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Abstract: Sulfide electrolytes with high ionic conductivities are one of 

the most highly sought for all-solid-state lithium batteries (ASSLBs). 

However, the non-negligible electronic conductivities of sulfide 

electrolytes (~10-8 S cm-1) lead to electron smooth transport through 

the sulfide electrolyte pellets, resulting in Li dendrite directly 

depositing at the grain boundaries (GBs) and serious discharge self-

discharge. Here, a grain-boundary electronic insulation (GBEI) 

strategy is proposed to block electron transport across the GBs, 

enabling Li-Li symmetric cells with 30 times longer cycling life and Li-

LiCoO2 full cells with three times lower self-discharging rate than 

pristine sulfide electrolytes. The Li-LiCoO2 ASSLBs deliver high 

capacity retention of 80% at 650 cycles and stable cycling 

performance for over 2600 cycles at 0.5 mA cm-2. The innovation of 

the GBEI strategy provides a new direction to pursue high-

performance ASSLBs depending on electronic conductivity regulation. 

Introduction 

All-solid-state lithium batteries (ASSLBs) using Li metal anode and 

high-ionic-conductivity solid-state electrolytes (SSEs) have attracted 

intensive research interest because of their improved safety and 

potential energy density beyond the state-of-the-art lithium-ion 

batteries (LIBs).[1] Among diverse SSE systems, sulfide SSEs have 

been regarded as one of the most promising candidates for ASSLBs 

application, because they present high ionic conductivity compared 

with solid polymer electrolytes (SPEs) and better electrode/electrolyte 

interfacial compatibility than rigid oxide SSEs.[2] Generally, the sulfide 

SSEs can be classified into two categories: high-valence-metal-

element-containing sulfide SSEs (labeled as HVMECS-SSEs, e.g., 

Li10GeP2S12 and Li10SnP2S12) 
[3] and high-valence-metal-element-free 

sulfide SSEs (labeled as HVMEFS-SSEs, e.g., Li6PS5Cl, Li7P3S11, and 

Li3PS4). 
[2b, 4] For the HVMECS-SSEs, the high-valence metal 

elements would react with Li anode rapidly and form a mixed 

electronic-ionic-conductive interface, resulting in the continuous 

decomposition of SSEs. [5] To suppress the side reactions, in most 

cases, a Li alloy or a buffer layer is introduced to separate the 

HVMECS-SSEs and Li anode for stable long-term cycling of ASSLBs. 
[6] Nevertheless, the use of Li alloys and buffer layers will decrease 

the energy density due to reduced working voltage and extra inert 

materials, respectively. For the HVMEFS-SSEs, side reactions also 

occur at the interface with the Li anode and produce an ionic-

conductivity interface. Such an interface can serve as a solid-

electrolyte interface (SEI) to ensure smooth Li+ transport and 

suppress further side reactions between SSEs and Li anode. [7] 

Therefore, the HVMEFS-SSEs are a better choice to fulfill high-

energy-density ASSLBs.  

Despite the favorable properties of HVMEFS-SSEs in terms of 

high ionic conductivity and high compatibility with Li metal anodes, the 

concern of Li dendrite growth is hindering the pursuit of high-energy-

density ASSLBs. [8] At the early research stage, some researchers 

attributed the cause to the mismatched Li/SSE interface that results 

in Li dendrite growth from the interface and then gradually penetrates 

through the bulk SSEs. Very recently, some noteworthy exceptions 

contradict the conventional “mismatched Li/SSE interface” concept.[8b, 

9] Porz et al. observed Li dendrite growth even at the finely polished 

Li/SSE interfaces.[9] In another study, in-situ optical microscopy 

provided visual evidence that Li was directly deposited inside the 

Li3PS4 SSE.[8b] To clarify the underlying mechanism of Li dendrite in 

SSEs, Wang and his coworkers monitored the dynamic evolution of 

Li concentration profiles in three representative SSEs with different 

electronic conductivities by using time-resolved operando neutron 

depth profiling. Their results suggested that the non-negligible 

electronic conductivity of SSEs is the origin of Li dendrite growth in 

bulk SSEs.[10] This theory was adopted and further developed by Chi’s 

group.[11] They found that grain boundaries (GBs) have a reduced 

bandgap, where Li+ is preferentially reduced by electrons to form local 

Li filaments, which could well explain the phenomenon of Li dendrite 

growth along the GBs. Based on this theory, blocking electron 
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transport at GBs can be regarded as an effective strategy to inhibit Li 

dendrites formation in ASSLBs. Moreover, the non-negligible 

electronic conductivity of SSEs and GBs can lead to electron transport 

within the internal ASSLBs and cause serious self-discharge as a 

result. However, the self-discharge issue has been overlooked. Up to 

now, approaches to tailor the electronic conductivity of GBs to 

suppress Li dendrites and battery self-discharge are still challenging 

and sparse. 

Here, we propose a grain-boundary electronic insulation (GBEI) 

strategy to tailor the GBs of Li6PSCl5 (LPSCl), a representative 

HVMEFS-SSE, with an electronically insulating SPE for Li dendrite 

and self-discharge suppression. Generally, the GBEI-based LPSCl 

possesses three advantages. As illustrated in Scheme 1a~c, firstly, 

the SPE can transport the Li+ smoothly while blocking the electron 

transport at the GBs, which helps suppress Li dendrite growth. 

Secondly, the limited electron transport in the bulk LPSCl is also 

beneficial for suppressing self-discharge and enhancing cycling 

stability. Lastly, the SPE covered on the surface of LPSCl functions 

as a protection layer to separate the LPSCl and moisture, which 

improves humidity stability. As proof of the concept, the Li-Li 

symmetric cell using GBEI-based LPSCl performed stable cycling for 

over 1000 h at 0.5 mA cm-2 (each half cycle of 2 h), whose cycling life 

was over 30 times of the cell using unmodified LPSCl. Such strong Li 

dendrite suppression capability enabled stable Li-LiCoO2 (LCO) full 

cells performance for over 2600 cycles at 0.5 mA cm-2. Moreover, 

GBEI-based LPSCl showed better anti-humidity performance with an 

ionic conductivity decay rate three times slower than the unmodified 

LPSCl. Additionally, the full cells using GBEI-based LPSCl rested at 

the fully charged state for one week can still deliver a high Coulombic 

efficiency of 96.1%, which is 8% higher than its counterpart, 

highlighting the self-discharging suppressing function of the GBEI 

strategy.  

 

Scheme 1. Schematic illustrations of ASSLBs using (a) LPSCl and (b) x-LPSCl as electrolytes and their different performance on Li dendrite suppression, self-

discharge suppression and humidity resistance. (c) The schematic shows the role of PEGDME played in the GBEI strategy. 

Results and Discussion 

In principle, the electronic insulation materials chosen for GBs 

modification should have the following two features. 1) The materials 

should possess a relatively high ionic conductivity and an extremely 

low electronic conductivity, which allow smooth Li+ transport through 

the SSE but inhibit electrons accumulation at the GBs. 2) The 

decoration materials should be chemically stable with LPSCl in order 

to maintain the high ionic conductivity of LPSCl. With these in mind, a 

poly(ethylene glycol) dimethyl ether (PEGDME) SPE is chosen as the 

decoration material to modify the GBs of LPSCl, where PEGDME SPE 

shows a decent room-temperature ionic conductivity of 5×10-6 S cm-1 

and an extremely low electronic conductivity of 8.39×10-11 S cm-1 

(Figure S1).[12] It has great potential to achieve smooth Li+ transport 

and block electrons accumulation at GBs concurrently. Moreover, as 

shown in the X-ray diffraction (XRD) patterns and Raman spectra 

(Figure S2), the mixtures of LPSCl and PEGDME SPE presented 

unchanged characteristic XRD peaks and Raman bands of LPSCl 

without any impurity peaks, indicating the high chemical stability 

between PEGDME SPE and LPSCl. Therefore, the PEGDME SPE 

can be a promising candidate for GBs modification.  

The physical and chemical properties of LPSCl with different 

contents of PEGDME SPE at the GBs were investigated. The 

PEGDME SPE was introduced to modify the GBs via a ball-milling 

method and the PEGDME content was controlled in a range of 0 to 

10 wt.%, which is labeled as x-LPSCl (x indicates the weight content 

of SPE). The morphologies of x-LPSCl are shown in Figure 1a-d and 

Figure S3. The pristine LPSCl powders presented a uniform particle 

size distribution in the range of 50~100 nm. After the introduction of 

PEGDME SPE, the morphology of the LPSCl particles showed 

negligible change but gradually appeared to be covered by PEGDME 

SPE. When the x-LPSCl was pressed into a pellet, the PEGDME SPE 

further filled in the GBs among LPSCl particles to ensure smooth Li+ 

transport and electronic insulation at the GBs. The PEGDME SPE 

content of 5 wt.% demonstrated full coverage of all the LPSCl particles 

(Figure 1c, Figure S3c, g) and the thickness of PEGDME SPE is 

determined to be 5~10 nm in the cryo-transmission electron 

microscopy (cryo-TEM, Figure 1e-f). It is worth noting that the 

PEGDME SPE also filled the GBs between the two LPSCl particles, 

which is of significance to blocking electron transport at GBs. The 

uniform distribution of the PEGDME SPE is further evidenced by the 

high-angle annular dark-field image (HAADF) and elemental 

mappings in Figure 1g-l and Figure S4. Further increase in the 

PEGDME SPE content led to local aggregation, as displayed in 

Figure 1d and Figure S3d, h which would adversely affect the ionic 

conductivity. The ionic and electronic conductivities of the different x-

LPSCl composites were evaluated and compared in Figure 1m-n and 

Figure S5-S6. Due to the involvement of low-ionic/electronic-

conductivity PEGDME SPE, both the ionic conductivity and the 

electronic conductivity of x-LPSCl showed decreasing tendencies with 

the increasing PEGDME SPE contents. With the PEGDME SPE 

content increasing from 0 to 10 wt.%, the ionic conductivity of x-LPSCl 

acceptably decreased from 1.81 mS cm-1 to 0.42 mS cm-1. Nyquist 

plots of the impedance of x-LPSCl during ionic conductivity testing at 

25 oC were shown in Figure S7. The spectra were fitted by the 

equivalent circuit shown in the inset of Figure S7b. The semicircle 

and the intersection between the semicircle and the x-axis reflected 
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the impedance of GBs and grains, respectively. [13] As can be seen, 

the impedance of grains remained roughly 40 Ω, while the grain 

boundary impedance increased sharply from 15.2 Ω to 170.9 Ω with 

PEGDME SPE content increasing from 0 wt.% to 10 wt.%, further 

proving the successful introduction of PEGDME SPE in GBs. It is 

worth mentioning that the modification of GBs with PEGDME SPE 

dramatically reduced the electronic conductivity by 26 times from 

5.79×10-8 S cm-1 to 2.2×10-9 S cm-1. On one hand, the lower electronic 

conductivity can help to suppress Li dendrite growth and self-

discharge; on the other hand, the lower ionic conductivity would lead 

to increased polarization and worse rate capability. Therefore, the 

PEGDME SPE content should be carefully optimized by balancing 

trade-offs between ionic conductivity and electronic conductivity.  

 

Figure 1. SEM images of x-LPSCl with different SPE contents of (a) 0 wt.%, (b) 2.5 wt.%, (c) 5 wt.%, (d) 10 wt.%. (e-f) TEM images, (g) High-angle annular dark-

field image (HAADF) and electron energy loss spectroscopy (EELS) mapping on the elemental distribution of (h) C, (i) F, (j) P, (k) S, (l) Cl. (m) Ionic conductivities 

and (n) electronic conductivities of x-LPSCl. 

The effect of the GBEI strategy on Li dendrite suppression was 

studied. For the Li-Li symmetric cell using pristine LPSCl SSE, stable 

Li plating/stripping performance was observed at relatively low current 

densities of 0.1 mA cm-2 and 0.25 mA cm-2 with an areal capacity of 

0.5 mAh cm-2 (Figure S8) for over 1000 h. However, when the current 

density increased to 0.5 mA cm-2, the cell had a short circuit in less 

than 50 h. The difference in cycling stability can be attributed to 

different Li deposition models. At low current densities, the GBs 

potential can remain above 0 V, where fresh Li was preferentially 

deposited at the interface between the Li metal electrode and the SSE 

pellet. In contrast, a current density of 0.5 mA cm-2 was large enough 

to reduce the GBs potential to below 0 V. In this case, the GBs served 

as the channels for Li deposition.[11] The continuous Li deposition and 

Li dendrite growth along the GBs eventually resulted in a short circuit 

(as illustrated in Figure 2a). Further increasing the capacity to 1 mAh 

cm-2, the Li-Li symmetric cell using LPSCl SSE can only run for 30 h 

before a short circuit occurred (Figure 2c). The occurrence of a short 

circuit was confirmed by ex-situ electrochemical impedance 

spectroscopy (EIS) and scanning electronic microscopy (SEM) 

images. As shown in Figure S9a, the cell resistance was increased 

during the first few cycles, which can be attributed to the interfacial 

reactions between Li and LPSCl and interphase formation.[14] A 

sudden decrease in resistance was observed by the EIS results at the 

10th and 20th cycles, suggesting the occurrence of a short circuit, 

which coincided with the sudden drop of overpotentials for 

plating/stripping profiles in Figure 2c.[15] The SEM images of the 

LPSCl pellet cross-section after 20 cycles (80 h) are displayed in 

Figure 2j and Figure S10a-c. Similar to previous reports, metallic Li 

was detected within the bulk SSE pellet, which was evidenced by the 

uneven elemental mappings of P, S and Cl as shown in Figure 2k-m. 
[8b, 8c, 16] The Li deposition in bulk LPSCl can be attributed to the 

reduction of Li+ by electrons at the GBs. [11] In contrast, the introduction 

of PEGDME SPE blocked the electron transport at GBs, the Li 

dendrite growth in bulk LPSCl was greatly suppressed and the cycling 

life of Li-Li symmetric cells was prolonged (Figure 2b-c). Especially, 

the Li-Li symmetric cells using 5%-LPSCl and 10%-LPSCl SSEs 

presented stable Li plating/stripping behavior for over 1000 h, which 

was over 30 times their counterpart without PEGDME SPE 

modification. The electrochemical performance of Li-Li symmetric 

cells is superior to most recent reports based on Li/SSE interface 

design and elemental doping for sulfide SSE modification, as shown 

in Figure S11 and Table S1. [6b, 6c, 7a, 17] For the Li-Li symmetric cells 

assembled with 2.5 %-LPSCl, a short circuit is still observed after 170 

h. The 2.5 wt.% SPE was probably not sufficient to completely cover 
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all the LPSCl particles and fill all the GBs (Figure 1b and Figure S3b, 

f), thus Li dendrite growth may occur at the unprotected GBs. On the 

other hand, raising the SPE content led to a gradual increase in 

overpotential from 39 mV (LPSCl) to 115 mV (10%-LPSCl) due to the 

reduced ionic conductivity, which can be detrimental to high-rate 

capability (Figure S12). Overall, the 5%-LPSCl composite SSE 

showed an optimized balance between overpotential and cycling life. 

The corresponding EIS results during cycling (Figure S9b) and the 

SEM morphology of the 5%-LPSCl SSE pellet after 250 cycles (1000 

h) (Figure 2d-i, and Figure S10d-f) confirmed the high stability and 

Li dendrite-free behavior of the 5%-LPSCl. As shown in Figure S9b, 

the slight increase in cell resistance during the first few cycles 

reflected the SEI formation process at the Li/SSE interface, but the 

stabilized resistance after 10 cycles supported the stable Li 

plating/stripping behavior. [18] Even after long-term plating/stripping for 

over 1000 h, no metallic Li is detected in the bulk 5%-LPSCl pellet 

(Figure 2d-i, and Figure S10d-f). The critical current density (CCD) 

was further applied to investigate the different capabilities of the Li-Li 

symmetric cell using LPSCl and 5%-LPSCl SSEs in Li dendrite 

suppression. [19] The current densities were increased from 0.1 

mA cm-2 to 2 mA cm-2  and each half cycle is 1 h. Figure S13 showed 

that the CCD of the Li-Li symmetric cell using 5%-LPSCl SSE is 

1.5 mA cm-2, which is much higher than that of LPSCl SSE with a CCD 

of 0.8 mA cm-2. The CCD and areal capacity of the Li-Li symmetric cell 

using 5%-LPSCl SSE is superior to most recently reported relying on 

doping and interface modification strategies listed in Figure S14 and 

Table S2.[17g, 17i, 20] The huge difference in Li plating-stripping behavior 

before and after GBs modification with PEGDME SPE further 

highlights the positive effect of the GBEI strategy on suppressing Li 

dendrite growth.  

 
Figure 2. Schematic illustrations showing different ionic/electronic conducting behaviors of (a) LPSCl and (b) x-LPSCl SSEs for Li dendrite suppression. (c) The 

cycling performance of Li-Li symmetric cells using x-LPSCl (x = 0-10%) at a current density of 0.5 mA cm-2 and an areal capacity of 1 mAh cm-2. (d) Cross-sectional 

SEM image of the 5%-LPSCl pellet after 250 cycles and the corresponding elemental mappings of (e) P, (f) S, (g) Cl, (h) C and (i) F. (j) Cross-sectional SEM image 

of the LPSCl pellet after 20 cycles and the corresponding elemental mappings of (k) P, (l) S, (m) Cl. 

 

To clarify the underlying mechanism of the GBEI strategy for 

blocking electron transport at GBs, the DFT calculation results 

including the electrostatic potential profiles and projected density of 

states (PDOS) are shown in Figure 3 for Li(100)/LPSCl(100), 

Li(100)/PEGDME and LPSCl(100)/PEGDME (Figure S15 and Figure 

3a-c), respectively. In the case of Li(100)/LPSCl(100), there was no 

electron tunneling barrier for the electrons transfer from the Li 

interface to the LPSCl (Figure 3d), where Li+ is easily reduced by the 

electrons in LPSCl and referentially deposits in LPSCl rather than at 

Li/LPSCl interface. [17a, 19a] The behavior was further supported by 

PDOS results, as shown in Figure 3g. The Li/LPSCl interface was 
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found highly electronic conductive and failed to block the migration of 

electrons from the Li metal anode to the inner LPSCl, resulting in Li 

dendrite growth through the LPSCl SSE.  

In the case of GBEI-based LPSCl, the PEGDME directly 

contacted the Li metal anode and filled in the GBs to separate the 

LPSCl particles. Therefore, the electrostatic potential profiles and 

PDOS simulation results were evaluated based on the relaxed 

Li(100)/PEGDME model. Due to the electronically insulating nature of 

PEGDME indicated by its separate PDOS (Figure 3h), the 

electrostatic potential of the Li/PEGDME interface was determined to 

be 2.07 eV lower than that within the PEGDME polymer (Figure 3e). 

In other words, transferring electrons from the Li/PEGDME interface 

to bulk PEGDME would be required to overcome an energy barrier of 

2.07 eV. In this case, Li deposition preferentially occurs at the 

interface rather than within the PEGDME, inhibiting Li dendrite 

penetration through the GBEI-based LPSCl. [19a] Even if some 

unprotected LPSCl particles were to contact the Li metal anode at the 

SSE/anode interface, electrons can migrate from the Li/LPSCl 

interface into the superficial LPSCl particle but be blocked by the 

electronically insulating PEGDME at the GBs (Figure 3i). The 

electron tunneling barrier was determined as 0.74eV from the 

LPSCl/PEGDME interface to PEGDME (Figure 3f). Therefore, as 

long as the GBs of LPSCl are modified with sufficient PEGDME SPE, 

the electronic transfer can be blocked by the surface PEGDME 

coverage and the GBs filling PEGDME, and Li dendrite growth in the 

bulk GBEI-based LPSCl can be prohibited. 

Figure 3. The structure and charge density difference of (a) Li(100)/LiPSCl(100), (b) Li(100)/PEGDME and (c) LiPSCl(100)/PEGDME. The electrostatic potential 

profiles of (d) Li(100)/LiPSCl(100), (e) Li(100)/PEGDME and (f) LiPSCl(100)/PEGDME. The PDOS of (g) Li(100)/LiPSCl(100), (h) Li(100)/PEGDME and (i) 

LiPSCl(100)/PEGDME. 

In addition to the concern of Li dendrite growth along the GBs, 

the poor humidity stability is another limitation for sulfide SSEs.[2b, 21] 

To examine the effect of PEGDME SPE modification on the humidity 

stability for LPSCl, both LPSCl and 5%-LPSCl were exposed to air 

with 3% humidity for 10 h (labeled as LPSCl-exposure and 5%-LPSCl-

exposure, respectively). After exposure, as shown in Figure 4a, the 

ionic conductivity of LPSCl at 25 oC decreased from 1.81 to 0.32 mS 

cm-1, showing ionic conductivity retention of roughly 18%. In 

comparison, after the same exposure treatment, the ionic conductivity 

of the 5%-LPSCl was less affected (Figure 4b). The ionic conductivity 

at 25 oC was only lowered from 0.72 to 0.39 mS cm-1, corresponding 

to ionic conductivity retention of 54%. The SPE protection can reduce 

the humidity-induced decay rate of ionic conductivity by three times. 

The chemical evolution of LPSCl during its exposure to moisture was 

characterized by XRD and X-ray photoelectron spectroscopy (XPS). 

As shown in Figure 4c, similar impure phases were observed on the 

XRD patterns of both LPSCl-exposure and 5%-LPSCl-exposure 

samples due to reactions with moisture.[22] The reduced peak intensity 

of impurity phases with the coverage of PEGDME SPE highlighted its 

effect on improving humidity stability, which was consistent with better 

ionic conductivity retention after moisture exposure. More chemical 

information was revealed by XPS, as exhibited in Figure 4d-e and 

Figure S16. Considering the decomposition of LPSCl mainly results 

from the unstable PS4
3- tetrahedra, [23] the S 2p and P 2p spectra were 
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obtained. The S 2p and P 2p spectra are doublets comprised of 

closely spaced spin-orbit components due to 2p3/2 and 2p1/2. Each S- 

and P-containing species consistently exhibited pairs of characteristic 

doublets, so only the intensity of the 2p3/2 peak will be discussed in 

the following discussion for simplicity. Before air exposure, the P 2p3/2 

peak at 131.9 eV and the S 2p3/2 peak at 161.4 eV in the spectra were 

assigned to PS4
3- of LPSCl, [24] whereas the peak at roughly 169 eV in 

the S 2p spectra of 5%-LPSCl was attributed to the sulfonyl group 

from the lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt 

(Figure S17). After moisture exposure, a pair of new peaks appeared 

at around 2p3/2 of 132.8 eV in P 2p spectra, which was attributed to 

the substitution of S in PS4
3- by O and the formation of POxSy (Figure 

4d-e). [25] In the S 2p spectra, the appearance of sulfate at 

approximately 169.0 eV and sulfite at 166.9 eV further confirmed the 

oxidization of LPSCl (Figure S16).[26] Notably, the peak intensity of 

the side products (POxSy, sulfate, and sulfite) in the 5%-LPSCl-

exposure spectra was much weaker than that of the LPSCl-exposure. 

The weakened peak intensity of side products highlighted the 

improved humidity stability with the assistance of PEGDME SPE. The 

function of PEGDME SPE on improving the humidity stability for 

LPSCl is illustrated in Figure 4f. The coverage of PEGDME SPE on 

the surface of LPSCl inhibited the direct contact between LPSCl and 

moisture, which hindered the decomposition of PS4
3- tetrahedra, thus 

reducing the side product formation (Figure 4c) and maintaining good 

ionic conductivity retention (Figure 4b). Improving humidity stability is 

critical for sulfide SSEs storage and sulfide SSE-based electrode 

preparation in the dry room for practical application.  

Figure 4. The ionic conductivities of (a) LPSCl and LPSCl-exposure and (b) 5% LPSCl and 5%-LPSCl-exposure samples. (c) XRD patterns of LPSCl-exposure and 

5%-LPSCl-exposure samples. P 2p XPS spectra of (d) LPSCl and LPSCl-exposure and (e) 5%-LPSCl and 5%-LPSCl-exposure samples. (f) Schematic illustration 

of the protection of PEGDME SPE on improving the humidity stability of LPSCl SSE. 

As we discussed earlier, the non-negligible electronic 

conductivity of HVMEFS-SSEs can lead to Li dendrite growth along 

the GBs and result in serious self-discharge. Comprehensive effects 

of the different Li dendrite and self-discharge suppressing capabilities 

of LPSCl and 5%-LPSCl SSEs were evaluated and verified by the 

electrochemical performance of Li-LCO full-cell ASSLBs (Figure 5a). 

The LCO cathode materials were protected by a LiZrOx (LZO) coating 

layer to hinder the interfacial side reactions between LCO and x-

LPSCl.[27] The LZO-coated LCO cathode material is named 

LZO@LCO. The cycling performance of Li-LCO ASSLBs using LPSCl 

and 5%-LPSCl SSEs (labeled as Li/LPSCl/LZO@LCO and Li/5%-

LPSCl/LZO@LCO, respectively) were tested at a galvanostatic 

charge/discharge current density of 0.1 mA cm-2 between 2.5 V and 

4.2 V. As can be seen, the Li/5%-LPSCl/LZO@LCO delivered a high 

initial capacity of 130 mAh g-1, which is 5 mAh g-1 lower than that of 

Li/LPSCl/LZO@LCO cell. The reduced capacity is mainly due to the 

reduced ionic conductivity relying on the GBEI strategy that reduced 

the electrochemical kinetics. It is further proved by the EIS results in 

Figure S18, where the Li/5%-LPSCl/LZO@LCO cell performed a 

higher charge transfer resistance (Rct) of 66.6 Ω compared with 

Li/LPSCl/LZO@LCO cell (29.7 Ω). For the self-discharging study, 

cells were initially cycled for three cycles to reach a stable state with 

high Coulombic efficiencies (CEs) of 98.6% for Li/LPSCl/LZO@LCO 

and 99.7% for Li/5%-LPSCl/LZO@LCO, respectively (Figure S19). 

After pre-conditioning, the cells were charged to 4.2 V and then left at 

rest for one week (168 h) to evaluate the self-discharge rate of cells 

using the two different SSEs. As displayed in Figure 5b-c, the 

Li/LPSCl/LZO@LCO cell delivered a relatively low CE of 88.1%, 

indicating the serious self-discharge behavior with 10.5% CE drop due 

to the non-negligible electronic conductivity of LPSCl. On the contrary, 

thanks to the GBEI strategy on electron-blocking, Li/5%-

LPSCl/LZO@LCO cell delivered a high capacity retention of 96.1%, 

indicating 3 times lower self-discharging rate with the assistance of 

the GBEI strategy (3.6% vs. 10.5%). The improved self-discharging 

suppression capability of the GBEI strategy is further evidenced by 

the voltage curves during the standing period. As shown in Figure 

S20, the voltage of Li/5%-LPSCl/LZO@LCO dropped much slower 

than that of Li/LPSCl/LZO@LCO, indicating a slower self-discharging 

rate. During the long-term cycling of 350 cycles (except the first 4 

cycles), the Li/5%-LPSCl/LZO@LCO cell performed a high average 
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CE of 99.7%. It was 1.2% higher than its counterpart 

(Li/LPSCl/LZO@LCO, 98.5%), which further highlighted the positive 

effect of the GBEI strategy on alleviating self-discharge in sulfide-

based ASSLBs. 

 
Figure 5. (a) Schematic illustration of an ASSLB using x-LPSCl as electrolyte and LZO@LCO as cathode active material. (b) Cycling performance of 

Li/LPSCl/LZO@LCO and Li/5%-LPSCl/LZO@LCO cells at 0.1 mA cm-2; the cells were rested at the fully charged state at the 4th cycle for one week to 

evaluate their self-discharging effects on (c) charging-discharging profiles. (d) Long-term cycling performance of the Li/5%-LPSCl/LZO@LCO cell at 0.5 

mA cm-2 and (e) Comparison of the recently reported full cells using sulfide SSEs with respect to current density and cycling life. (f) Rate performance of 

Li/LPSCl/LZO@LCO and Li/5%-LPSCl/LZO@LCO cells at various current densities from 0.2 mA cm-2 to 1.5 mA cm-2. (g) Charging-discharging profiles 

of Li/5%-LPSCl/LZO@LCO cell at various current densities. 
 

 

The different Li dendrite suppression capabilities of LPSCl and 

5%-LPSCl made a difference in the cycling performance of 

Li/LPSCl/LZO@LCO and Li/5%-LPSCl/LZO@LCO cells at a current 

density of 0.5 mA cm-2. As shown in Figure S21a, a short circuit 

occurred in the Li/LPSCl/LZO@LCO cell at as early as the 8th cycle, 

where the CE dramatically dropped from 99.7% to 15.2 % with a 

significantly extended charging process. The occurrence of a short 

circuit was further confirmed by the charge/discharge profiles (Figure 

S21b). The LPSCl alone did not meet the demand of Li dendrite 

suppression for Li-LCO cells. On the contrary, consistently high CEs 

of around 100% with no short circuit phenomenon were observed for 

the Li/5%-LPSCl/LZO@LCO cell during the long-term cycling. The 

assembled cells delivered a high capacity retention of 80% at 650 

cycles and stable cycling performance for over 2600 cycles at 0.5 mA 

cm-2 (Figure 5d and Figure S22). Such long cycling performance of 

Li-LCO ASSLBs has surpassed the most recent reports as listed in 

Table S3 and Figure 5e.[6b, 6c, 17a-f, 28] Additionally, the rate capability of 

Li/LPSCl/LZO@LCO and Li/5%-LPSCl/LZO@LCO cells were 

investigated at various current densities from 0.2 mA cm-2 to 1.5 mA 

cm-2. As shown in Figure 5f~g and Figure S23, the Li/5%-

LPSCl/LZO@LCO cell delivered a capacity of over 55 mAh g-1 at a 

high current density of 1.5 mA cm-2 and no short circuit was observed. 

The results coincided well with the CCD results in Figure S13 and 

further highlighted the improved capability in dendrite suppression 

relying on the GBEI strategy. In contrast, a sharply decreasing in CE 

from 99.5% (10th cycle, 0.5 mA cm-2) to 39.1% (13th cycle, 1.0 mA cm-

2) for Li/LPSCl/LZO@LCO indicated the occurrence of a short circuit, 

which is further proved by the charging-discharging profiles in Figure 

S23. To further explore the potential of the GBEI strategy in practical 

application, the cycling stability of Li/5%-LPSCl/LZO@LCO 

assembled with a 22.4 mg cm-2 LCO-loaded cathode was studied. As 

displayed in Figure S24, the cell delivered a high capacity of 106 mAh 

g-1 at 0.2 mA cm-2 after activation at 0.1 mA cm-2 for 1 cycle, 

corresponding to a high areal capacity of ~2.4 mAh cm-2. Moreover, 

the cell can stably run for over 80 cycles and maintained a high areal 
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capacity of ~1.6 mAh cm-2 (Figure S24b), showing great potential in 

practical application. The huge differences between LPSCl and 5%-

LPSCl in Li dendrite/self-discharging suppression and humidity 

stability highlighted the importance of the GBEI strategy in pursuing 

long-cycling-life ASSLBs. 

Conclusion 

In summary, we proposed a GBEI strategy for Li dendrite and self-

discharge suppression via tailoring the GBs with a low-electronic-

conductivity PEGDME SPE. The electronically insulating nature of the 

PEGDME SPE can block the electron transport at the GBs, thus 

inhibiting Li+ reduction by electrons to Li metal at GBs. As a result, Li-

Li symmetric cells using GBEI-based LPSCl presented stable 

plating/stripping behaviors for over 1000 h at 0.5 mA cm-2 and 1 mAh 

cm-2, extending the cycling life by over 30 times compared with cells 

using pristine LPSCl. Beneficial from the limited electron transport 

through the GBEI-based LPSCl, the assembled Li-LCO ASSLBs 

maintained a high capacity retention of 96.1% after standing for one 

week at a fully charged state. It was 8% higher than its counterpart. 

Based on the unique GBEI properties, the Li-LCO ASSLBs delivered 

a high capacity retention of 80% at 650 cycles and stable cycling 

performance for over 2600 cycles at 0.5 mA cm-2. In addition to the 

improved Li dendrite and self-discharge suppressing capabilities, the 

coverage of SPE can also protect the LPSCl from moisture, thus 

improving the humidity stability and presenting a three times lower 

ionic conductivity decay rate. This work represents the tailoring 

electronic conductivity of GBs, and presents a promising strategy to 

achieve dendrite- and self-discharge-free and humidity-stable 

ASSLBs. 
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A grain boundary electronic insulation strategy is proposed to regulate the electronic conductivity of sulfide electrodes at the grain 

boundaries, which realizes dendrite- and self-discharge-free and humidity-stable all-solid-state lithium batteries. 
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