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Bulk and interface-strengthened Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte via
dual-source doping for all-solid-state lithium-sulfur batteries

Bo-Sheng Zhao, Peng Chen* and Xue-Ping Gao*

ABSTRACT Sulfide solid electrolyte is a promising candidate
for the development of high-energy lithium-sulfur (Li-S)
batteries. However, the concurrent improvement of ionic
conductivity, bulk air stability, and compatibility of the elec-
trolyte/electrode interface of sulfide solid electrolyte remains a
huge challenge. Herein, we propose a dual-source doping
(Sb2O3 and LiI) strategy to prepare a multifunctional sulfide
solid electrolyte. Sb2O3 can broaden the transmission path of
lithium ions and improve the bulk stability, and LiI can inhibit
the generation of lithium dendrites and reduce the electrolyte/
electrode resistance. Therefore, the sulfide solid electrolyte can
be strengthened in terms of its bulk and interface, thus ex-
hibiting a high ionic conductivity of 1.69 × 10−3 S cm−1 at 30°C,
high air stability, and high electrochemical stability with li-
thium metal. On this basis, the as-prepared all-solid-state Li-S
batteries (ASSLSBs) can exhibit a high specific discharge ca-
pacity after being cycled at 0.05 C for 100 cycles at room
temperature (833 mA h g−1) or 60°C (949 mA h g−1). This
work provides a rational scheme for the preparation of prac-
tical sulfide solid electrolytes and high-performance ASSLSBs.

Keywords: all-solid-state batteries, lithium-sulfur batteries,
multifunctional sulfide solid electrolyte, ionic conductivity, air-
stability

INTRODUCTION
With the soaring global energy consumption, the development
of new energy storage systems with high energy density and high
security is urgently needed [1–4]. Lithium-sulfur (Li-S) batteries
have become one of the most promising alternatives for next-
generation energy storage systems due to their high theoretical
energy density (2600 W h kg−1) and high specific capacity
(1675 mA h g−1) [5–8]. However, lithium polysulfide can shuttle
in the liquid electrolyte during cycling, and the capacity of Li-S
batteries decays extremely quickly, which seriously affects their
cycle stability [9,10]. Moreover, the lithium metal in the liquid
electrolyte will inevitably generate lithium dendrites and cause a
short circuit during electrochemical charge-discharge cycles,
posing serious safety hazards [11,12]. By contrast, no lithium
polysulfide is produced in all-solid-state Li-S batteries
(ASSLSBs), which not only eliminates the shuttle effect of
lithium polysulfide but also improves the capacity and cycle
stability of Li-S batteries [13,14]. Replacing liquid organic elec-
trolytes with non-volatile and non-flammable sulfide solid

electrolytes can improve the stability and safety of ASSLSBs
fundamentally [15,16]; therefore, the application of sulfide
electrolytes has attracted widespread attention.

The properties of solid electrolytes play a decisive role in the
performance of ASSLSBs [17,18]. Sulfide solid electrolytes have a
high ionic conductivity (>1 mS cm−1), a wide electrochemical
stability window (>5 V vs. Li/Li+), and good mechanical prop-
erties that are highly favorable in ASSLSBs [19–22]. However,
some critical issues, such as ionic conductivity, electrolyte sta-
bility, and electrolyte/electrode interface compatibility, need to
be resolved [23–27]. In ambient air, the sulfide solid electrolyte
will be hydrolyzed to release the toxic gas hydrogen sulfide,
which destroys the electrolyte structure, leading to decreases in
the ion conductivity and degradation of the battery performance
[28,29]. Meanwhile, the presence of lithium dendrites at the
interface between the solid electrolyte and the anode will cause a
rapid short circuit during cycling [30,31]. In general, the bulk
and interface of sulfide electrolytes need further optimization for
future applications. As previously reported, replacing S2− in the
sulfide solid electrolyte with O2− ions can improve the bulk
stability of the sulfide solid electrolyte and enhance its inherent
air and redox stability [23,32]. In addition, replacing P5+ with
ions that possess a larger atomic radius or higher polarizability
can broaden the lithium-ion transport channel and improve the
ionic conductivity of electrolytes [33,34]. In particular, the
addition of LiI to sulfide solid electrolytes can not only inhibit
the formation of lithium dendrites but also increase the mobility
of lithium ions at the interface between the electrolyte and the
lithium anode [35,36]. Consequently, the appropriate mod-
ification of sulfide electrolyte, especially the implementation of
proper doping technologies, may be a practical method for
improving battery performance.

In this work, we selected a dual-source doping strategy to
optimize the sulfide solid electrolyte. A new type of Li7P2.9Sb0.1-
S10.65O0.15I0.2 electrolyte was prepared by adding Sb2O3 and LiI to
the sulfide solid electrolyte through high-energy ball milling and
further heat treatment. Compared with the Li7P3S11 electrolyte,
the dual-doped Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte has higher
ionic conductivity, better air stability, and solid-solid interface
compatibility and benefits from the strengthened bulk and
interface structure. Therefore, the use of Li7P2.9Sb0.1S10.65O0.15I0.2
electrolyte with better chemical and electrochemical properties
to assemble ASSLSBs results in higher battery capacity, better
rate performance, and cycle stability, showing a promising
attempt for the practical use of ASSLSBs.
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EXPERIMENTAL SECTION

Preparation of solid-state electrolytes
Li7P2.9Sb0.1S10.65O0.15I0.2 solid-state electrolytes were prepared by a
two-step method through high-energy ball milling and roasting.
First, the reactants, including Li2S (99.9%, Alfa Aesar), P2S5
(99%, P ≥ 27%, Macklin), Sb2O3 (99.99%, Aladdin), and LiI
(99.99%, Aladdin), were accurately weighed by stoichiometric
ratio. The weighed reactants were poured into a zirconia tank,
and high-energy ball milling was performed at a rotation speed
of 550 r min−1 for 40 h at room temperature. Then, the powders
obtained by ball milling were pressed into flakes and calcined at
240°C for 2 h. Finally, Li7P2.9Sb0.1S10.65O0.15I0.2 solid-state elec-
trolytes can be obtained. All the experiments except ball milling
were performed in a glove box filled with argon (H2O <0.1 ppm,
O2 <0.1 ppm). Li7P3S11 solid-state electrolytes were prepared in
accordance with a previously reported article [29].

Preparation of the sulfur-carbon (S-C) composite cathode
Via a simple ball milling method, the active materials of sulfur,
carbon (super P) as the electronic conductive additive, and
Li7P2.9Sb0.1S10.65O0.15I0.2 solid-state electrolytes as the ionic con-
ductor were weighed and mixed at a ratio of 4:3:3 to prepare the
composite cathode (S-C/Li7P2.9Sb0.1S10.75O0.25). First, sulfur active
materials and the electronic conductive additive carbon were
poured into the zirconia ball at a mass ratio of 4:3 and
mechanically ball milled at 350 r min−1 for 5 h at room tem-
perature. Then, the S-C composites were mixed with a certain
amount of Li7P2.9Sb0.1S10.65O0.15I0.2 solid-state electrolytes in the
zirconia ball. The three materials were also mechanically ground
at 350 r min−1 for 10 h. Finally, the composite cathode was
obtained and used in ASSLSBs. The S-C/Li7P3S11 composite
cathode was prepared following the same process as above.

Assembly of ASSLSBs
To assemble the ASSLSBs, we used Li7P2.9Sb0.1S10.65O0.15I0.2 and
Li7P3S11 solid-state electrolytes to separate the active materials of
the composite cathode (S-C/Li7P2.9Sb0.1S10.75O0.25 and
S-C/Li7P3S11) and the lithium-indium (Li-In) alloy of the anode.
Chiefly, the solid-state electrolytes (130 mg) were placed in a
specific mold (diameter of 10 mm) and cold-pressed at a pres-
sure of 380 MPa. Subsequently, the composite cathode (1.5 mg)
was evenly dispersed on the upper surface of the electrolyte and
pressed together with a pressure of 380 MPa. In addition, the Li-
In alloy anode was placed on the other side of the electrolyte. On

both sides of the three-layer structure, two stainless steel (SS)
sheets were added as current collectors. As a very critical step,
the application of 100 MPa pressure to the entire mold at
ambient temperature can be used to obtain the ASSLSBs. All the
above preparation processes were completed in a glove box with
an argon atmosphere (H2O < 0.1 ppm, O2 < 0.1 ppm). Fig. 1
shows the schematic structure of an ASSLSB.

Material characterization
Powder X-ray diffraction (XRD) was performed using a Rigaku
mini Flex II instrument with Cu Kα radiation at a scanning
speed of 10° min−1. The Raman spectra were measured using an
SR-500I-A Raman microscope with a 532-nm line. Scanning
electron microscopy (SEM, JEOL-JSM7800F) and elemental
mapping (energy dispersive spectroscopy (EDS), Bruker Quan-
tax 200) were performed to characterize the morphologies and
microstructures of the solid-state electrolytes. A closed container
of approximately 5000 mL was equipped with a hydrogen sulfide
detector (HJ-BXA-H2S), solid-state electrolytes, and a small fan.
The solid-state electrolytes were exposed to a container with a
humidity of 25%–30% at 25°C, and the change in hydrogen
sulfide content was detected by the hydrogen sulfide detector.
Thermogravimetric analysis (TG, METTLER TOLEDO, TG/
differential scanning calorimetry) was used to test the sulfur
contents in the composite cathode from 50 to 800°C under an
argon atmosphere. X-ray photoelectron spectroscopy measure-
ments were conducted on an Escalab 250Xi (Thermo Fisher
Scientific).

Electrochemical measurement
The solid-state electrolyte was cold pressed at 380 MPa in the
mold, and two SS plates were used as the symmetrical blocking
electrodes. Electrochemical impedance spectroscopy (EIS) of the
solid-state electrolyte was performed, and the results were
recorded at a frequency range of 1 MHz to 1 Hz with an
amplitude of 5 mV using Zahner IM6e at temperatures from 303
to 398 K. The electrochemical window of the solid-state elec-
trolyte was measured by cyclic voltammetry (CV), in which the
asymmetric Li/solid electrolyte (SE)/SS battery was tested in the
voltage window range of −0.5 to 5 V (Li/Li+) at a scan rate of
1 mV s−1. The symmetrical batteries (Li/SE/Li or Li-In/SE/Li-In)
with solid-state electrolytes were measured at a current density
of 0.1/0.2 mA cm−2 at room temperature. The LAND battery test
system (C2001A, LAND China) can test the performance of a
battery through the discharge and charge processes at a current

Figure 1 Preparation of solid-state electrolyte and schematic of ASSLSBs.
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of 0.05 C with the voltage ranging from 0.8 to 2.4 V (vs. Li-In). It
can also test the battery at different rates from 0.05 to 1 C at
room temperature and 60°C. The specific capacity of ASSLSBs
can be obtained by calculating the sulfur active material.

RESULTS AND DISCUSSION
Sb2O3 and LiI were doped into the binary electrolyte system of
lithium sulfide and phosphorus sulfide by ball milling, and the
Li7P2.9Sb0.1S10.65O0.15I0.2 sulfide solid electrolyte with high ionic
conductivity was obtained by further heat treatment. The sulfur/
carbon composite cathode and lithium indium alloy anode were
used to assemble an ASSLSB with the Li7P2.9Sb0.1S10.65O0.15I0.2
sulfide solid electrolyte (Fig. 1).

The powder XRD patterns in Fig. 2a exhibit the crystal
structures of Li2S, P2S5, Sb2O3, LiI, Li7P3S11, and Li7P2.9Sb0.1S10.65-
O0.15I0.2. Comparison of the XRD of the raw materials (Li2S, P2S5,
Sb2O3, and LiI) and electrolytes (Li7P3S11 and Li7P2.9Sb0.1S10.65-
O0.15I0.2) shows that the product electrolytes did not exhibit any
of the XRD peaks of the unreacted raw materials, indicating that
the crystal structure of the reactants was destroyed, and new
crystal-structured electrolytes were formed finally. In addition,
the doping elements Sb, O, and I can enter the lattice structure
of the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte with good crystallinity.
Moreover, the diffraction peaks of Li4P2S6 can be observed in the
Li7P3S11 electrolyte [37]; however, Li4P2S6 was revealed as an
impurity with a low conductivity due to the decomposition of
Li7P3S11 during the heat treatment [38,39]. When Sb2O3 and LiI
were used in doping, the Li4P2S6 impurity can hardly be found in
the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte, indicating that the ther-
mal stability of the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte was
improved, and the production of the impurity Li4P2S6 was sup-
pressed after doping. As a result, the bulk phase purity and
stability can be strengthened by dual-source doping.

The Raman spectra in Fig. 2b display the chemical species of
Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes. Two absorption
peaks at 408 and 386 cm−1 can be observed in the Raman spectra
of Li7P3S11 electrolytes. Meanwhile, the Raman spectra of
Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte showed three absorption peaks
at 416, 406, and 385 cm−1. The absorption peaks at 416 and
408 cm−1 were caused by the symmetric stretching vibration of
the P–S bond, corresponding to the PS4

3− and P2S7
4− groups,

respectively, indicating that the electrolytes possessed a highly
conductive phase [40,41]. The absorption peak of the P2S6

4−

group with a low conductive phase appeared at 386 cm−1 [42].
Evidently, the intensity of the absorption peak of the
Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte at 386 cm−1 was significantly
reduced, indicating that doping with Sb2O3 and LiI can effec-
tively reduce the generation of impurity Li4P2S6. The Raman
analysis results were consistent with the XRD results, which
further proved that dual-source doping can improve the ionic
conductivity of the electrolyte.

To study the morphology of the electrolytes and the uni-
formity of doping, we characterized the electrolytes by SEM,
element distribution measurements, and linear sweep (Fig. 3).
The Li7P3S11 electrolyte was composed of small pieces, and the
distributions of P and S in the electrolyte were very uniform
(Fig. 3a). For comparison, most of the Li7P2.9Sb0.1S10.65O0.15I0.2
electrolytes existed as large lumps, which indicated that the
agglomeration became more serious during preparation
(Fig. 3b). However, the distribution of each element (P, S, O, Sb,
and I) in the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte was still very
uniform, demonstrating that P, S, O, Sb, and I were successfully
doped in the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte. The result was
consistent with that of the XRD analysis.

Ionic conductivity is crucial for solid electrolytes. To measure
the ionic conductivity of dual-source-doped sulfide electrolyte,
we selected an SS sheet as the ion-blocking electrode to carry out
the EIS test of symmetrical SS/SE/SS battery at different tem-
peratures (303, 313, 333, 353, 373, and 393 K). Fig. 4a shows the
EIS impedance diagram of the electrolytes (Li7P3S11 and Li7P2.9-
Sb0.1S10.65O0.15I0.2) at 30°C. In the comparison of the impedances
of the two electrolytes, the impedance of the Li7P2.9Sb0.1S10.65-
O0.15I0.2 electrolyte was significantly reduced after the doping of
Sb2O3 and LiI. In addition, the calculated ionic conductivities of
the Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes were 8.92 ×
10−4 and 1.69 × 10−3 S cm−1, respectively. The ionic conductivity
was computed using the following formula:
σ = L/(S × R), (1)
where σ is the ionic conductivity, L is the electrolyte thickness, S
the is electrolyte surface area, and R is the electrolyte impedance
[43,44]. Notably, the improvement of the ionic conductivity of
the Li7P2.9Sb0.1S10.75O0.25 electrolyte was mainly due to the fact
that the doping of Sb3+ ions with a large ion radius can not only
broaden the transmission path of lithium ions but also shield the
Coulomb repulsion among S2− ions, thereby easing the trans-
mission of lithium ions [45,46]. Fig. S1 shows the EIS spectra of

Figure 2 (a) XRD patterns of Li2S, P2S5, Sb2O3, LiI, Li7P3S11, and Li7P2.9Sb0.1S10.65O0.15I0.2. (b) Raman spectra of Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2.
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Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes at 303, 313, 333,
353, 373, and 393 K, and Fig. 4b presents the results as Arrhe-
nius plots. In addition, the activation energy of the Li7P3S11 and
Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes can be calculated using the
following formula:
σ = Aexp(−Ea/kT), (2)
where σ is the ionic conductivity, T is the absolute temperature,
k is the Boltzmann constant, and A is the pre-exponential factor
[47,48]. The activation energy of the Li7P2.9Sb0.1S10.65O0.15I0.2
electrolyte is 25.7 kJ mol−1, which is considerably lower than that
of the Li7P3S11 electrolyte (29.3 kJ mol−1). This result indicated
the migration of lithium ions in the Li7P2.9Sb0.1S10.65O0.15I0.2
electrolyte and proved that doping with Sb2O3 and LiI can
improve the lithium-ion conductivity of the electrolyte.

The sulfide solid electrolyte was hydrolyzed to produce the
toxic hydrogen sulfide (H2S) gas in moist air. In bulks, such
degradation will damage the structure of the sulfide solid elec-
trolyte and cause a decrease in ion conductivity [49–51]. After
dual-source doping, the bulk stability of the sulfide electrolytes
can be improved, which was also helpful for air stability. To
compare the stabilities of the Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2

electrolytes in the air, we exposed the electrolytes in air to
monitor the change in H2S content (Fig. 5a). By comparing the
H2S amount with time, the rate of H2S production by the
Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte was significantly reduced.
Thus, dual-source doping can effectively inhibit the production
of H2S, which is attributed to the tendency of O to form bridging
oxygen instead of bridging sulfur [52–54]. Fig. 5b summarizes
the total amount of H2S produced by the electrolytes after
4000 s. The total amount of H2S produced by the Li7P2.9Sb0.1-
S10.65O0.15I0.2 electrolyte was 1.13 cm3 g−1, which accounted for
45% of the total amount of H2S produced by the Li7P3S11 elec-
trolyte, showing a significantly improved air stability.

In addition to the bulk stability of the electrolyte itself, the
interface of electrolyte/lithium metal is a consistent bottleneck in
the use of all-solid-state batteries. Electrochemical stability plays
a decisive role in battery performance. Through the CV test at
the potential range of −0.5 to 5 V (vs. Li/Li+) and the scan rate of
1 mV s−1, the electrochemical window of the Li7P3S11 and
Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes can be obtained at room
temperature. Fig. 6a shows a pair of redox peaks corresponding
to the electrochemical deposition (Li+ + e− → Li) and dissolution

Figure 4 (a) Nyquist plots at 30°C and (b) corresponding Arrhenius plots of the ionic conductivities of Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes.

Figure 3 (a) SEM images of Li7P3S11, EDS mappings of P and S, and linear sweep of Li7P3S11. (b) SEM images of Li7P2.9Sb0.1S10.65O0.15I0.2, EDS mappings of P,
S, O, Sb, and I, and linear sweep of Li7P2.9Sb0.1S10.65O0.15I0.2.
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(Li → Li+ + e−) of lithium [55]. Given the instability of the
Li7P3S11 electrolyte, a small oxidation peak appeared at 3.8 V (vs.
Li/Li+) [56,57]. However, the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte
only exhibited the electrochemical deposition and dissolution
peaks of lithium at the potential range of −0.5 to 5 V (vs. Li/Li+)
(Fig. 6b), indicating that the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte
had better stability, and its electrochemical window reached
5.0 V vs. Li/Li+. Fig. 6c shows the galvanostatic charge and dis-
charge test curve of Li/Li7P3S11/Li and Li/Li7P2.9Sb0.1S10.65O0.15I0.2/
Li symmetrical batteries at 0.1 mA cm−2 at room temperature. In
the beginning, the Li/Li7P3S11/Li and Li/Li7P2.9Sb0.1S10.65O0.15I0.2/

Li batteries were stable, and their overpotentials were similar.
After 16 h of cycling, the voltage curve of the Li/Li7P3S11/Li
battery suddenly dropped due to the generation of lithium
dendrites, which caused the battery to short circuit [58]. By
contrast, although the overpotential of the Li/Li7P2.9Sb0.1S10.65-
O0.15I0.2/Li battery gradually increased, the battery can be tested
stably for 112 h before the short circuit phenomenon occurred.
The assembled Li-In/Li7P3S11/Li-In and Li-In/Li7P2.9Sb0.1S10.65-
O0.15I0.2Li-In symmetric batteries were subjected to galvanostatic
charge/discharge tests at room temperature and 0.2 mA cm−2 to
study the stability of the interface between the electrolyte and the

Figure 5 (a) Curve of the amount of H2S gas produced by Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes over time. (b) Total H2S amount in the Li7P3S11

and Li7P2.9Sb0.1S10.65O0.15I0.2 electrolytes exposed to the air for 4000 s.

Figure 6 (a and b) CV curves of Li7P3S11 and Li7P2.9Sb0.1S10.65O0.15I0.2 in the potential range of −0.5 to 5 V (vs. Li/Li+) with a scan rate of 1 mV s−1 at room
temperature. (c) Galvanostatic charge/discharge curves of the Li/Li7P3S11/Li and Li/Li7P2.9Sb0.1S10.65O0.15I0.2/Li symmetric cells under 0.1 mA cm−2. (d) Gal-
vanostatic charge/discharge curves of Li-In/Li7P3S11/Li-In and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/Li-In symmetric cells under 0.2 mA cm−2 at room temperature.
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Li-In alloy anode. Fig. 6d shows that the overpotential of the Li-
In/Li7P2.9Sb0.1S10.65O0.15I0.2/Li-In battery (+0.011 and −0.010 V)
was substantially lower than that of the Li-In/Li7P3S11/Li-In
battery (+0.055 and −0.053 V), and it was very stable in the
1100-h test. This result proved the small interface resistance
between the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte and the Li-In
alloy. Consequently, by dual-source doping, the bulk and
interface stability of the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte can be
improved.

The S-C composite cathode, all-solid-state electrolyte (Li7P3S11
or Li7P2.9Sb0.1S10.65O0.15I0.2), and Li-In anode were used to
assemble ASSLSBs to characterize the electrochemical perfor-
mance of the electrolyte. The sulfur contents in the cathode were
41.7% and 41.4%, as calculated by TG analysis (Fig. S2a–d).
Fig. 7a shows the first-cycle charge/discharge voltage profiles of
Li-In/Li7P3S11/S-C and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C bat-
teries in the range of 0.8–2.4 V at room temperature (vs. Li-In)
and 0.05 C. As the charging and discharging processes of
ASSLSBs only involve the conversion between S and Li2S, only
one voltage plateau appeared [59,60]. The polarization of the Li-
In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery decreased due to the
reduced interface resistance and improved ion conductivity.
Therefore, the discharge capacity of the Li-In/Li7P2.9Sb0.1S10.65-
O0.15I0.2/S-C battery reached 958 mA h g−1, which was con-
siderably higher than that of the Li-In/Li7P3S11/S-C battery

(529 mA h g−1). Fig. 7b displays the rate performances of the Li-
In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C and Li-In/Li7P3S11/S-C batteries.
By comparison, the Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery
exhibited a better rate performance than the Li-In/Li7P3S11/S-C
battery. The discharge capacities of the Li-In/Li7P2.9Sb0.1S10.65-
O0.15I0.2/S-C battery were 970, 889, 740, 541, and 326 mA h g−1 at
discharge rates of 0.05, 0.1, 0.2, 0.5, and 1 C, respectively. When
the rate was reset to 0.05 C, the discharge capacity of the Li-In/
Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery can be restored to
968 mA h g−1, indicating its good reversibility. Fig. 7c presents
the cycle performance of the Li-In/Li7P3S11/S-C and Li-In/Li7-
P2.9Sb0.1S10.65O0.15I0.2/S-C batteries at a rate of 0.05 C at room
temperature. Owing to the unstable solid-solid interface between
the electrolyte and cathode/anode, the charging capacity and
coulombic efficiency of ASSLSBs in the first cycle were relatively
low. However, after the activation process, the battery can work
normally and maintain a high coulombic efficiency. The capacity
of the Li-In/Li7P3S11/S-C battery decayed very fast, and the
capacity was 85 mA h g−1 after 50 cycles of charge and discharge.
Notably, the Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery exhibited
not only a high specific discharge capacity but also good cycle
stability. After 100 cycles of charging and discharging, the spe-
cific discharge capacity of the Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C
battery reached 833 mA h g−1, and its coulombic efficiency was
99.94%. Table S1 compares the electrochemical performance

Figure 7 (a) First-cycle charge/discharge voltage profiles of Li-In/Li7P3S11/S-C and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C batteries at 0.05-C discharge rate.
(b) Rate performance of Li-In/Li7P3S11/S-C and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C batteries at 0.05, 0.1, 0.2, 0.5, and 1 C. (c) Cycling performance and
coulombic efficiency of Li-In/Li7P3S11/S-C and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C batteries at 0.05-C discharge rate.
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obtained in this work with that of other previously reported
ASSLSBs. Fig. S3 shows the EIS spectra of the Li-In/Li7P3S11/S-C
and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C batteries after different
cycles. As the number of cycles increased, the impedance of the
Li-In/Li7P3S11/S-C battery increased significantly faster than that
of the Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery, indicating that
the interface of the Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery had
been strengthened. Dual doping can improve the ionic con-
ductivity of sulfide solid electrolytes and ease the transmission of
lithium ions. Lithium iodide doping can reduce the interface
resistance and inhibit the generation of lithium dendrites. When
the sulfide solid electrolyte prepared by dual doping was used to
assemble ASSLSBs, the overall impedance of the battery can be
reduced, the interface can be stabilized, and the performance of
the ASSLSBs can be improved.

The performance of the ASSLSBs at high temperatures is very
important. Thus, we opted to charge and discharge the batteries
at 60°C. At the high temperature of 60°C, the polarization of the
batteries decreased, and only one charging and discharging
platform was observed in the first lap (Fig. 8a). The initial dis-
charge capacity of the Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery
was 1125 mA h g−1, and that of the Li-In/Li7P3S11/S-C battery
was 803 mA h g−1 at 0.05 C. Therefore, the Li-In/Li7P2.9Sb0.1-
S10.65O0.15I0.2/S-C battery showed a better rate performance
(Fig. 8b), and its discharge specific capacity reached 1119, 1037,
953, 842, and 756 mA h g−1 at 0.05, 0.1, 0.2, 0.5, and 1 C rates,
respectively. Notably, after the rate was adjusted back to 0.05 C,
the capacity of the Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C battery can

be restored to 1094 mA h g−1, indicating that the battery had
good cycle reversibility. After 100 cycles, the discharge capacity
of the Li-In/Li7P3S11/S-C battery was 74 mA h g−1 (Fig. 8c),
which was attributed to the partial oxidation and degradation of
the electrolyte at 60°C [61–63]. By contrast, the Li-In/Li7P2.9-
Sb0.1S10.65O0.15I0.2/S-C battery showed excellent performance, and
its capacity remained at 949 mA h g−1 after 100 cycles. Based on
the comparison of the above electrochemical performance, the
capacity and stability of the battery assembled with the Li7P2.9-
Sb0.1S10.65O0.15I0.2 electrolyte have been greatly improved. Thus,
the dual-source doping method has good prospects for the
development of high-performance solid electrolytes.

CONCLUSIONS
In this work, we mainly prepared high-performance Li7P2.9Sb0.1-
S10.65O0.15I0.2 electrolytes through dual-source doping strategies
and applied them in ASSLSBs. Through the dual-source doping
with Sb2O3 and LiI, the low conductivity phase inside the
Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte disappeared. Consequently,
the ionic conductivity of the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte
increased to 1.69 × 10−3 S cm−1 at 30°C, and the activation
energy was reduced to 25.7 kJ mol−1. Moreover, the amount of
hydrogen sulfide produced by the Li7P2.9Sb0.1S10.65O0.15I0.2 elec-
trolyte in the air was significantly reduced, and only 1.13 cm3 g−1

was produced after 4000 s. Importantly, the Li7P2.9Sb0.1S10.65-
O0.15I0.2 electrolyte not only reduced the interface resistance but
also greatly improved its stability to Li and Li-In alloy anodes,
indicating the strengthened bulk and interface structure. When

Figure 8 (a) First-cycle charge/discharge voltage profiles of Li-In/Li7P3S11/S-C and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C batteries at 0.05-C rate and 60°C.
(b) Rate performance of Li-In/Li7P3S11/S-C and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C batteries at 0.05, 0.1, 0.2, 0.5, and 1 C rates and 60°C. (c) Cycling perfor-
mance and coulombic efficiency of Li-In/Li7P3S11/S-C and Li-In/Li7P2.9Sb0.1S10.65O0.15I0.2/S-C batteries (0.05-C rate) at 60°C.
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applying the Li7P2.9Sb0.1S10.65O0.15I0.2 electrolyte in ASSLSBs, the
discharge capacity remained at 833 mA h g−1 after 100 cycles,
and the coulombic efficiency was as high as 99.94%. At a high
temperature of 60°C, the ASSLSBs also revealed a good dis-
charge-specific capacity and a capacity of 949 mA h g−1 after 100
cycles of charge and discharge. In this paper, the dual-source
doping strategy strengthened the bulk and interface structure of
solid electrolytes, thus improving the electrochemical perfor-
mance and cycle stability of ASSLSBs and providing a valuable
solution for the commercialization of ASSLSBs.
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通过双掺杂增强Li7P2.9Sb0.1S10.65O0.15I0.2电解质用于高
性能全固态锂硫电池
赵博生, 陈鹏*, 高学平*

摘要 硫化物固体电解质是发展高容量锂硫电池的理想候选者. 然而,
同时提高硫化物固体电解质的离子导电性、空气稳定性和电解质/电
极界面的相容性仍然是一个巨大的挑战. 因此, 我们提出了一种双掺杂
(Sb2O3和LiI)策略来制备多功能硫化物固体电解质. Sb2O3可以拓宽锂离
子的传输路径和提高空气稳定性, 而LiI可以抑制锂枝晶的生成和降低
电解质/电极之间的电阻. 因此, 硫化物固体电解质在空气中和界面上
的性能得到了增强, 在30°C下的离子电导率为1.69 × 10−3 S cm−1, 且具
有很好的空气稳定性, 对金属锂也很稳定. 在此基础上, 组装的全固态
锂硫电池以0 .05 C循环100圈后 , 表现出较高的放电比容量 (室温 ,
833 mA h g−1; 60°C: 949 mA h g−1). 本文为制备实用的硫化物固体电解
质和高性能全固态锂硫电池提供了合理的方案.
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