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Abstract The replacement of liquid electrolyte with solid

electrolyte can significantly improve the safety and power/

energy density of lithium batteries. 70Li2S–30P2S5 is one

of the most promising solid electrolytes with high con-

ductivity for solid–state batteries. In this work, the ionic

conductivity and stability toward moisture and lithium

metal of 70Li2S–30P2S5 were enhanced by introducing the

different amounts of Li2O additives. 65Li2S–30P2S5–

1%Li2O delivered the highest conductivity, while 65Li2S–

30P2S5–5%Li2O showed the best moisture stability and

improved lithium compatibility. Solid-state batteries using

65Li2S–30P2S5–5%Li2O electrolyte and high-voltage

LiNi0.6Mn0.2Co0.2O2 cathode exhibited low initial dis-

charge capacity (100 mAh�g-1) and Coulombic efficiency

(69%). Li3InCl6 electrolytes were introduced both in the

cathode mixture to replace sulfide electrolyte and in the

interface layer to improve the cathode compatibility for the

solid-state batteries, showing enhanced discharge capacity

(175 mAh�g-1) and improved initial Coulombic efficiency

(86%). Moreover, it also exhibited good performance at

- 20 �C.

Keywords Solid electrolyte; 70Li2S–30P2S5; Stability;

Additives; Solid-state batteries

1 Introduction

Solid-state batteries have attracted significant attentions

due to their increased energy and power density and

improved safety compared to the current lithium-ion bat-

teries using liquid organic electrolytes [1–5]. Exploration

of solid electrolytes with high ionic conductivity and high

stability toward electrode materials can promote the

development of solid-state batteries [6–8]. Intensive

research efforts have been devoted to exploring and

designing new kinds of solid electrolytes which can be

applied in solid-state batteries [9]. Recently, sulfide solid

electrolytes have exhibited great potential as one of the

most promising candidates of solid electrolytes for solid-

state batteries due to their high ionic conductivity and

mechanical softness [10–15]. High ionic conductivity of

solid electrolyte provides fast lithium-ion migration, and

good mechanical softness property enables good interface
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contact with electrode materials, both of which enable the

possibility to fabricate solid-state batteries with excellent

electrochemical performances [16, 17].

Li2S–P2S5 system was reported as the most famous sul-

fide solid electrolytes with high ionic conductivity over

1 9 10–4 S�cm-1 at room temperature [18]. The ionic con-

ductivities of Li2S–P2S5 electrolytes are highly dependent

on the ratio of Li2S and P2S5 in the mixture of raw materials.

The Li2S–P2S5 amorphous glass solid electrolytes are usu-

ally synthesized via the high-energy mechanical milling

process, and their ionic conductivity can be further enhanced

after an annealing process [19]. Among those different

compositions, the annealed 70Li2S–30P2S5 solid electrolyte

showed a metastable phase with high ionic conductivity up

to 1 9 10–3 S�cm-1 at room temperature, which can pro-

mote the development of solid-state batteries [20–24].

However, sulfide electrolytes suffer from the low chemical

stability with moisture to generate H2S, which increases the

cost to fabricate solid-state batteries using 70Li2S–30P2S5
solid electrolytes. The low moisture stability was associated

with S atoms in the structure, which can be easily reacted

with H2O to generate H2S. Therefore, the replacement of S

with O in the 70Li2S–30P2S5 solid electrolyte exhibited the

possibility to enhance the moisture stability [25–31].

Moreover, sulfide electrolytes have redox reactive in contact

with pristine high-voltage active material due to the great

electrochemical potential differences [32, 33]. Surface

modifications are the common route to avoid the direct

contact between sulfide electrolytes and high-voltage cath-

ode in the cathode mixture. However, homogenous coatings

surround the whole particle are quite important. Another

possible route to improve the compatibility of sulfide elec-

trolytes toward high-voltage cathode is to replace the

unstable sulfide electrolytes with high-stability electrolytes,

such as lithium halide [34]. It has been reported that lithium

halide solid electrolytes showed excellent compatibility

with pristine high-voltage cathode materials [35, 36].

Therefore, the introduction of lithium halide additive in the

cathode mixture and the interface layer to avoid the direct

contact between sulfide electrolytes and pristine high-volt-

age cathode is a promising solution to enhance the electrode

compatibility of sulfide electrolytes. Furthermore, solid-

state batteries exhibited poor electrochemical performances

at low temperature due to the decreased ionic conductivity

and the slow kinetics of lithium-ions transport between the

interface of electrode materials and solid electrolytes

[37–41]. To fabricate solid-state batteries with accept-

able performances and unravel the resistance evaluations

during cycling at low temperature can promote the devel-

opment of solid-state batteries.

In this work, we introduced Li2O additives to partly

replace Li2S in 70Li2S–30P2S5 electrolyte to improve the

moisture stability and lithium metal compatibility. The

amounts of Li2O additives were optimized to achieve high

ionic conductivity and good stability toward moisture and

lithium metal. The prepared solid electrolytes after modi-

fied by the Li2O additives were combined with high-volt-

age cathode LiNi0.6Mn0.2Co0.2O2 and Li-In anode to

fabricate solid-state batteries. Furthermore, Li3InCl6 elec-

trolyte was introduced both in the cathode mixture to

replace the sulfide electrolyte and in the interface of the

above solid-state batteries to improve the electrochemical

performance at different temperatures.

2 Experimental

2.1 Material synthesis

The solid electrolytes in this work were prepared through

mechanical milling followed by a sintering process

described in previous work [42–44]. Reagent-grade Li2S

(99.9%, Sigma-Aldrich), P2S5 (99%, Macklin), and Li2O

(99.9%, Sigma-Aldrich) powders were mixed with the

required amount ratio using ZrO2-coated stainless steel

with ZrO2 balls. The total weight ratio of ZrO2 balls and

the mixture of raw materials were fixed at 20/1. The total

amount of the starting materials was 2.0 g for each jar. The

mixture was first ball milled with a rotation speed of 500

r�min-1 for 12 h. The mixture obtained after the milling

process was sealed in a quartz tube and annealed at 270 �C
for 3 h to get the final solid electrolytes. Li3InCl6 was

prepared by mechanical milling of the required amount of

LiCl and InCl3 with a rotation speed of 500 r�min-1 for

24 h followed by annealing the milled mixture at 260 �C
for 5 h to obtain the final powder.

2.2 Material characterization

X-ray diffractometer (XRD) patterns of the annealed (70–

x)Li2S–30P2S5–x%Li2O (x = 1, 2, 5, 10) solid electrolytes

were collected using Cu Ka radiation from a SmartLab-SE

Powder instrument over a 2h range of 10�–70� to identify

the phases. Morphology and energy-dispersive spec-

troscopy (EDS) mapping of the solid electrolytes were

observed by scanning electron microscopy (SEM, Nova

NanoSEM 450). Lithium-ion conductivities of the obtained

solid electrolytes were characterized by pelletizing 100 mg

target powder into a pellet (diameter of 10 mm) using

stainless steel as the blocking electrodes. Alternating cur-

rent (AC) impedance spectrum was performed with an

impedance analyzer (Solartron, 1260) in the frequency

range of 1 Hz to 10 MHz with an applied voltage of

0.02 V. Li/solid electrolyte/Li batteries were constructed to

evaluate the lithium compatibility of 70Li2S–30P2S5 and

65Li2S–30P2S5–5%Li2O as a function of the storage time.
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The ionic conductivities of the Li3InCl6/65Li2S–30P2S5–

5%Li2O bilayer solid electrolyte at different temperatures

were characterized the same as the above description. The

amounts of H2S generated from the prepared solid elec-

trolytes were measured by pelletizing 100 mg powder into

a pellet with a diameter of 10 mm. The pressed pellet was

transferred in a sealed plastic jar with a volume of 4 L,

which was filled by moist air with a relative humidity of

60%–70%. The amount of H2S was tested using an H2S gas

sensor as a function of time.

2.3 Solid-state battery fabrication and
electrochemical measurement

For LiNi0.6Mn0.2Co0.2O2/65Li2S–30P2S5–5%Li2O/Li-In

solid-state battery, 10 mg cathode mixture and 80 mg

65Li2S–30P2S5–5%Li2O electrolyte were pressed together

by applying a pressure of 624 MPa, and then a piece of Li-

In alloy was attached on the other side of the above bilayer

pellet to form a triple-layer pellet using a pressure of

62.4 MPa. The cathode mixture for this battery was

obtained by mixing the LiNi0.6Mn0.2Co0.2O2 with the

65Li2S–30P2S5–5%Li2O solid electrolyte with a weight

ratio of 7/3. To fabricate the LiNi0.6Mn0.2Co0.2O2/Li3InCl6/

65Li2S–30P2S5–5%Li2O/Li-In solid-state battery, 30 mg

Li3InCl6 electrolyte and 50 mg 65Li2S–30P2S5–5%Li2O

electrolyte were first pressed together with the same pres-

sure and then combined the same amount of new cathode

mixture, which consist of LiNi0.6Mn0.2Co0.2O2 and pre-

pared Li3InCl6 electrolyte with the weight ratio of 7/3 to

fabricate the final solid-state battery. The assembled solid-

state batteries were charged/discharged at 0.1C between

2.4 and 3.7 V (vs. Li-In) at both room temperature and

- 20 �C to evaluate the electrochemical performances. EIS

before and after different cycles at different temperatures

were measured in the frequency range of 1 Hz to 10 MHz

with an applied voltage of 0.02 V.

3 Results and discussion

Li7P3S11 solid electrolytes with different amounts of Li2O

additives were prepared by mechanical milling followed by

an annealing process. XRD patterns of the prepared sam-

ples are shown in Fig. 1a. As illustrated, all the diffraction

peaks of the obtained samples with different Li2O additives

were indexed to the pure phase of Li7P3S11. Moreover,

typical diffraction peaks due to Li7P3S11 located at 18�, 24�
and 30� once again confirmed that all those prepared

electrolytes displayed similar structure as a function of the

increasing Li2O additives amount. The peak located at *
22� is attributed to the plastic film used for isolating

moisture from the electrolytes. The ionic conductivities of

Li7P3S11 electrolytes with different amounts of Li2O

additives were characterized by temperature-dependent AC

impedances. The lithium-ion conductivity of Li7P3S11 was

1.0 9 10–3 S�cm-1, increased to 1.2 9 10–3 S�cm-1 for

69Li2S–30P2S5–1%Li2O (1@7311), and then decreased to

8.4 9 10–4 S�cm-1 for 68Li2S–30P2S5–2%Li2O

(2@7311), 9.9 9 10–4 S�cm-1 for 65Li2S–30P2S5–

5%Li2O (5@7311), and 5.5 9 10–4 S�cm-1 for 60Li2S–

30P2S5–10%Li2O (10@7311). The ionic conductivity of

Li7P3S11 first increased with the introduction of a small

amount of Li2O additive and then decreased with the

introduction of a large amount of Li2O additive. The ionic

conductivities of those solid electrolytes with different

amounts of Li2O additive at different temperatures also

confirmed this result, as shown in Figs. 1b, S1. 1@7311

electrolyte showed the highest ionic conductivity, and

10@7311 electrolyte displayed the lowest ionic conduc-

tivity among those solid electrolytes at different tempera-

tures. As shown in Fig. 1c, the activation energy for

conduction of those solid electrolytes first decreased with

the introduction amount of Li2O additives and then

increased at a large introduction amount, such as 10%.

To validate the effect of introducing Li2O on the air

stability of Li7P3S11 solid electrolyte, H2S amounts gen-

erated from the prepared samples were investigated. Fig-

ure 1d displays the amounts of H2S generated from the

pelletized (70–x)Li2S–30P2S5–xLi2O (x = 0, 1, 2, 5, 10)

solid electrolytes. The addition of Li2O additives plays a

key point in the generation of H2S gas from solid elec-

trolytes after exposition to air at room temperature. H2S gas

generation rate and amount decreased after the introduction

of Li2O additives, indicating that introduction of Li2O

additives in Li7P3S11 solid electrolyte is an effective

modification route to improve the moisture stability. Owing

to the higher stability of O than S in contact with moisture,

partial replacement of S with O by the introduction of Li2O

additive during the synthesis can significantly enhance the

moisture stability of sulfide solid electrolytes. The amount

of H2S gas increased as a function of the exposition time

for all samples until reached the limit of the H2S gas

sensor. 5@7311 electrolyte showed the slowest H2S gas

generation rate among those solid electrolytes, suggesting

the highest stability to moisture. Considering the accept-

able lithium-ion conductivity and the best moisture sta-

bility of 5@7311 among those solid electrolytes, it was

chosen as the solid electrolyte in this work. SEM images

and EDS mapping images of the prepared 5@7311 solid

electrolytes are performed and presented in Fig. 2. For

comparison, SEM and EDS mapping images of Li7P3S11
solid electrolyte are shown in Figure S2a–c. The electrolyte

showed particles with diameter of larger than 10 lm and

homogenous distribution of P, S and O. Previous research

showed that the introduction of O can improve the stability
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of sulfide electrolyte toward lithium metal. To verify the

lithium compatibility of the electrolyte before and after

adding the Li2O additives, Li/5@7311/Li and Li/Li7P3S11/

Li batteries were constructed. As shown in Fig. 3a, b, the

resistance of Li/ Li7P3S11/Li battery increased as a function

of the storage time with an extra resistance due to the

chemical instability between lithium metal and Li7P3S11
electrolyte. In contrast, the resistance showed slight chan-

ges with storage time increasing for the Li/5@7311/Li

battery, suggesting a higher lithium metal compatibility

than that of the bare 70Li2S–30P2S5 electrolyte. This also

can be confirmed by the change of interfacial resistances

for the assembled two batteries as a function of storage

time, as illustrated in Fig. 3c. It has been reported that the

chemical and electrochemical stability against lithium

metal of Li6PS5Br electrolyte was enhanced with O doping

[45]. The above results suggested that lithium metal com-

patibility and moisture stability of Li7P3S11 electrolyte can

be enhanced by the introduction of the Li2O additives. To

elucidate the inner mechanism of the improved compati-

bility between Li metal and Li7P3S11 electrolyte, the XPS

P 2p and S 2p detail spectra of Li7P3S11 and 5@7311 were

Fig. 1 a XRD patterns of Li7P3S11 solid electrolytes with different amounts of Li2O additives; b Arrhenius plots of corresponding
prepared solid electrolytes; c changes of activation energy of solid electrolytes as a function of amount of Li2O additives; d H2S
amount generated from pelletized Li7P3S11 solid electrolytes with different amounts of Li2O additives after exposition to air at room
temperature for different storage durations

Fig. 2 a SEM image and b–d corresponding EDS mappings of prepared 5@7311 solid electrolyte
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carried out. The ratio of PS4
3- and P2S7

4- groups was

enhanced after introducing Li2O in terms of P 2p results, as

illustrated in Fig. 3d, e. Additionally, the S 2p result of

5@7311 showed impaired P2Sx peak (Fig. 3f, g), which is

consistent with the P 2p result. Therefore, the ameliorative

Li metal compatibility of Li7P3S11 electrolyte could be

attributed to the reduced P–S–P bonding.

All solid-state batteries based on Li7P3S11 and 5@7311

solid electrolytes in combination with the coated

LiNi0.6Mn0.2Co0.2O2 and Li-In alloy were constructed and

charged/discharged at 0.1C between 2.4 and 3.7 V (vs. Li-

In) at room temperature. As shown in Fig. 4a, the

LiNi0.6Mn0.2Co0.2O2/Li7P3S11/In-Li battery delivered an

initial charge capacity of 88 mAh�g-1 and discharge

capacity of 54 mAh�g-1 with a low Coulombic efficiency

of 61%. The LiNi0.6Mn0.2Co0.2O2/5@7311/In-Li delivered

an initial charge capacity of 144 mAh�g-1 and discharge

capacity of 100 mAh�g-1 with an enhanced Coulombic

efficiency of 69%, as shown in Fig. 4b. After 10 cycles, the

former maintained a discharge capacity of 33 mAh�g-1

with a discharge capacity retention of 61%, while the latter

maintained a discharge capacity of 92 mAh�g-1 with a

discharge capacity retention of 92%, as illustrated in

Fig. 4c, d. EIS spectra before and after 10 cycles of above

batteries were compared, as shown in Fig. 4e, f. The half-

circle in the low frequency of the spectrum for cycled

battery represents the resistance from the electrode and the

solid electrolyte interfaces. The LiNi0.6Mn0.2Co0.2O2/

5@7311/In-Li battery showed lower resistance compared

to the LiNi0.6Mn0.2Co0.2O2/Li7P3S11/In-Li battery, sug-

gesting the improved compatibility of Li7P3S11 electrolyte

by introducing O atoms. Whereas Li7P3S11 and 5@7311

solid electrolyte can directly contact with the pristine high-

voltage LiNi0.6Mn0.2Co0.2O2 because the coated-

LiNi0.6Mn0.2Co0.2O2 applied here was not homogenously

coated, yielding interface reaction. The redox activity of

sulfide electrolyte in the cathode mixture will cause a side

reaction between the active material and electrolyte, lead-

ing to the formation of side reaction products at the inter-

face with high interfacial resistance. The poor charge/

discharge capacities and low initial Coulombic efficiency

for the assembled solid-state battery here were due to the

Fig. 3 Complex impedance spectra of a Li/Li7P3S11/Li and b Li/5@7311/Li at different storage time at room temperature; c resistance
variations as a function of storage durations; d XPS, e P 2p and f, g S 2p detail spectra of Li7P3S11 and 5@7311 electrolytes
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incompatibility between the coated-LiNi0.6Mn0.2Co0.2O2

high-voltage cathode material and electrolyte.

Lithium halide solid electrolytes have been reported to

exhibit excellent stability and compatibility with pristine

high-voltage cathode material. To improve the stability of

the cathode mixture, Li3InCl6 was synthesized and intro-

duced to replace the high-voltage cathode instable 5@7311

electrolyte in the cathode mixture. Moreover, to separate

the direct contact between the coated-LiNi0.6Mn0.2 Co0.2O2

and the prepared 5@7311 electrolyte layer, a thin layer of

Li3InCl6 was introduced in the new designed solid-state

battery. As shown in Figure S3a, a pure phase of Li3InCl6
(ICSD: 17638) was prepared by mechanical milling fol-

lowed by an annealing route. The AC impedance spectra at

different temperatures were performed using stainless steel

as the blocking electrode, as shown in Figure S3b. The

resistance of the prepared Li3InCl6 decreased as a function

of the increasing testing temperature. It showed a room

temperature ionic conductivity of 5.4 9 10–4 S�cm-1 with

an activation energy of 0.40 eV for lithium-ion conduction,

as illustrated in Figure S3c. SEM image and EDS mapping

results exhibited large particle size with homogenous dis-

tribution of In and Cl (Figure S3d). To investigate the ionic

conductivities of the 5@7311 and Li3InCl6 bilayer solid

electrolytes, 30 mg Li3InCl6 and 50 mg 5@7311 elec-

trolytes were pressed as a pellet using the same process

with the same pressure. The resistance of this bilayer solid

electrolytes increased with testing temperatures decreasing

(Fig. 5a), delivering an ionic conductivity of 6.2 9 10–4

S�cm-1 at room temperature and 5.5 9 10–5 S�cm-1 at

- 20 �C, respectively. The conductivities of 5@7311 and

Li3InCl6 are 1.32 9 10–4 and 2.83 9 10–5 S�cm-1 at

- 20 �C, respectively, as shown in Figure S4. As illus-

trated, the activation energy for lithium-ion conduction of

the Li3InCl6/5@7311 bilayer solid electrolytes was

0.33 eV (Fig. 5b), which was lower than the activation

energy of the Li3InCl6 electrolyte (0.40 eV) and higher

than the activation of the 5@7311 electrolyte (0.27 eV).

To validate the effect of introducing Li3InCl6 electrolyte

to replace sulfide electrolyte in the cathode mixture,

LiNi0.6Mn0.2Co0.2O2/Li3InCl6/5@7311/Li-In solid-state

battery was fabricated and charged/discharged with the

same rate (0.1C) and voltage window (2.4–3.7 V (vs. Li-

In)) at room temperature. As illustrated in Fig. 6a, it

delivered an initial charge capacity of 204 mAh�g-1 and

discharge capacity of 175 mAh�g-1 at room temperature

with a Coulombic efficiency of 86%. After introducing the

Li3InCl6 electrolyte additive in the cathode mixture and the

interface layer between the cathode mixture and 5@7311

electrolyte, the new solid-state battery showed much higher

charge/discharge capacities and Coulombic efficiency due

to the improvement of compatibility between

LiNi0.6Mn0.2Co0.2O2 active material and the 5@7311

electrolyte. This also confirms that Li3InCl6 electrolyte has

Fig. 4 Initial charge/discharge curves of a LiNi0.6Mn0.2Co0.2O2/Li7P3S11/In-Li and b LiNi0.6Mn0.2Co0.2O2/5@7311/In-Li solid-state
batteries cycled at 0.1C between 2.4 and 3.7 V at room temperature; c corresponding cycling performances and d Coulombic
efficiency comparison; e, f EIS of above solid-state batteries before and after 10 cycles
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excellent stability with high-voltage cathode material.

Further, 86% of the discharge capacity was retained after

the 10th cycle (Fig. 6b). EIS before and after 10 cycles of

the assembled solid-state battery showed that the 5@7311

electrolyte layer slightly changed, while the interfacial

resistance from the LiNi0.6Mn0.2Co0.2O2/Li3InCl6 interface

and the Li3InCl6/5@7311 was the major bottleneck for this

battery (Fig. 6c). This also can be proved as the resistance

change depicted in Figure S5. The resistance of Li3InCl6/

5@7311/Li3InCl6 battery slightly increased as a function of

the storage time, suggesting that the stability between

Li3InCl6 and 5@7311 electrolyte still needs to be

enhanced. For comparison, the battery of LiNi0.6Mn0.2-
Co0.2O2/Li3InCl6/Li-In with Li3InCl6 electrolyte as ionic

conductor was assembled with the same rate (0.1C) and

voltage window (2.4–3.7 V (vs. Li-In)) at room tempera-

ture (Figure S6). It delivered an initial charge capacity of

167 mAh�g-1 and discharge capacity of 132 mAh�g-1 at

Fig. 5 a Complex impedance spectra of bilayer Li3InCl6 and 5@7311 solid electrolytes at different temperatures; b corresponding
ionic conductivities at various temperatures

Fig. 6 a Initial charge/discharge curve and b corresponding cycling performances and Coulombic efficiency changes of
LiNi0.6Mn0.2Co0.2O2/Li3InCl6/5@7311/In-Li solid-state battery using Li3InCl6 as solid electrolyte additive in cathode mixture cycled at
0.1C between 2.4 and 3.7 V (vs. Li-In) at room temperature; c corresponding EIS of solid-state battery before and after 10 cycles;
d initial charge/discharge curve of above solid-state battery cycled at 0.1C between 2.4 and 3.7 V versus Li-In at - 20 �C;
e corresponding cycling performances and Coulombic efficiency changes; f corresponding EIS of solid-state battery before and after
10 cycles
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room temperature with a Coulombic efficiency of 79%, and

a discharge capacity retention rate of 47% after 10 cycles.

It also demonstrated the design rationality of double-layer

electrolyte structure. Finally, the low-temperature appli-

cation of this solid-state battery was also investigated by

charging/discharging the battery at 0.05C between 2.4 and

3.7 V under - 20 �C. The assembled LiNi0.6Mn0.2Co0.2O2/

Li3InCl6/5@7311/Li-In battery exhibited much lower initial

charge/discharge capacities, 122 and 79 mAh�g-1, respec-

tively, with a much lower Coulombic efficiency (64%), as

shown in Fig. 6d. It showed stable cyclability in the subse-

quent 9 cycles at - 20 �C (Fig. 6e), delivered a discharge

capacity of 80 mAh�g-1 with almost undecayed capacity.

The low charge/discharge capacities depicted here were

associated with the low ionic conductivity of the Li3InCl6
electrolyte and the Li3InCl6/5@7311 solid electrolyte

bilayer (5.5 9 10–5 S�cm-1, - 20 �C) at low temperature.

EIS results showed that two half circles belonged to the

LiNi0.6Mn0.2Co0.2O2/Li3InCl6 interface and the Li3InCl6/

5@7311 interface was observed when the temperature was

lowered to- 20 �C, respectively. The resistance associated
with the LiNi0.6Mn0.2Co0.2O2/Li3InCl6 interface was almost

unchanged after 10 cycles, while the resistance attributed to

the Li3InCl6/5@7311 interface slightly increased and the

resistance due to the Li-In/5@7311 electrolyte was also

observed (Fig. 6f).

4 Conclusion

In summary, the stability of 70Li2S–30P2S5 was improved

by the introduction of Li2O additives via mechanical mil-

ling followed by an annealing process. A small amount of

Li2O additives was introduced in the structure to enhance

the ionic conductivity of 70Li2S–30P2S5 electrolyte,

yielding the highest lithium-ion conductivity (1.2 9 10–3

S�cm-1) at room temperature for 69Li2S–30P2S5–1%Li2O,

while the ionic conductivities decreased with a higher

amount of Li2O additives. Moisture stability of the elec-

trolyte was significantly enhanced by the replacement of S

with O in the structure. The tailored 65Li2S–30P2S5–

5%Li2O electrolyte showed the highest moisture stability

and improved compatibility toward lithium metal.

LiNi0.6Mn0.2Co0.2O2/65Li2S–30P2S5–5%Li2O/Li-In solid-

state battery delivered enhanced charge/discharge capaci-

ties (144 and 100 mAh�g-1) and initial Coulombic effi-

ciency (69%) in comparison with LiNi0.6Mn0.2Co0.2O2/

Li7P3S11/Li–In battery (88 and 54 mAh�g-1), which are

still insufficient due to the redox reactivity of sulfide

electrolyte in the cathode mixture toward high-voltage

active material. Li3InCl6 electrolyte was successfully

applied as the additive in the cathode mixture and the

interface layer to avoid the direct contact of

LiNi0.6Mn0.2Co0.2O2 and solid electrolyte. A solid-state

battery with the structure of LiNi0.6Mn0.2Co0.2O2/Li3InCl6/

65Li2S-30P2S5–5%Li2O/Li-In was constructed and showed

enhanced charge/discharge capacities (204 and 175

mAh�g-1) and higher initial Coulombic efficiency (86%).

The improvement of solid-state battery performance was

due to the much lower interfacial resistance (* 200 X vs.

1000 X) after introducing Li3InCl6 additive. Furthermore,

this solid-state battery even exhibited good electrochemical

performance at an extremely low temperature (- 20 �C).
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