
2100609  (1 of 9) © 2021 Wiley-VCH GmbH

www.small-methods.com

Research Article

Fast Lithium Ionic Conductivity in Complex Hydride-Sulfide 
Electrolytes by Double Anions Substitution

Tengfei Zhang, Yifei Shao, Xiang Zhang, Yuqin Huang, Shuai Wang, Wei Zhou, Peng Li,* 
Guanglin Xia, and Xuebin Yu*

Dr. T. Zhang, Y. Shao, X. Zhang, Dr. P. Li
Jiangsu Key Laboratory of Electrochemical Energy-Storage Technologies
College of Materials Science and Technology
Nanjing University of Aeronautics and Astronautics
Nanjing 210016, China
E-mail: LPeng@nuaa.edu.cn
Y. Huang, Dr. G. Xia, Prof. X. B. Yu
Department of Materials Science
Fudan University
Shanghai 200433, China
E-mail: yuxuebin@fudan.edu.cn
Dr. S. Wang
Department of Mechanical and Energy Engineering
Southern University of Science and Technology
Shenzhen 518055, China
W. Zhou
Department of Physics
Tianjin University
92 Weijin Road, Nankai District, Tianjin 300072, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202100609.

DOI: 10.1002/smtd.202100609

and smart grids.[1–9] Current liquid elec-
trolytes suffer from low stability and poor 
compatibility to electrodes, which usu-
ally cause nonnegligible safety issues 
and fast capacity decay.[10–16] Therefore, 
substitution of the organic liquid elec-
trolytes by solid-state electrolytes (SSEs) 
is one of the key challenges to lithium 
ion battery technology. Extensive efforts 
have been devoted to developing SSEs 
with high ionic conductivity, wide electro-
chemical window, and excellent compat-
ibility. In this respect, various inorganic 
solid electrolytes, such as, lithium phos-
phorus oxynitride,[17,18] perovskite,[18–21] 
sodium superionic conductor,[18,22–24] 
garnet,[25–29] sulfide,[3,12,30–33] halide,[33,34] 
and hydride[35–43] materials, are potential 
candidates to replace organic liquid elec-
trolytes. Among them, complex hydrides 
have been widely studied as SSEs in next-
generation LIBs since 2007.[44] LiBH4 based 

SSEs, as typical complex hydrides, exhibit a wide electrochem-
ical window up to 5 V (vs Li/Li+), and are compatible to lithium 
metal anode and sulfur cathode.[41,43] However, these materials 
only present a high conductivity of 10−3 S cm−1 at more than 
120 °C owing to phase transition.[45]

To enhance the lithium ionic conductivity, several strate-
gies have been implemented such as partial anion substitution 
and nanoconfinement. The mixed anion effect is a well-known 
method for improving the ionic conductivity of materials by 
introduction of a new anion, for example a halide ion (I− or 
Br−),[46] azide ion (N3−),[18,47] or phosphate (PO4

3−),[48–50] into 
the original matrix. Doping anion with larger radius allows 
for inducing ion transport channels and decreasing lithium 
ion density, and thereby increasing lithium ionic conductivity. 
Orimo et al. reported that high temperature (HT) phase LiBH4 
can be stabilized at low temperature by partial doping with 
Li halides (LiX, where X represents Cl, Br, or I). Among the 
LiBH4-LiX composites, 3LiBH4-LiI shows a relatively high ionic 
conductivity of 2 × 10−5 S cm−1 at 27 °C.[38] However, this value is 
still far from their practical applications as SSEs. More recently, 
sulfide (P2S5) was introduced to hydride system and a high 
lithium ionic conductivity was reported by Hauback et  al.[51] 
Structural analysis and characterization suggest that BH4 and 
PS4 groups may belong to the same molecular structure, where 
[BH4]− can be partially replaced by [PS4]3−. These studies sug-
gest that partial substitution of [BH4]− by I− and [PS4]3− would 

Hydride-based solid-state electrolytes (SSEs) can maintain their stability 
against Li metal and exhibit high compatibility with a Li metal anode owing to 
their reducing property and flexible character. However, poor ionic conduc-
tivity at room temperature is a major challenge for hydride materials used as 
SSEs in a lithium ion battery. In this work, a room-temperature fast lithium-
ion conductor is explored in response to double anion substitution, (100-x)
(3LiBH4-LiI)-xP2S5 (LLPx, 0 ≤ x ≤ 50). Among these samples, LLP20 respec-
tively delivers an ionic conductivity up to 3.77 × 10−4 S cm−1 at 30 °C and 
1.0 × 10−2 S cm−1 at 100 °C, with a stable electrochemical window of 0–5 V. 
A Li plating/stripping test has been conducted under a current density of 
1.0 mA cm−2, which exhibits an excellent stability even after 1000 h. Moreover, 
the all solid-state cell exhibits a remarkable electrochemical performance in a 
wide temperature range including high reversible capacity, good rate capa-
bility, and long cycling durability. These outstanding performances present a 
practical strategy for developing ambient-temperature, fast ionic conductors 
for all solid-state batteries in near future.

1. Introduction

High energy and power densities are the basis for the large-
scale application of lithium-ion batteries (LIBs) in the near 
future, especially in portable electronic devices, electric vehicles, 
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further stabilize the high temperature phase and thereby obtain 
high Li+ conductors.

In this work, we investigated the possibility of double 
anions substitution and studied a series of pseudo-ternary 
composite SSEs composed of hydride and sulfide, namely 
(100-x)(3LiBH4-LiI)-xP2S5 (LLPx, 0 ≤ x  ≤ 50). Within this 
system, LLP20 exhibited an ultrahigh lithium ionic conduc-
tivity of log (σ S−1 cm−1) =  −4 at 30  °C, with a wide electro-
chemical window of 0–5 V and favorable mechanical strength 
and flexibility. Li plating/stripping tests confirmed the elec-
trochemical stability of the interface. The cycling stability and 
rate performance were investigated through all solid-state bat-
teries at moderate temperature. First-principal calculations 
revealed that Li ions diffuse in a 1D channel along a and b 
direction in the LLP20 structure with much lower barrier 
energy (0.5  eV) than 3LiBH4-LiI (0.7  eV) or LiBH4 (0.9  eV), 
which is responsible for the superior ion conductivity. These 
findings provide new insights into the design and develop-
ment of novel composite hydride-based SSEs for all solid-state 
lithium ion battery at room temperature.

2. Experimental Section

2.1. Synthesis of 3LiBH4-LiI

LiBH4 (95%, Sigma-Aldrich), LiI (99.9%, aladdin), and 
P2S5 (99%, aladdin) were stored in Ar gas-filled glove box 
(≤0.1  ppm  O2, H2O) and used as purchased. 3LiBH4-LiI was 
prepared by mechanical milling with molar ratio of 3:1. Then, 
the composite compound was annealed at 140 °C for 2 h in an 
Ar-filled environment (Figure 1a).

2.2. Synthesis of (100-x)(3LiBH4-LiI)-xP2S5

(100-x)(3LiBH4-LiI)-xP2S5 compound was prepared by mechan-
ical milling from the mixture of 3LiBH4-LiI and P2S5. The mix-
ture was hand-milled in an agate mortar for 15 min in the glove 
box, and further milled via planetary ball-milling (Fritsch, P7) 
at a rotation rate of 400  rpm for 3 h. Then, the mixture was 
annealed at 120 °C for 2 h in a vacuum environment (Figure 1a).

2.3. Material Characterization

The X-ray diffraction (XRD) measurements were carried out for 
the as-received samples. Phase identification was measured by 
using a PANalytical Empyrean Multipurpose X-ray diffractom-
eters with a copper Kα line (λ  =  1.540598 Å). Samples for XRD 
analysis were prepared in a glove box and sealed with Kapton 
films. Characterizations of the vibrational states were performed 
by Raman spectroscopy (Nicolet Almega-HD, Thermo Scien-
tific) using a dedicated cell without moisture and air exposure.

2.4. Electrochemical Measurements

The ionic conductivities were measured by electrochemical 
impedance spectroscopy (EIS, 7 MHz–1 Hz, Biologic VMP 300). 
The powder samples were pressed into 10 mm diameter pellet 
of above 1  mm thickness by a uniaxial press in glove box at 
room temperature. The coin-type cells (CR 2032) were assem-
bled in an argon-filled glove box with lithium metal as the 
counter and reference electrodes. The electrochemical stability 
was measured by using cyclic voltammetry (Biologic VMP 300) 

Figure 1.  a) Schematic view of the sample synthesis path. b) XRD patterns. c) Raman spectra of 3LiBH4-LiI and LLP20.
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with a stainless-steel (SUS)/SSE/Li cell in the scan range of 
−0.2 to 5 V (vs Li/Li+). Lithium plating/stripping cycling was 
evaluated with Li/SSE/Li cells at different current density from 
0.2 to 1 mA cm−2 using a battery tester (LAND, China).

To test the performance of full cells, Li4Ti5O12 (LTO) (99.9%, 
Sigma-Aldrich) and sulfurized pyrolyzed poly(acrylonitrile) 
(SPAN) were used as working electrode, respectively. Active 
materials, LLP20 and Ketjen Black (4:5:1 in weight ratio) were 
milled as cathode. The cells were placed into oil bath and 
the electrochemical performance of batteries was measured by 
galvanostatic cycling (Land, China).

3. Results and Discussion

3.1. Materials Synthesis and Characterization

Figure 1a shows the schematic synthesis procedure of LLPx and 
the corresponding XRD patterns are shown in Figure 1b. The dif-
fraction peak position of 3LiBH4-LiI is corresponding to the HT 
phase of LiBH4 in agreement with previous report. On the other 
hand, the addition of P2S5 to this system (sample LLP10, LLP20, 
LLP30) leads to the same Bragg peaks of 3LiBH4-LiI (Figure S1, 
Supporting Information), which indicates P2S5 as a dopant 
entering into the structure of 3LiBH4-LiI. According to XRD pat-
tern analysis (Figure 1b and Table S1, Supporting Information), 
the lattice spacing of (0 1 1) keeps increasing from 3.266 Å (HT-
LiBH4) and 3.341 Å (3LiBH4-LiI) to 3.354 Å (LLP20), which sug-
gests the expansion of the unit cell volume. However, with the 
increase of P2S5 content, the diffraction peaks of LLP30, LLP40, 
and LLP50 gradually converts from crystalline to amorphous 
phase, which are consistent with previous reports in Li3PS4 com-
posite SSE (Figure S2, Supporting Information).[52] As shown in 
Figure 1c, the Raman spectra of 3LiBH4-LiI and LLP20 samples 
were measured between 350 and 2600 cm−1. A broad band at 
≈2311 cm−1 can be attributed to [BH4

−] vibration in the hexagonal 
high-temperature phase of 3LiBH4-LiI and LLP20. The shoulder 
at 2375 cm−1 can be categorized as the stretching band of [BH4

−] 
in different chemical environments. LLP20 samples containing 
P2S5 display a strong band at 420 cm−1, which can be assigned 
to the vibration of the [PS4

3−] ions. Meanwhile, the presence of 
[PS4

3−] is identified by a wide band from 542 to 564 cm−1 owing 
to the increase of the length of [PS4

3−] chains.[51,53] Furthermore, 
a minor amount of sulfur unit ion (S6

2− and S4
2−) were observed 

in the spectra at 452 and 488 cm−1, resulting from the decompo-
sition of P2S5 by separation of exocyclic sulfur.[54,55] In general, 
comprehensive analysis of XRD and Raman experimental results 
suggests that the BH4

− ions are partially substituted by PS4
3− and 

I− ions. SEM images of the as-prepared LLPx powders are shown 
in Figure S2, Supporting Information. All the SSE powders are 
a few to tens of µm size with irregular morphology. The micro-
scopic surface of these samples looks very smooth, indicating 
that the sample has good flexibility during assembly.

3.2. Electrochemical Performance

The ionic conductivity of LLPx was measured by EIS with Li 
electrodes. The results of LiBH4 and 3LiBH4-LiI as references 

were also compared. The Arrhenius plots of LLPx show a linear 
increase in the logarithmic values. Among the series samples 
of LLPx (0 ≤ x  ≤ 50) in Figure  2a, the LLP20 sample shows 
the highest conductivity at 30  °C, 3.77  × 10−4 S cm−1. Further 
increasing temperature to 50 and 100  °C, LLP20 exhibits a 
lithium ionic conductivity of 1.12 × 10−3 and 1.0 × 10−2 S cm−1. 
The EIS results of LLP20 with blocking electrodes was also 
measured and shown in Figure S3, Supporting Information. 
Figure 2b shows the typical Nyquist plots obtained from LLP20. 
The impedance presents a semicircle during the measure 
region, which is attributed to the bulk and grain boundary. 
Their diameters sensitively decrease with increasing tempera-
ture from 30 to 100 °C. Correspondingly, the obtained conduc-
tivities follow an Arrhenius trend according to the relation:

exp( / )0 aσ σ= −T E kT � (1)

where σ is the ionic conductivity and Ea is the activation 
energy. The ionic conductivity and the activation energy were 
the largest and the lowest for x = 20 (Figure  2c). These are σ 
(100 °C) = 1.0 × 10−2 S cm−1and 0.49 eV, respectively. This con-
ductivity is comparable to those of hydride-based, oxide-based, 
sulfide-based, and polymer-based electrolytes (Figure 2d). These 
results imply a strong possibility on the further investigation of 
a new generation of solid-state batteries with high-energy den-
sity. In this case, the following measurements would focus on 
the LLP20 sample.
Figure 3a–c show the CV curves of the LLP20 sample as com-

pared with 3LiBH4-LiI and LLP30. A pair of peaks corresponding 
to Li plating/stripping (lithium deposition Li++e− →Li, and dis-
solution Li→Li++e−) near 0 V versus Li/Li+ was observed, and 
no additional current response corresponding to electrochem-
ical reactions appeared up to 5  V versus Li/Li+, which dem-
onstrated the high electrochemical stability of 3LiBH4-LiI and 
LLP20 samples (Figure  3a,b). Notably, the LLP20 electrolyte 
revealed in a fairly low current peak during Li plating/stripping. 
However, Figure  3c shows the CV curves of LLP30 sample, 
which a board peak could be observed from 1 to 3 V. This indi-
cates that the LLP30 electrolyte is unstable under this voltage 
range. It also suggests that the addition of excessive sulfide 
leads to the formation of amorphous, which further reduces its 
electrochemical stability.[56–58] Furthermore, the electrochemical 
oxidative stability of LLP20 based on linear sweep voltammetry 
were measured according to the method reported previously. 
Proper addition of the conductive carbon and its ratio in the 
composite electrolytes are important for an accurate determi-
nation of the intrinsic oxidative stability. Figure S6, Supporting 
Information, shows the representative linear sweep voltammo-
grams at 100 µV s−1, using Ketjenblack, 5  wt%. The value of 
Eonset was 1.97 V versus Li+/Li, attributing to a sufficiently large 
electronic contact area. This intrinsic electrochemical window 
is smaller than that without carbon addition (Figure 3b). How-
ever, there was no obvious detection of hydride-based electro-
lyte decomposition and side reactions during discharge–charge 
process (Figure 4). This is mainly owing to the formation of the 
stable interface that hinders the side reaction between cathode 
and electrolyte, which has been proved by previous study.[59] For 
example, Orimo and co-workers experimentally observed the 
formation of Li2B12H12 as a result of thermal decomposition of 
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LiBH4.[60] Ohba and co-workers have examined the phase rela-
tionship of the ternary Li-B-H-hydrides by the first-principles 
calculations.[61] The authors suggested that Li2B12H12 is thermo-
dynamically stable and thereby occurs as an intermediate stable 
phase between cathode and electrolyte. On the other hand, 
the corresponding dQ/dV curves were shown in Figure  4f. 
There is an irreversible electrochemical oxidation wave attrib-
uted to the side-reaction appeared in the voltage range around 
1.2 V at the 2nd cycle. Such an irreversible electrochemical oxi-
dation was not observed from the 3rd cycle onward, and the 
coulombic efficiency became almost 100%. These results sug-
gest that the electrolyte and electrode have good stability during 
discharge and charge cycling.

Then, to evaluate the lithium ion transfer capability across the 
interface with the lithium metal anode, the Li plating/stripping 
cycling was measured at 100  °C. When galvanostatically 
cycled at different current densities from 0.2 to 0.5  mA cm−2 
in both directions for 1 h, the Li/LLP20/Li cell exhibits supe-
rior voltage retention and electrochemical stability compared 

with Li/3LiBH4-LiI/Li cell (shortcut at 470 h). The magnified 
potential curve as shown in Figure  3d, and represents the 
plated and stripped details between the two electrodes without 
sudden drop in the overpotential. A very flat potential profile 
for plating/stripping throughout cycling, which implying the 
absence of formation of high-surface-area Li microstructures, 
such as, Li dendrites.[62] Remarkably, the voltage remains stable 
over 500 cycles (or 1000  h) compared with other type electro-
lytes such as, oxide-[63–67] and sulfide-[68–70] electrolytes.

The interfaces between the Li metal and SSEs after 500 cycles 
were observed by cross-sectional SEM in Figure 3f. Compared 
with fresh Li metal (Figure  3g), an obvious interface area of 
newly formed Li around 15 µm thick without needle-like Li den-
drite was found after long time cycling. No apparent cracks are 
observed in cross-section of electrolytes near the interface area, 
which corresponds to Zhang et  al. and Sun et  al.’s research 
that electrolytes with the high Li+ transference number lead 
to a uniform diffusion and stable deposition of Li+, further 
suppressing the formation of Li dendrites at the interface of 

Figure 2.  a) Arrhenius ionic conductivity plots of LLPx. b) Typical Nyquist plots of LLP20. c) The ionic conductivity at 100 °C, and the activation energies 
of LLPx as a function of x. d) Arrhenius ionic conductivity plots of LLP20, LiBH4-based complex hydride and other types of electrolytes.[29,40,41,43,46,74–78]
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Li/SSE.[71–73] However, as shown in Figure S4, Supporting Infor-
mation, cracks are observed inside the LLP20 SSE upon long 
time cycling, which indicates the place of origin for nucleation 
of Li dendrites. This is also consistent with the short-circuit 
mechanism of LiBH4-based SSEs. Moreover, Figure S5a, Sup-
porting Information, shows the voltage profiles with stepped 
current density. Obviously, a sudden decrease in the overpoten-
tial occurred at 1.6 mA cm−2, probably owing to the Li dendrite 
formation. To investigate the durability of the interface against 
fast charging and discharging, a Li plating/stripping test was 

conducted under a current density of 1.0  mA cm−2 as shown 
in Figure S5b, Supporting Information. The symmetric cell 
showed an excellent stability even after 1000 h also certificates 
that the composite SSEs can maintain their stability against Li 
metal and exhibit high compatibility with Li metal, which is 
very suitable as a potential SSE.

The direct current (DC) conductivity of LLP20 was measured 
by using lithium electrodes and SUS electrodes. The DC con-
ductivity of LLP20 for lithium electrodes (SUS electrodes) was 
determined around 4.1 × 10−4 S cm−1 (3.1 × 10−10 S cm−1, 40 °C), 

Figure 3.  Cyclic voltammogram (CV) operated in an asymmetric cell at 100 °C and a scan rate of 5 mV s−1of a) SUS/3LiBH4-LiI/Li, b) SUS/LLP20/Li, 
and c) SUS/LLP30/Li, respectively. Galvanostatic cycling curves of Li/LLP20/Li symmetric cells. Voltage transients during Li plating/stripping with dif-
ferent current densities at 100 °C d) 0.2 mA cm−2, e) 0.5 mA cm−2. SEM image of the LLP20/Li interface. f) Cross section of digital photo. g) Fresh Li. 
h) Current density at 0.2 mA cm−2 after 500 cycles, and i) current density at 0.5 mA cm−2 after 500 cycles.
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1.9 × 10−3 S cm−1 (1.4 × 10−9 S cm−1, 70 °C), and 5.7 × 10−3 S cm−1 
(1.2 × 10−8 S cm−1, 100 °C) after 1000 s, respectively, which are 
at least 5 orders of magnitude higher than that for SUS elec-
trodes (Figure S7, Supporting Information). Furthermore, the 
EIS impedance of Li/Li cell and Li/SPAN cell were measured 
before and after cycling. A very flat potential profile for plating/
stripping throughout cycling and the resistance of cell has no 
obvious increase after cycling (Figure S8, Supporting Informa-
tion). These DC values of lithium electrodes agree with the EIS 
results, indicating that no distinct impedance of interface exists 
between electrode and electrolyte. Accordingly, the lithium ion 
transference number (tc) for LLP20 was calculated based on the 
equation below:

1 /c SUS Li= −t D D � (2)

where DSUS and DLi are the DC conductivities, respectively. The 
tc for LLP20 are almost same at different temperature, 0.9999, 
which means the Li+ contributes independently to the charge 
transference and the electronic conduction is almost negligible 
in this study.

3.3. All Solid-State Batteries Performance

Herein, to demonstrate the adequacy of the LLP20 composite 
electrolyte for all-solid-state batteries, two types of all-solid-
state batteries, Li/LLP20/Li4Ti5O12(LTO) and Li/LLP20/SPAN, 

were assembled and cycling tested. Figure  4a,d shows the 
charge/discharge curves at 40, 70, and 100 °C, respectively. The 
corresponding discharge capacities for LTO are 138, 147, and 
166 mAh g−1, and for SPAN are 1009, 1354, and 1662 mAh g−1 
at a current density of 0.05 C, indicating a wide temperature 
application for LLP20. The charge/discharge tests were meas-
ured at 0.5 C and 70 °C as shown in Figure 4b. The initial dis-
charge capacity is 158 mAh g−1, which is equivalent to 90% of 
the theoretical capacity for LTO (175 mAh g−1). The discharged 
capacity can be relatively well-maintained (up to 156 mAh g−1) 
after 20  cycles. More importantly, 100% of the coulombic effi-
ciency can be retained during cycling. As shown in Figure 4c, 
the cell exhibits good rate performance with specific capaci-
ties of 171, 162, 149, 116, and 96 mA h g−1 at 0.2, 0.5, 1, 2, and 
5  C, respectively. Meanwhile, for SPAN electrode, cycling per-
formance of Li/LLP20/SPAN full cell was tested at the current 
density of 0.05 C for sulfur as active material in the voltage 
range from 1.0 to 2.5  V (vs Li/Li+). The corresponding dis-
charge–charge curves were shown in Figure 4e (dQ/dV curves 
in Figure 4f). The discharge capacity and charge capacity were 
1354 and 1303 mAh g−1 in the second cycle (96% S utilization), 
respectively. The cycling performance was also tested at 40 and 
100  °C as shown in Figures S8 and S9, Supporting Informa-
tion. The discharged capacity can be well-maintained even after 
100 cycles, certificating the excellent performance of LLP20 as 
SSE. The above preliminary results strongly prove that LLP20 
is a promising electrolyte material. The overall performance of 
all solid-state batteries using LLP20 can be further improved 

Figure 4.  a) Charge–discharge profiles of Li/LLP20/LTO at 40, 70, and 100 °C. b) Cycling performance of Li/LLP20/LTO at 70 °C. c) Rate performance 
at 0.2, 0.5, 1, 2, and 5 C at 70 °C. d) Charge–discharge profiles of Li/LLP20/SPAN at 40, 70, and 100 °C. e) Cycling performance of Li/LLP20/SPAN at 
70 °C. f) Differential capacitance curves of galvanostatic cycling curves in (e).
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through electrode optimization and interface modification, 
which will be completed in our future work.

3.4. Lithium Ion Diffusion Mechanism

To further investigate the mechanism of Li+ diffusion and the 
high ion conductivity in LLP20, first-principal calculations 
using nudged elastic band method were carried out by studying 
the diffusion pathways and barriers in LiBH4, 3LiBH4-LiI, and 
LLP20. According to experimental data, a 2 × 1 × 1 supercell 
of LiBH4 was used to simulate Li+ diffusion in pure LiBH4 
(Figure  5a,d); two BH4 group replaced by two I atoms was 
set in a 2 × 2 × 1 supercell of LiBH4 to form the 3LiBH4-LiI 
lattice (Figure  5b,e); a 2 × 2 × 2 supercell of LiBH4 based on 
3LiBH4-LiI was used to simulate LLPx in which a BH4 group 
was replaced by PS4 group (Figure  5c,f). Figure  5g,–i show 
the Li+ diffusion barriers along with the diffusion pathways in 
three axes directions. As shown in Figure 5g, Li+ could diffuse 
along a and b axes with much lower barriers (0.98 and 0.94 eV) 
than along c axis (1.44  eV) in pure LiBH4, which may result 
from the space barrier of BH4 group in the Li ion diffusion 
pathway along c axis. In Figure 5h,i, the similar phenomenon 
could also be observed both in 3LiBH4-LiI and LLPx, in which 

the diffusion barriers along c axis are about 50% higher than 
those along a or b axis. Furthermore, after doping with I ions in 
LiBH4, Li+ is easier to diffuse in a or b axis (about 0.70 eV) than 
in pure LiBH4 (about 0.95 eV). When PS4 group is induced into 
3LiBH4-LiI, the diffusion barrier in a or b axis further decreased 
to 0.50 eV. Because the dopants of I ions and PS4 group have 
larger volume than BH4 group, inducing larger lattice vol-
umes in 3LiBH4-LiI and LLPx, the higher ion conductivity 
could be attributed to the larger space in lattice and lower dif-
fusion barrier. As a result, LLPx has a small Li+ concentration 
(9.55 nm−3), compared with LiBH4 (18.35 nm−3) and 3LiBH4-LiI 
(11.63 nm−3). Therefore, the doping with I ion and PS4 group 
could enhance the ion conductivity of LiBH4 by decreasing Li 
ion diffusion barrier, providing further evidence of the fast ion 
migration in LLPx.

4. Conclusions

In summary, a series of composite SSEs consisted of hydride 
and sulfide was developed in this study. After P2S5 doped, no 
phase transition was observed. The concept of double anions 
substitution has been verified, which help successfully sta-
bilize the high temperature phase in room temperature. A 

Figure 5.  Schematic calculation models of a) LiBH4, b) LiBH4-LiI, c) LLP20 from c-axis, and d) LiBH4, e) LiBH4-LiI, f) LLP20 from a-axis; g,h,i) Li ion 
diffusion barriers along a, b, and c axes in LiBH4, LiBH4-LiI, and LLP20, respectively.
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preliminary study reveals the high reorientational mobility 
associated with the anions could assist the high lithium ionic 
conductivity. Thereby a high lithium ionic conductivity of 2.3 × 
10−4 S cm−1 was realized at 30 °C with a wide electrochemical 
window of 0–5  V. Notably, the instantaneous voltage remains 
stable over 500 cycles (or 1000  h) under a current density of 
1.0 mA cm−2. The composite SSEs can maintain their stability 
against Li metal and exhibit high compatibility with Li metal. 
Moreover, all solid-state batteries were assembled and tested in 
a wide temperature range, which presented notable cyclability 
and reversibility. These results could provide principles for 
exploring high-performance composite SSEs from single SSEs 
and contribute to the development of next-generation LIBs with 
high energy density.
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