFT calculated interface energy values (γ) of Li7P3S11, LiF and LiI to Li. (c) Schematic diagram of Li deposition with LiF layer. The
interfaces structure at (d) Li/Li7P3S11, (e) Li/LiF and (f) Li/LiI.
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Li/LCO is much smaller than the other two counterpart Li/LCO cells,
mainly due to the highly stable Li/electrolyte interface that effectively
suppresses Li dendrite. The rate capabilities of the LiF@Li/LCO cell
were also evaluated at current densities from 0.1mA cm−2 to 1.0mA
cm−2 at 25 °C (Fig. 5f, g). The discharge specific capacities of the LiF@
Li/LCO cell at the current densities of 0.1, 0.2, 0.5, 1.0 mA cm−2 are
117.8, 98.2, 77.4 and 59.2mAh g−1, respectively, which demonstrates
the excellent rate performance. When the current density decreases
back to 0.1mA cm−2, the capacity can return back to 103.2 mAh g−1,
indicating that the LiF cell is stable at a high current density up to
1.0 mA cm−2. The assembled Li/LCO all-solid-state cell that is com-
posed of LNO@LCO cathode, HFE infiltrated LPS solid electrolyte and
LiF@Li anode has an open-circuit of 2.545 V (Fig. 5h).

The outstanding electrochemical performance of LiF@Li/LCO cell
can be ascribed to the high capability of LiF layer at the Li/Li7P3S11
surface and at Li7P3S11 particle-to-particle in suppressing the Li den-
drite. In addition to suppress the Li dendrite, the formation of LiF also
consume the Li dendrite self-healing the cell. The optimization of
thickness LiF and controlling amount of coated and infiltrated HFE can
further enhance the electrochemical performance.

3. Conclusion

In summary, we demonstrate that the LiF interfacial layer at Li/

Li7P3S11 interface and infiltration of HFE into Li7P3S11 can greatly
suppress the Li dendrite formation in Li7P3S11 thus enhancing the
electrochemical performance. Even if the Li dendrite breaks the LiF
layer and penetrates into Li7P3S11. The reaction of penetrated Li with
HFE will consume the Li and also prevent the followed Li penetration
due to high interface energy of LiF with Li. The assembled Li@LiF/
Li7P3S11/LiF@Li symmetrical cell can stably plating/stripping at
0.5 mA cm−2 and 0.1 mAh cm−2 at 25 °C for over 200 cycles, con-
firming a super capability of LiF in suppressing Li dendrite. Coupled
with the LNO-LCO cathode, the all-solid-state Li@LiF/Li7P3S11/LNO@
LCO full cell exhibits a high initial reversible capacity of 118.9 mAh g−1

with excellent cycling stability and high rate performances at room
temperature. The interface engineering strategy paves the way for
practical application of high-performance all-solid-state lithium sec-
ondary batteries.

4. Experimental section

4.1. Sample synthesis

Li7P3S11 sulfide solid electrolyte was prepared via a high-energy
mechanical ball milling technique and subsequent heat treatment pro-
cess. Li2S (Sigma-Aldrich, 99.98%), P2S5 (Sigma-Aldrich, 99%) were
used as starting materials, which were mixed with the stoichiometric

Fig. 5. Charge-discharge profiles of the (a) Li/LPS/LCO cell, (b) Li@LiI/LPS(I)/LCO cell and (c) Li@LiF/LPS(HFE)/LCO cell at current density of 0.1 mA cm−2 at
room temperature. (d) Cycling performance of assembled ASSLIBs at 0.1 mA cm−2. (e) Comparison of the capacity retention data at 1st, 10th and 100th cycles. (f)
Rate performance of Li@LiF/LPS(HFE)/LCO ASSLIB at various current densities from 0.1mA cm−2 to 1.0 mA cm−2 at 25 °C. (g) Charge-discharge curves of Li@LiF/
LPS(HFE)/LCO cell under different current densities. (h) The open-circuit of a Li@LiF/LPS(HFE)/LCO cell before testing and inset is the schematic diagram of the
configuration of the all-solid-state cell.
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proportion of Li2S: P2S5 = 7: 3 in an argon filled glove box. The powder
was placed in a zirconia pot (50mL) and ball-milled (PM 100, Retsch)
at 510 rpm for 40 h at room temperature. The obtained powder was
sealed in a vacuum quartz tube and then heated at a temperature of
250 °C for 2 h in a furnace to enable the crystallization of solid elec-
trolytes. To coat LiF layer on Li metal, Li foil was polished and cut into
pieces with the diameter of 10mm. The Li pieces were placed above the
surface of methoxyperfluorobutane solvent (HFE, Sigma-Aldrich,
99.9%) in an argon-filled reactor. And the reactor was sealed and he-
ated at 150 °C for 6 h. When the reaction was complete, the LiF-coated
Li metal was obtained. Similarly, LiI-coated Li metal was also prepared.
The Li pieces and I2 powder (Sigma-Aldrich, 99.99%) were sealed in a
quartz tube, then heated at a temperature of 150 °C for 6 h. When
preparing solid cells with LiF-coated Li metal, HFE is infiltrated in
Li7P3S11 electrolytes. Firstly, Li7P3S11 powder (120mg) was put in a
PTFE tank with a diameter of 10mm and then cold pressed under
360MPa for 3min. Then, HFE was quickly added into solid electrolyte
pellets using a pipette and the amount of liquid was controlled (≈
0.1 mL), then the cells are sealed with parafilm to prevent HFE from
volatilizing. As for the preparation of Li7P3S11 electrolytes penetrated I
solution, a I solution was prepared by dissolving the I2 powder (10mg)
in 1,2-dimethoxyethane (DME) (1mL, Sigma-Aldrich, 99%). The in-
filtration I solution into Li7P3S11 solid electrolytes (Li7P3S11(I)) was
carried out by adding the I solution (≈ 0.1 mL) into electrolyte pellets
in an argon-filled glovebox.

4.2. Materials characterization

X-ray diffraction (XRD) measurements were carried out by a D8
Advance with LynxEye and Solx (Bruker AXS, WI, USA) with Cu Kα line
as radiation source. Raman spectra were recorded on a Horiba Jobin
Yvon Labram Aramis using a 532 nm diode-pumped solid-state laser.
The morphologies of the samples were obtained using a Hitachi a SU-70
field-emission scanning electron microscope (SEM). X-ray photoelec-
tron spectroscopy (XPS) was tested using a Kratos Axis 165 spectro-
meter with a monochromatic Al Kα X-ray radiation source.

4.3. Electrochemical measurement

The ionic conductivities of synthesized Li7P3S11 electrolyte were
measured using electrochemical impedance spectroscopy (EIS) by a
blocking symmetric Pt/Li7P3S11/Pt cell. The as-synthesized Li7P3S11
powder (150mg) was cold-pressed under 360MPa with the thickness of
around 1mm in a PTFE tank (10mm in diameter). Pt was sputtering on
both sides of the pellets. The temperature was controlled between 25
and 105 °C in a temperature chamber. The non-blocking symmetric Li/
Li7P3S11/Li cell was assembled in an argon-filled glove box. In addition,
the Li@LiI/Li7P3S11(I)/LiI@Li, and Li@LiF/Li7P3S11(HFE)/LiF@Li
symmetric cells were synthesized for the chronoamperometry test.

All-solid-state lithium cells were fabricated by employing LiNbO3@
LiCoO2/Li7P3S11 composite as cathode, Li7P3S11 infiltrated HFE (or I) as
solid electrolyte and LiF-coated (or LiI-coated) Li metal as anode. The
LiNbO3 coated LiCoO2 (LiNbO3@LiCoO2) was used as the active ma-
terial. Composite electrodes consist of LiNbO3@LiCoO2 and Li7P3S11
with a weight ratio of 70: 30 were prepared by hand-grinding in the
mortar. For the assembly of all-solid-state cells, the LiNbO3 @LiCoO2/
Li7P3S11 power (4mg) were uniformly spread onto one side of the
Li7P3S11 solid electrolyte (120mg) in a PTFE tank with a diameter of
10 mm, and cold-pressed together under the 360MPa. The loading of
active material on the electrode is around 3.6mg cm−2. The HFE (or I)
solutions was added into Li7P3S11 electrolytes from the other side. After
that, a LiF-coated Li foil (or LiI-coated Li) was pressed on the other side
of the solid electrolyte as a counter and reference electrode. Finally, the
three-layered pellet was attached with two stainless steel disks as cur-
rent collectors. All the preparation processes were performed in a dry
argon-filled glovebox (O2< 0.1 ppm, H2O < 0.1 ppm). The EIS

measurements were carried out at frequencies from 1MHz to 0.1 Hz
with the AC amplitude of 20mV by an electrochemistry workstation
(Solatron 1287/1260). The galvanostatic discharge-charge cycles were
tested using an Arbin BT2000 workstation (Arbin Instruments, TX,
USA) in a voltage of 2.5–4.2 V at room temperature. Applied currents
and charge-discharge capacities were calculated on the basis of the
weight of LiCoO2 in the cathode.
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