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Highlights:
1. LiCl-rich argyrodite SE (LicPSsCl1-LiCl) is synthesized by solvent-based method;
2. PC and excess LiCl in SE facilitates to form stable SEI layer at interface;

3. Improved interface stability significantly boosts battery cycling performance.



Abstract

In solid-state lithium (Li)-metal batteries (SSLMBs), sulfide-based Li-ion conductors
represent one of the most popular solid electrolytes (SEs). However, the development
of sulfide-based SSLMBs is significantly hampered by interfacial issues including
large solid-solid contact resistance and serious side reactions at the SE/electrode
interface. To address these issues, here, we demonstrated a simple and efficient
strategy by using LiCl-rich argyrodite LigPSsCl (LigPSsCI-LiCl) SE and trace amount
of propylene carbonate (PC) at the SE/electrode interface to facilitate the formation of
stable and robust solid electrolyte interphase (SEI). The formed SEI not only serves as
a buffer to passivate the interfacial reactions and suppress Li dendrite growth, but also
acts as a bridge for Li-ion conduction to reduce the contact resistance. As a result, the
Li||Li symmetric cell exhibited long-term electrochemical cycling stability over 1000
h at a current density of 0.2 mA c¢cm™. Furthermore, the assembled Li||LisTisO12 (LTO)
batteries delivered a specific capacity of 175 mAh g™! at 0.2C, and remained an
excellent specific capacity of 116 mAh g! after 200 cycles at a high current rate of
1C. These features indicate a feasible strategy to enhance the interfacial property of

high-performance SSLMBs.
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1. Introduction
Solid-state lithium (Li)-metal batteries (SSLMBs) are regarded as a promising
candidate for next-generation energy storage due to the use of high-capacity Li metal
anodes and solid electrolytes (SEs) with intrinsic safety [1-3]. Considering the
flammability and the risk of leaking associated with liquid electrolytes (LEs), the
replacement of LEs with nonflammable SEs provides an alternative solution to
enhance the safety performance of batteries [4—7]. Over the past decades, significant
research achievements have been made in exploring Li superionic conductors, such as
perovskite-type [8], antiperovskite-type [9], thio-LISICON-type [10], NASICON-type
[11,12], garnet [13] and sulfide glass/ceramic [14,15]. Among them, sulfide SEs
usually offer higher conductivities (1071072 S cm™') at room temperature [16—18],
show favorable amenability for bulk fabrication due to cold-pressing induced
densification [19,20]. In particular, lithium argyrodites LisPSsX (X = CI, Br, 1), a
representative family of sulfide SEs, have attracted strong research interests on their
crystal structures [21], ion transport mechanisms [22,23,24] and battery cycling [25].
However, sulfide SEs generally suffer from serious instability issues towards
metallic Li anode and oxide cathodes [26,27]. Significant interfacial reactions plus
poor solid-solid contact at the sulfide SE/electrode interfaces result in high interfacial
resistance, which is the major challenge for the development of sulfide-based
SSLMBs [28,29]. Various attempts have been made to improve the interfacial stability
in SSLMBs, including: (1) composite polymer electrolytes to improve the physical
contact between electrolyte and electrode [30,31]; (2) an artificial buffer layer to
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prevent interfacial reaction [32-34]; and (3) solid-liquid hybrid electrolyte at the
interface to decrease the contact resistance [35,36]. Among these strategies, using a
solid-liquid hybrid electrolyte is one of the most convenient approaches to improve
the interfacial properties in SSLMBs [37,38]. However, this method requires to use
expensive Li salt (e.g. LiTFSI, LiPFs, LiClO4) and extra additives (e.g. LiF, LiNOs3,
etc.) to stabilize the interface. Replacing these high-priced Li salts with more
economic alternatives would increase the affordability of the solid-state Li batteries.

Recent reports indicate that lithium halides (LiX, X = F, Cl, Br, I) can form a
crystalline solid electrolyte interphase (SEI) film compatible with Li metal anode
[29,39—-41]. The formation of fluorine (F)-containing SEI from the dissolved Li salt in
solvent has been demonstrated to efficiently stabilize the interface and suppress Li
dendrite growth [29], but it requires the additional heat treatment to remove the
solvent at interface. Instead, the incorporation of LiX into SEs is a more ideal solution,
which not only enhances the ionic conductivity of sulfide SEs [42] but also improves
the interface stability due to the presence of LiX in SEI [41,43]. In such halide doped
sulfide SEs, the homogeneous distribution of LiX in bulk material is vital for the
formation of a functional SEI at interface.

Herein, we demonstrate an efficient and economic strategy by using LiCl-rich
argyrodite LisPSsCl SE (in specific LisPSsCI-LiCl) and trace amount of PC to form
stable and robust SEI at the SE/Li interface. A liquid-based synthesis method yields to
LicPSsCl-LiCl SE with high crystallinity and homogeneous composition. The formed

SEI layer not only bridges the SE/electrode interface for efficient Li-ion transport, but



also passivates the SE from Li metal for the side reactions with, thus suppressing Li
dendrite growth (Scheme 1b). As a result, Li||Li symmetric cells shows long-term
cycling stability up to 1000 h under 0.2 mA cm™. In addition, Li||LisPSsCl-LiCl/PC
ILisTisO12 (LTO) cells can deliver a high specific capacity of 175 mAh g™' at 0.2 C
and remain an impressive specific capacity of 116 mAh g™!' at 1C over 200 cycles.
These features indicate a feasible approach to address interface instability issues to

promote the development of high-performance Li metal batteries.

2. Experimental Section

2.1. Materials

Lithium sulfide (Li2S) (99.9%, Alfa Aesar), phosphorus pentasulfide (P>Ss) (98%,
Acros Organics), lithium chloride (LiCl) (99%, Alfa Aesar), ethanol (99%, Merck),
tetrahydrofuran (THF) (99%, VWR), propylene carbonate (PC) (99%, VWR),
polyvinylidenedifluoride (PVDF) (99.9%, Sigma-Aldrich), N-methylpyrrolidone

(NMP) (99.9%, Sigma-Aldrich) were used as purchased without further purification.

2.2. Synthesis of LisPSsCl-LiCl solid electrolyte

LicPSsCI-LiCl1 SE was synthesized through a solvent-based method via the
stoichiometric reaction between LisPS4, Li2S and LiCl (mole ratio of 1:1:2) in ethanol
medium, which is similar with our previous report [42, 44]. Briefly, LioS and LiCl
were dissolved in ethanol, followed by adding B-LisPSs4 and stirring. Then, the
mixture was heated at 90°C under vacuum until fully removal of ethanol, followed

with heating treatment at 200°C for 1 hour. For comparison, LicPSsCl and
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LicPSsC1-2LiCl SEs were also synthesized following the stoichiometric ratio. For
instance, the precursors of LisPS4, LixS and LiCl (mole ratio of 1:1:3) yield to

LicPSsCl-2LiCl SE.

2.3. Characterizations

The morphology of the samples was examined using a TESCAN Vega3 scanning
electron microscope (SEM). X-ray diffraction (XRD, Bruker D8 Discover) with
nickel-filtered Cu Ko radiation (A = 1.5418 A) in the 20 range of 10° to 70° was
carried out for phase identification. X-ray photoelectron spectroscopy (XPS) spectra
was recorded using Thermo VG Scientific ESCALAB XI X-ray photoelectron
spectrometer microprobe.

For the electrochemical measurements, SE pellets were prepared by cold
pressing the LisPSsCI-LiCl powder under ~400 MPa for around 1 min. The thickness
of SE pellets is around 550-700 pum. Prior to electrochemical tests, various amount of
PC was added on both sides of the LicPSsCl-LiCl SE pellet, denoted as PC-I (7.9
uL/cm?), PC-1I (11.8 pL/cm?), and PC-III (15.8 uL/cm?). The volume of the PC was
quantified by a pipette with a metrological range from 0.5 pL to 20 pL. The prepared
pellet was then sandwiched between two stainless steel plates to determine the ionic
conductivity from room temperature to 90 °C. Electrochemical impedance
spectroscopy (EIS) was measured by a Bio-Logic VSP300 electrochemical
workstation in the frequency range from 0.1 to 5x10° Hz with an amplitude of 100

mV. The galvanostatic cycling test was conducted with symmetric cells using the



same electrochemical workstation at various current densities at room temperature.
The electrochemical performance of the electrolyte was tested with LisTisO12
(LTO)||Li cells. To prepare the electrode, LTO nanopowder, PVDF and Super P
(80:10:10 in weight ratio) were mixed in N-methylpyrrolidone (NMP) to form a
homogeneous slurry which was subsequently coated on aluminum foil. The prepared
electrode with an active material loading of around 2.5 mg cm™ was dried at 80 °C
under vacuum prior to use. Charge and discharge tests were performed over 1.0-3.0 V

using 2032 coin cells after the cells were rested for 8 h.

3. Results and Discussion

Fig. 1a displays the XRD patterns of LicPSsCl-LiCl, whose characteristic diffraction
peaks at 26=25.5, 30 and 31.2°are in good agreement with the (220), (311), and (222)
planes in the argyrodite cubic structure (space group F-43m) [45,46]. Compared with
LicPSsCl, the diffraction peaks detected at 34.9° and 49.9° are ascribed to the
existence of LiCl. This indicates that the excess Cl cannot properly enter the LisPSsCl
structure for solvent-based synthesis method that heat treated at 200 °C. Instead, a
heterogeneous composite of LisPSsCI-LiCl electrolyte is formed. The Arrhenius plot
(Fig. 1b) shows that LigPSsCI-LiCl SE has an ionic conductivity of 3.0x10™* S cm™ at
room temperature. This value is higher than that of LisPSsCl SE (2.0x10™* S cm™)
and LigPSsCI-2LiCl (6.5x10™> S cm™) (Fig.S1), which is consistent with the previous

report [42].



In this study, a trace amount of PC as the wetting agent was introduced at the
SE/electrode interfaces to reduce the resistance for Li* transport in solid-state
batteries. The effect of adding PC on the structure, morphology, and conductivity of
LigPSsCl-LiCl SE was studied. In the XRD patterns of LisPSsCl-LiCl/PC sample (Fig.
la), the main diffraction peaks of LigPSsCIl-LiCl phase (26=25.5, 30 and 31.2°) are
well maintained and there are no additional peaks, suggesting the structural stable of
LicPSsCl-LiCl against PC. In addition, the chemical stability was examined by
soaking LisPSsCI-LiCl pellet in PC solvent for 3 weeks. There is no visible color
change and the pellet remains dense (Fig. S2), indicating that LisPSsCI-LiCl SE is
chemically stable with PC. Regarding the ion transport, the LisPSsCIl-LiCl/PC shows
an ionic conductivity of 4.5x10™* S cm™ at room temperature, which is slightly higher
than that of LigPSsCI-LiCl (3.0x10™* S cm™) and LigPSsCI/PC (3.3x10™* S cm™). The
electrochemical impedance spectra (EIS) of LisPSsCI-LiCl and LisPSsCl-LiCl/PC SEs
at various temperatures were shown in Fig. S3. As temperature increases, the
impedance decreases and the steep linear spike at low frequency indicates the
behavior of a typical ionic conductor

The morphologies of LigPSsCI-LiCl pellet and LisPSsCI-LiCI/PC pellet were
characterized by scanning electron microscope (SEM). LisPSsCI-LiCl pellet shows a
dense and smooth surface (Fig. 2a and 2b). In contrast, the surface of the
LicPSsCl-LiCl/PC pellet becomes slightly rough due to the wettability of PC on the
pellet surface (Fig. 2c and 2d). The elemental mapping images of cross-section (Fig.

2e) by energy dispersive spectroscopy (EDS) demonstrates the uniform distribution of
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phosphorous (P), sulfur (S) and chloride (Cl), which indicates that adding PC only
influence the surface and the majority of LisPSsCI-LiCl remain unchanged.

Fig. 3a presents the plating/stripping profiles of Li|[Li symmetric cells with
LigPSsCl-LiCl and LisPSsCI-LiCl/PC SEs from galvanostatic cycling tests, where the
cells were periodically charged and discharged under 0.2 mA cm™. For the symmetric
cell with LisPSsCI-LiCl SE, an obvious sharp drop in voltage can be observed after
only 20 h cycling, indicating an internal short circuit due to the growth of Li dendrites
[47.,48]. This observation is consistent with previous reports which indicate that
sulfide SEs suffer from low critical current density (CCD), where dendrite formation
abruptly occurs in sulfide SEs even at a low current density [49,50]. This cell’s
impedance after cycling confirms a typical short circuit by dendrite formation (Fig.
3¢). In contrast, the Li|| LisPSsCl-LiCI/PC||Li symmetric cell exhibited much better
performance with stable cycling of up to 1000 h. It can be supported by the EIS
measurements of the cell with LisPSsCl-LiCl/PC before and after cycling (Fig. 3b),
where shows a slight increase in the impedance (500 to 600 €2) due to the inevitable
interface reaction. The SEM images of Li metal and SE in the Li||Li symmetric cells
after cycling are shown in Fig. S4a—S4f). For the cell with bare LisPSsCI-LiCl SE, the
morphological images of the Li metal and LisPSsCI-LiCl pellet after cycling are not
uniform, and massive irregular Li dendrites are observed (Fig. S4a and S4b).
However, for the cell with LigPSsCI-LiCl/PC after cycling, the surfaces remained
uniform and smooth without Li dendrites formation (Fig. S4d and S4e). From the

cross-sectional images (Fig. S4c and S3f), both SE pellets remained dense after
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cycling. In addition, the Li||LisPSsCl-LiCI/PC||Li symmetric cell was cycled at
various current densities of 0.1, 0.2, 0.5, 0.8 and 1.0 mA cm™2, respectively (Fig. 3d).
The voltage profiles increase with increasing current density due to the polarization
effect. When the current density increases to 1.0 mA cm™, the voltage hysteresis
remains stable without obvious polarization amplification, suggesting good cycling
stability even at high current density [51,52].

To evaluate the effect of PC amount on the electrochemical performance, LTO||
LisPSsCI-LiCl/PC||Li cells with different amounts of PC at interface were assembled
and denoted as LicPSsC1-LiCl/PC-I (7.9 pL/cm?), LigPSsCI-LiCl/PC-II (11.8 pL/cm?),
and LicPSsCl-LiCl/PC-III (15.8 uL/cm?), respectively. It was found that the total
resistance of the cell with LisPSsCl-LiCl SE was dramatically reduced after adding
PC at interface. As evidenced in Fig. S5, the resistance of the cell decreases from
8000 Q for the cell with bare LicPSsCI-LiCl SE to 1900 Q for the LisPSsCl-LiCl/PC-1
(7.9 uL/cm?), continues to drop to 420 Q for the cell with LigPSsC1-LiCI/PC-III (15.8
uL/cm?). The presence of PC at interface plays a critical role in decreasing the
interfacial resistance, which is mainly ascribed to efficient ion transport due to the
penetration of PC into the cathode. The remarkably decreased resistance at
SE/electrode interface is beneficial for the improvement of electrochemical property.

Fig. 4a displays the cycling performance of LTO||Li cells with LisPSsCl-LiCl/PC
at 0.2 C compared to the cells with Li7PS¢/PC and LicPSsCl/PC. Among three SEs,
the cell with LisPSsCI-LiCI/PC exhibits a high specific capacity (175 mAh g'),
indicating a favorable interface and a positive effect of LiCl on the enhancement of
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electrochemical properties. Fig. S6 displays the initial charge/discharge curves of
LTO|| LigPSsCI-LiCl ||Li cells without and with PC at interface. In the former case,
the cell with bare SE without modified electrode surfaces showed irregular
charge/discharge curves and exhibited very low capacity due to huge interface
resistance [32,33,53]. On the other hand, the cycling performance of the LTO||
LigPSsCI-LiCl/PC||Li cells with various amount of PC at the interface was compared
at 0.2 C (Fig. 4b). By using LigPSsC1-LiCl/PC-I (7.9 uL/cm?), the cell delivers a
specific capacity of 168 mAh g~! but only a coulombic efficiency of 47%. Such a low
coulombic efficiency is attributed to the fact that the amount of PC-I is too small to
completely wet the interface. When the amount increases to PC-III (15.8 uL/cm?), the
LTO|[Li cell achieves an initial specific capacity of 175 mAh g™! and a coulombic
efficiency of 88% (Fig. S6b). The LTO|| LigPSsCIl-LiCl/PC-III||Li cell exhibited the
highest specific capacity and best cycling stability. After cycling, the impedance of
the cell slightly increased due to the SEI layer formation at the interface (Fig. S7). In
addition, when the C-rate increased to 1C, the LTO|| LisPSsCl-LiCl/PC-II||Li cell
delivered stable cycling capability maintained an impressive specific capacity of 116
mAh g~! over 200 cycles with a coulombic efficiency of ~99.9% (Fig. 4c). Fig. S8
shows the discharge/charge curves of the cell under the current rate of 1C at the 1%,
50", 100™ and 200" cycles, all of which display typical discharge/charge plateaus of
the LTOI|Li cell at around 1.55 V.

In addition, the rate capability of the LTO||LisPSsCl-LiCI/PC-III||Li cell was
investigated at various current rates of 0.2 C, 0.5 C, 1 C and 2 C. Fig. 4d shows that
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the discharge capacity decreases as increasing current rate due to the polarization
effect. This cell delivers a decent capacity of 80 mAh g~! even at a high current rate of
2C. The cell also exhibits an ability to recover its capacity when the current rate
changed from 2 C to 0.2 C after 20 discharge/charge cycles. The voltage profiles of
the cell cycled at various current rates are presented in Fig. 4e. For the
LTO||LisPSsCl-LiCI/PC-II]||Li cell, such excellent electrochemical performance is
attributed to the stable SEI at SE/electrode interfaces owing to the presence of excess
LiCl in the SE as well as the PC as a wetting agent.

To analyze the interfacial properties between the electrolyte and Li metal, the
LTO||LisPSsC1-LiCI/PC-III||Li cell after cycling was disassembled and the surface of
the SE was inspected by SEM and XPS. Fig. S9 shows the surface morphology of
LigPSsCI-LiCl SE recovered from the cycled LTO||LisPSsCl-LiCl/PC-III||Li cell.
After prolonged cycling, a smooth and dense surface of SE was observed. The
detailed XPS spectra fitting of S 2p, P 2p, Cl 2p, C 1s and O 1s were analyzed to
further identify the chemical properties of the SEI at interface. It is known that the
interfacial reactions between bare sulfide SEs (i.e. LiioGeP2S12) and Li metal yield to
the products of Li»S, LisP as well as reduced phosphorus species [54-56]. However,
the cycled LTO||LigPSsCl-LiCl/PC-III||Li cell has a totally different case. As shown in
Fig. 5 and Fig. S10, the high-resolution spectra of S 2p, Cl 2p and P 2p exhibit no
change after cycling, indicating the decomposition/reduction reaction between sulfide
SE and Li metal was prevented by the SEI formation. The spectra of C Is shows a

clear new peak at around 290.2 eV, corresponding to the detected COs>~ from the
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Li»COs due to the reaction between PC and Li metal, which can be further confirmed
by the spectra of O 1s [36,57,58]. These results indicate that an interfacial SEI film
composed of Li salt (LiCl) and organic compounds is formed between sulfide SE and

Li metal after electrochemical cycling.

4. Conclusions

In summary, we demonstrated an effective and feasible strategy to address the
interfacial issues in sulfide-based lithium batteries by using LiCl-rich argyrodite SE
(LigPS5CI-LiCl) and PC as wetting agent. The LisPSsCl-LiCl SE coupled with trace
amount PC could facilitate to form stable SEI to prevent the interfacial reactions
between SE and Li metal. As a result, Li|lLi symmetric cells with stable
electrochemical cycling over 1000 h at a current density of 0.2 mA cm™ have been
achieved. In addition, LTO|| LigPSsCl-LiCl/PC-III||Li cells delivered a high specific
capacity of 175 mAh g! at 0.2 C, and remained an impressive specific capacity of
116 mAh g! at 1 C over 200 cycles. These features indicate that the developed
approach provides an alternative strategy to enhance the interfacial property of

high-performance lithium batteries.
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Scheme 1. Schematic diagram of batteries with (a) bare LicPSsCl SE, and (b)

LisPS5CI-LiCl SE with PC at interface.
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Fig. 1. (a) XRD patterns of LisPSsCl, LisPSsCl-LiCl and LisPSsCI-LiCl/PC. (b)

Arrhenius plots of LigPSsCl-LiCl, LisPSsCl/PC and LigPSsCl-LiCl/PC SEs.
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Fig. 2. SEM images of top surface and cross-section for LisPSsCl-LiCl SE (a,b) and
LicPSsCI-LiCl with PC (c,d). () EDS mappings of P, S and Cl distributions for the

LicPSsCI-LiCl/PC pellet.
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Fig. 3. (a) Voltage profiles of Li symmetric cells with LigPSsCl-LiCl without and with
PC at interface at current density of 0.2 mA cm™2 (the areal capacity of 0.1 mAh cm™).
EIS spectra of Li|[Li symmetric cells with (b) LisPSsCl-LiCl with PC and (c)
LicPSsCl-LiCl SE without PC before and after cycling. (d) Voltage profiles of Li
symmetric cell with LigPSsCl-LiCl/PC cycled at various current densities of 0.1, 0.2,

0.5,0.8 and 1.0 mA cm™.
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Fig. 4. Cycling performance of (a) the LTO||Li cells with the Li;PS¢/PC, LigPSsCIl/PC

and LigPSsCI-LiCI/PC at 0.2 C. (b) the LTO||Li cells with the LigPSsCl-LiCl/PC-I,

LicPSsCl-LiCl/PC-II and LisPSsCI-LiCl/PC-III at 0.2 C. (c¢) Cycling performance and

Coulombic efficiency of the LTO|Li cell with LigPSsCI-LiCI/PC at 1 C. (d) Rate

capabilities at 0.2 C, 0.5 C, 1 C and 2 C. (e) Charge/discharge curves of the LTO|[Li

cell with the LicPSsCl1-LiCl/PC at various current rates. (PC-I, II, III refers to different

amount of PC, whereas PC-I for 7.9 uL/cm?, PC-II for 11.8 uL/cm?, and PC-III for

15.8 uL/cm?, PC-III was applied for (a)(c)(d)(e)).
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Fig. 5. Detailed XPS spectra and peak fits of S 2p, C 1s and O 1s obtained from SE of

the LTO||LisPSsCl-LiCI/PC]|| Li cell before (top) and after cycling (bottom).
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