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Abstract
All-solid-state Li-SeS2 batteries (ASSLSs) are more attractive than traditional liquid Li-ion batteries due to superior thermal 
stability and higher energy density. However, various factors limit the practical application of all-solid-state Li-SeS2 batter-
ies, such as the low ionic conductivity of the solid-state electrolyte and the poor kinetic property of the cathode composite, 
resulting in unsatisfactory rate capability. Here, we employed a traditional ball milling method to design a Li7P2.9W0.05S10.85 
glass–ceramic electrolyte with high conductivity of 2.0 mS cm− 1 at room temperature. In order to improve the kinetic prop-
erty, an interpenetrating network strategy is proposed for rational cathode composite design. Significantly, the disordered 
cathode composite with an interpenetrating network could promote electronic and ionic conduction and intimate contacts 
between the electrolyte–electrode particles. Moreover, the tortuosity factor of the carrier transport channel is considerably 
reduced in electrode architectures, leading to superior kinetic performance. Thus, assembled ASSLS exhibited higher capac-
ity and better rate capability than its counterpart. This work demonstrates that an interpenetrating network is essential for 
improving carrier transport in cathode composite for high rate all-solid-state Li-SeS2 batteries.

Keywords  All-Solid-State Li-SeS2 batteries · Tortuosity factors · Carrier transport · Cathode composite · Interpenetrating 
network

Introduction

Li-SeS2 batteries are attracting marvelous research inter-
est for electric vehicles and large-scale energy storage in 
the future due to their lower cost and higher energy density 

than the traditional lithium-ion battery [1–5]. SeS2 has 
the advantage of having a high gravimetric capacity of 
1124 mAh g−1; it exists as an eight-membered ring molecule 
with Se-S bonds and is being explored as a cathode material 
due to Se (10−5 S cm−1) better electric conductivity than S 
(10−30 S cm−1) [6–9]. At the same time, Li2Se demonstrated 
identical chemical properties and larger Li-ion migration 
ability than Li2S [10, 11]. Moreover, it's possible that using Lei Zhou and Muhammad Khurram Tufail contributed equally to 
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Se instead of S in the cathode composite will result in supe-
rior active materials consumption and rate capability.

The employment of solid-state electrolytes (SSEs) in 
Li-SeS2 batteries is supposed to alleviate liquid battery 
safety problems and the shuttling effect [12–16]. Sulfide-
based electrolytes have a higher ionic conductivity advan-
tage over other solid electrolyte classes [17, 18]. However, 
all-solid-state Li-SeS2 batteries have poor rate capability, 
owing to non-ideal carrier transportation inside cathode 
composites and poor kinetic characteristics. Exceeding the 
limits necessitates developing new electrode materials and 
electrode architectures capable of eliciting chemistries for 
outstanding rate performance and high columbic efficiency. 
These materials must also be enriched with ionic and elec-
tronic conducting networks at the electrode level and opti-
mized transportation parameters to improve electrode kinet-
ics. Also, the efficient carrier migration, i.e., the ionic and 
electronic conduction within cathode composites, is still a 
challenge due to its complex microstructure and three com-
ponents (electrolyte, active material, and conductive agent). 
The ideal composite cathode provides sufficient charge 
transport paths for electrons and Li-ions and restricted use 
of electronic insulating components and tailored transporta-
tion parameters. Also, in-depth knowledge of the kinetics of 
cathode composites in ASSLSs is still indistinct.

The high content of carbon-based materials (CNT, Super 
P, and VGCF) are consistently implemented in the cath-
ode composites to enhance the kinetic performance of all-
solid-state lithium batteries (ASSLBs) [19–22]. However, 
the inclusion of carbon conductive agents would severely 
degrade sulfide-based solid-state electrolytes and lead to 
the poor efficiency of ASSLBs. Meanwhile, incorporating 
conductive polymers into the cathode composites would lead 
to large voltage polarization in the cell due to interfacial 
side reactions between the conductive polymer and sulfide 
electrolytes [23, 24]. Moreover, the practical applications 
of ASSLSs are achieved by increasing the areal loading of 
cathode materials and decreasing the volume fractions of 
inactive components such as conductive agents [25]. Thus, 
the electrode architectures and their related tortuosity fac-
tors within the cathode composite significantly impact the 
electrochemical performance of ASSLBs.

Herein, Li7P2.9W0.05S10.85 glass–ceramic electrolyte with 
high lithium-ion conductivity is successfully synthesized 
by traditional ball milling and heat treatment. The carrier 
transport properties of cathode composites are well studied 
in ASSLSs. More important, an interpenetrating network is 
designed in cathode composite based on VGCF conductive 
agent. The interpenetrating network builds the low tortuos-
ity of electrode architecture as well as enhances the cathode 
composites of electronic/ionic conduction. The assembled 
all-solid-state Li-SeS2 batteries based on interpenetrating 
network cathode composite exhibit a high specific capacity 

of 512 mAh g−1 at the current density of 0.06 mA cm−1. 
Surprisingly, it retains a reversible specific capacity of 
506 mAh g−1 with 98.8% capacity retention after the 90th 
cycle. Besides, it also presents discharge capacities of 515, 
430, 364, 329, 307 and 285 mAh g−1 at the current density 
of 0.06, 0.09, 0.12, 0.15, 0.18 and 0.21 mA cm−1, respec-
tively. As a result, the designed all-solid-state Li-SeS2 bat-
tery demonstrates superior cycling stability and better rate 
capability.

Results and Discussion

Li7P3S11, Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 
glass–ceramic electrolytes are prepared by traditional ball 
milling method and following crystallization process. Figure 
S1 displays the XRD pattern of Li7P3S11, Li7P2.9W0.05S10.85, 
and Li7P2.8W0.1S10.7 glass, obtained via high energy ball-
milling. No diffraction peaks are displayed in Figure S1, 
showing that a glassy phase is generated after the ball 
milling process. Thus, high-quality glass–ceramic electro-
lytes could be obtained by precipitation of glass samples 
using high-temperature processing. Figure 1a presents the 
differential thermal analysis (DTA) curves of Li7P3S11, 
Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass samples. 
These DTA curves exhibited the same characteristics and 
a strong peak between 260 and 280 °C, corresponding to 
the exothermic effect of crystal growth [26, 27]. In order 
to attain the crystallization of Li7P3S11, Li7P2.9W0.05S10.85, 
and Li7P2.8W0.1S10.7 glass electrolytes more sufficiently, the 
temperature at the exothermic peak is chosen as the optimal 
condition. As a result, the glass electrolyte's heat treatment 
temperature is set to 270 °C. After appropriate heat treat-
ment, the Li7P3S11, Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 
glass–ceramic electrolytes were obtained successfully. The 
X-ray diffraction (XRD) technique is performed to analyze 
further the glass–ceramic electrolyte of phase and crystal 
structure. Figure 1b is the XRD pattern of the Li7P3S11, 
Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass–ceramic elec-
trolytes. As shown in Fig. 1b, the characteristic peak of 
Li7P2.9W0.05S10.85 and Li7P2.8W0.1S10.7 glass–ceramic are 
identical to Li7P3S11 glass–ceramics sample, indicating 
that Li7P2.9W0.05S10.85 and Li7P2.8W0.1S10.7 glass–ceramics 
deliver a similar Li7P3S11 fast ionic conductor [28]. It is 
worth noting that the characteristic peak of Li7P2.9W0.05S10.85 
and Li7P2.8W0.1S10.7 have slightly deviated under the basis 
in comparison to Li7P3S11glass ceramics. The differences at 
marked (Fig. 1b) and magnified zone (Figure S2) suggest 
that W has been successfully doped into the glass–ceramic 
matrix of Li7P3S11 after high-energy ball milling and heat 
treatment. Moreover, the minor deviation of the characteris-
tic peak of Li7P2.9W0.05S10.85 and Li7P2.8W0.1S10.7 samples is 
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due to W doping into Li7P3S11-type electrolyte, generating 
lattice distortion.

Three peaks are detected at 417, 406, and 387 cm−1, 
which belong to the stretching vibration of the P-S bonds 
in PS4

3−, P2S7
4− and P2S6

4− conductive units, respec-
tively as presents in Fig. 1c. Thus, the heteroatom doping 
pattern does not generate any new structural moieties in 
Li7P3S11-type glass–ceramic electrolytes. Nonetheless, the 
relative peak intensity of the P2S7

4− the conductive unit of 
Li7P2.9W0.05S10.85 sample is a little higher as compared to 
Li7P3S11 and Li7P2.8W0.1S10.7 glass–ceramic samples. A 
small amount of the P2S6

4− (less ionic conductive) units exist 
in the Li7P2.9W0.05S10.85 as compared to other glass–ceramic 
samples. The results deliver appropriate W doping tend to 
form additional P2S7

4− (higher ionic conductive) units. 
Moreover, the P2S7

4− ions contribute to improving ionic 
conductivity [29]. It is demonstrated that as-prepared 
Li7P2.9W0.05S10.85 glass–ceramic sample would present the 
highest ionic conductivity among other samples.

XPS technique is used to explore chemical elements 
and structure for the Li7P2.9W0.05S10.85 glass–ceramic elec-
trolyte. Figure S3a reveals all existent elements and their 
valence states found in the Li7P2.9W0.05S10.85 sample and 
Figure S3b displays the XPS spectrum of S 2p. Accord-
ing to spin-orbital splitting, the S 2p peaks spectrum has 
two components, which could be assigned to S 2p3/2 and S 
2p1/2. Furthermore, the Lorentzian-Gaussian function fits S 
2p spectrum into different peaks. The coexistence of non-
bridging sulfur bond (P-S-Li) and bridging sulfur bond (P-S-
P) are evidenced by the presence of a peak at 161 eV and 
163 eV, respectively [30]. Meanwhile, the peak of S 2p3/2 at 
162 eV is ascribed to the double phosphorus-sulfur bond of 
P = S. Besides, the fitting peak at 162 eV also involves the 
W-S bond, indicating that W atoms successfully doped into 
the Li7P3S11 crystal [31].

Figure  2a shows the EIS spectra of the as-pre-
pared Li7P3S11, Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 

glass–ceramic electrolytes at room temperatures. The resist-
ance could be determined using the intersection coordinates 
of the EIS spectrum line and the horizontal axis. The resist-
ance of Li7P3S11, Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 
glass–ceramic electrolytes are 50, 35, and 62 Ω, respectively. 
The ionic conductivity (бion) of sulfide-based electrolyte is 
obtained from the thickness, area, and resistance of the sam-
ple according to the following Eq. (1):

where d presents the sample thickness, A is the sample 
area, and R is sample resistance at room temperature. Fig-
ure 2b exhibits that the ionic conductivity of Li7P3S11, 
Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass–ceramic elec-
trolytes are 1.4, 2.0, and 1.1 mS cm−1, respectively. The 
ionic conductivity of Li7P2.9W0.05S10.85 is higher than the 
previously reported sulfide electrolytes [32, 33]. Accord-
ing to the doping mechanism, the larger ionic radius of W 
would widen the lithium-ion channel and reduce the activa-
tion energy of the lithium-ion transition. As a result, the 
W-doped strategy contributes to improving the conduction 
of lithium-ion in the lattice distortion.

Activation energy is the most critical parameter to evalu-
ate sulfide solid-state electrolyte performance. The activa-
tion energy (Ea) of sulfide electrolyte is calculated by Arrhe-
nius Eq. (2):

where R denotes the gas constant, T is the absolute tem-
perature, б0 is the pre-exponential factor, and б is the ionic 
conductivity. Figure  2c depicts a relationship between 
temperature and ionic conductivity that follows the Arrhe-
nius formula. Thus, the activation energies of Li7P3S11, 
Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass–ceramic elec-
trolytes are calculated to be 25.8, 23.2, and 26.6 kJ mol−1, 
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Fig. 1   a DTA curve for Li7P3S11, Li7P2.9W0.05S10.85 and 
Li7P2.8W0.1S10.7 glass sample in argon atmosphere, b XRD pat-
tern of Li7P3S11, Li7P2.9W0.05S10.85 and Li7P2.8W0.1S10.7 glass–

ceramic sample, c Raman spectra of Li7P3S11, Li7P2.9W0.05S10.85 and 
Li7P2.8W0.1S10.7 glass–ceramic sample
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respectively. The results indicate that appropriate doping 
with aliovalent ions would reduce the activation energy and 
promotes fast transport of carrier in an inorganic conductor 
system.

In order to measure the electrochemical stability of 
Li7P2.9W0.05S10.85 glass–ceramic electrolyte, the non-block-
ing cell is constructed with lithium as a reference electrode 
and stainless steel (SS) as a working electrode in the glove 
box. The Li/Li7P2.9W0.05S10.85/SS cell is tested for CV with 
a scan rate of 1 mV S−1. As revealed in Fig. 2d, the whole 
scanning potential range is from − 0.5 to 5 V. Except for 
lithium deposition peak (Li+  + e− → Li) and lithium disso-
lution peak (Li → Li+  + e−), no other peaks are observed, 
indicating that no side reactions occurred [34, 35]. Thus, 
the Li7P2.9W0.05S10.85 glass–ceramic electrolyte with lithium 
metal has good stability and an electrochemical window of 
up to 5 V.

Figure 3a displays 7Li MAS NMR spectra of Li7P3S11, 
Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass–ceramic elec-
trolyte samples. A strong peak at 1.7 ppm in 7Li MAS 
NMR spectra, indicating the Li environment [36]. There-
fore, the WS2 doped strategy for the Li7P3S11 system 
does not involve the alteration of intrinsic structural units. 
Figure 3b presents the 31P MAS NMR spectra of Li7P3S11, 

Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass–ceramic 
samples. 31P MAS NMR spectrum consists of three obvi-
ous peaks with different integral intensities, revealing the 
sulfur environments around the P atom [37]. These NMR 
peaks of 106 ppm, 90.8 ppm, and 86 ppm correspond to 
P2S6

4−, P2S7
4− and PS4

3− structural units, respectively [38]. 
The analysis of 31P MAS NMR spectra is in agreement 
with the analytical findings of Raman spectroscopy. These 
results suggest that the WS2 doped strategy for Li7P3S11-type 
electrolyte does not generate new structural units (such as 
POS3

3−).
It is well-known that Li7P3S11-type glass–ceramic elec-

trolytes are composed of a crystalline and amorphous 
phase, where the crystalline phase plays an essential role 
in lithium-ion conduction. The crystalline phase is a high 
lithium-ion conductor as compared to the amorphous phase. 
Consequently, the proportion of the conductive crystalline 
phase determines the ionic conductivity of glass–ceramic 
electrolytes. The crystalline and amorphous portion ratio 
is evaluated by the degree of crystallization from the 31P 
MAS NMR spectrum. As shown in Fig. 3c–e, they display 
peak deconvolution results of Li7P3S11, Li7P2.9W0.05S10.85, 
and Li7P2.8W0.1S10.7 glass–ceramic samples, respectively. 

Fig. 2   a The impedance spectra of Li7P3S11, Li7P2.9W0.05S10.85, 
and Li7P2.8W0.1S10.7 glass–ceramic electrolytes at room tempera-
ture, b the lithium-ion conductivities of Li7P3S11, Li7P2.9W0.05S10.85 
and Li7P2.8W0.1S10.7 glass–ceramic electrolytes, c Arrhenius plots 

of Li7P3S11, Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass–ceramic 
electrolyte, d electrochemical stability window of Li7P2.9W0.05S10.85 
glass–ceramic electrolyte
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The degree of crystallization (XC) of sulfide electrolytes is 
calculated according to Eq. (3):

In this equation, the intensity of ФPS4 and ФP2S7 is the 
crystalline phase, and Фall is the total intensity of 31P MAS 
NMR peaks. Consequently, based on Eq.  (3), Li7P3S11, 
Li7P2.9W0.05S10.85, and Li7P2.8W0.1S10.7 glass–ceramic elec-
trolytes present the degree of crystallization of 38.5%, 
45.4%, and 36.2%, as shown in Fig. 3f, respectively. It 
is evidence that heteroatom doping for Li7P3S11-type 

(3)XC =
Φ

PS4
+ Φ

P2S7

Φ
all

× 100

glass–ceramic samples would alter the ratio of crystal-
line and amorphous phases [39, 40]. The newly designed 
Li7P2.9W0.05S10.85 glass–ceramic electrolyte exhibits the 
highest value of crystallinity, signifying the highest ionic 
conductivity as compared to Li7P3S11 and Li7W0.1P2.8S10.7. 
In addition, compared to Li7P3S11 glass–ceramic electrolyte, 
the amplified lithium transmission channels contribute to 
the transport of lithium ions, which helps to improve the 
lithium-ion conductivity of Li7P2.9W0.05S10.85 glass–ceramic 
electrolyte.

As given in Fig. 4a, the morphology and microstructure 
of the Li7P2.9W0.05S10.85 glass–ceramic particles are inves-
tigated by SEM. It may be seen intuitively that the contact 

Fig. 3   a 7Li MAS NMR spectra of Li7P3S11, Li7P2.9W0.05S10.85 and 
Li7P2.8W0.1S10.7 glass–ceramic samples, b 31P MAS NMR spectra of 
Li7P3S11, Li7P2.9W0.05S10.85 and Li7P2.8W0.1S10.7 glass–ceramic sam-

ples, c, d and e peak-deconvolution results of the 31P MAS NMR 
spectra, f the crystallization degree for Li7P3S11, Li7P2.9W0.05S10.85 
and Li7P2.8W0.1S10.7 glass–ceramic samples
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between particles is very close. This phenomenon is mainly 
due to the heat treatment temperature being above the crys-
tallization temperature. Simultaneously, the EDX mapping 
results of the Li7P2.9W0.05S10.85 glass–ceramic sample show 
that P, W, and S elements in Fig. 4b–d are uniformly dis-
tributed throughout the sample’s surface. It also verifies the 
uniform doping of WS2 without any local concentration at 
one place.

The Li7P3S11 glass–ceramic electrolyte also delivers the 
uniform distribution of P and S elements in Figure S4a–c. 
The high-resolution TEM image is used to investigate the 

impacts of W-doping on the crystal structure. Figure 4e and 
f represent the microstructure as well as the crystal struc-
ture of the as-prepared Li7P2.9W0.05S10.85 glass–ceramic 
sample. In Fig. 4e, the microstructure is displayed by an 
irregular block. Figure 4f, the HRTEM image, demonstrates 
that the glass–ceramic electrolyte contains both crystalline 
and amorphous phases, consistent with the SEM observa-
tions. The measured lattice distance of the Li7P2.9W0.05S10.85 
glass–ceramic sample is 0.579 nm, which corresponds to 
the lattice distance of the (311) plane [41, 42]. According 
to the HRTEM result in Figure S5a, b, the lattice distance 

Fig. 4   a The SEM of Li7P2.9W0.05S10.85 glass–ceramic electrolyte, b, c, d elemental mapping images of Li7P2.9W0.05S10.85 glass–ceramic electro-
lyte, e the TEM of Li7P2.9W0.05S10.85 glass–ceramic electrolyte, f the HRTEM of Li7P2.9W0.05S10.85 glass–ceramic electrolyte
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of the (311) plane of Li7P3S11 glass–ceramic electrolyte is 
0.576 nm. As a result of the doping of WS2, the lattice dis-
tance is increased.

The as-prepared Li7P2.9W0.05S10.85 solid electrolytes with 
high ionic conductivity are achieved successfully, which 
contributes significantly to the outstanding rate performance 
of the all-solid-state Li-SeS2 battery. However, the rate capa-
bility of the all-solid-state Li-SeS2 battery is influenced not 
only by the ionic conductivity of solid-state electrolyte but 
also depends on the carrier transport path of the composite 
cathode. Our study aims to improve kinetics by designing a 
cathode composite enriched with ionic and electronic con-
ducting networks and optimizing transportation factors such 
as effective conductivity and tortuosity. The tortuosity of 
the carrier transport path directly determines the ionic and 
electronic conductivity of composite cathode, which also 
affects the kinetics feature. The diverse microstructures offer 
different carrier transport pathways in composite cathodes. 
By designing the two cathode microstructure architectures, 
we tailor the tortuosity of the carrier transport path. Com-
mon cathode composite (CCC) and interpenetrating network 
composite cathode (INCC) are designed via extra steps to 
add conductive agent and softness of as-prepared electrolyte. 
The detailed concept and preparation process are shown in 
Figure S6.

The electronic conductivity of the cathode composite 
can be determined using a sandwich structure. Figure 5a, 
b exhibits the current–time plot of composite cathodes for 
the measurement of electronic conductivity. The electronic 
conductivity (бele) of cathode composite is calculated by the 
formula (4):

where L is the thickness of the cathode composite, I is the 
steady-state current, S is the area of the composite cath-
ode, and V is the applied voltage. The electronic conductiv-
ity of interpenetrating network composite cathode (INCC) 
and common cathode composite (CCC) is 1.18 and 0.116 
S cm−1. The electronic conductivity of INCC is 10.2 times 
higher than that of CCC. It is evident that the tailoring inter-
penetrating network significantly improves the electronic 
conductivity of cathode composite due to the different dis-
persion forms of conductive agent. Lithium-ion migration 
and electrical transport are critical challenges for ideal elec-
trode design.

Furthermore, the ionic conductivities of cathode com-
posites are also explored by a Penta-layer cell via the AC 
impedance method [43]. The cell consists of a composite 
cathode, sulfide electrolyte, and lithium foil in Fig. 5c. As 

(4)

Fig. 5   a Sandwich structure of cathode composite, b current–time plot of two cathode composites for electronic conductivity measurement, c 
Schematics of a Penta-layer cell upon application of AC impedance, (b) AC impedance spectrum of the composite cathodes
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shown in Fig. 5d, the resistance of INCC and CCC is 194 
and 416 Ω, respectively. According to formula (2), the ionic 
conductivity of INCC was 1.83 × 10–4 S cm−1 and the ionic 
conductivity of CCC 0.852 × 10–4 S cm−1 at room tempera-
ture. As a result, the ionic tortuosity factor of INCC and 
CCC is 6.55 and 14.08 based on the formula (5), respec-
tively. Thus, INCC delivers higher ionic conductivity than 
CCC. Furthermore, it indicates that ionic transportation in 
the cathode composite is more significant than the electron 
transfer. Also, the little fraction of the conductive agent 
affects the ionic conductivity of composite cathode due to 
the altered the carrier transport path.

Moreover, Janek et al. explore carrier transport toward 
optimized cathode composites in all-solid-state batteries [44, 
45]. They conclude that complex cathode composite hinders 
carrier transport and results in tortuous conduction path-
ways. Therefore, the tortuosity of the electron (or ionic) car-
rier transport path determines the electron (or ionic) conduc-
tivity of the cathode composite. For further quantification 
and comparison of the electron (or ionic) transport between 
different systems, the tortuosity factor (t) of the transport 
path is often considered and calculated by the formula (5):

where �pri is the electron (or ionic) conductivity of pris-
tine component, �mea denotes the experimentally measured 

(5)t =
σpri

σmea
∙ �

electron (or ionic) conductivity, and φ is the volume fraction 
of conductive agent (or sulfide electrolyte). This formula 
quantifies the effect of a heterogeneous microstructure on the 
electron transport in the composite cathode. The concept of 
tortuosity in terms of homogenization enables us to evaluate 
the hindrance of the charge transport in the complex micro-
structure. A high tortuosity factor indicates tortuous and 
hampered transport, corresponding to low electron-transport 
property [45]. Based on formula (5), the electron tortuosity 
factor of CCC is 5.49, and the electron tortuosity factor of 
INCC is 0.54. It indicates that INCC has a significant advan-
tage on electron transport due to the lower tortuosity factor. 
As a result, interpenetrating network tactics could effectively 
reduce the tortuosity factor of the electron transport path and 
lead to rapid transport of electrons in cathode composite. 
Notably, the reduced tortuosity factor improves the elec-
tronic conduction and ion migration resulting in dynamic 
characteristics of all-solid-state batteries.

As presented in Fig. 6a, reveals the morphology of the 
CCC. Due to the soft nature of sulfide electrolytes, it is 
unavoidable to coat the conductive agent within the elec-
trolyte system after ball milling. The ability of carrier 
transport is significantly reduced. More importantly, the 
conductive agent is covered inside the electrolyte, and the 
carrier transport between the electrolytes lacks the neces-
sary channel. Time-of-flight secondary ion mass spectrom-
etry (TOF–SIMS) is employed to study the dispersion of 
the electrode composite due to ultra-high sensitivity for all 

Fig. 6   a Morphology of the CCC electrode, b TOF–SIMS secondary ion images of CCC electrode, c morphology of the INCC electrode, d 
TOF–SIMS secondary ion images of the INCC electrode
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chemical elements [46, 47]. Figure 6b displays TOF–SIMS 
secondary ion images of the CCC and indicates homogene-
ous dispersion for all the components. Thus, the ball mill-
ing method is an excellent choice to obtain a homogene-
ous composite cathode. In Fig. 6c, we observe some VGCF 
uncoated with sulfide electrolyte due to lower ball milling 

speed. These uncovered VGCF conductive agent bridges 
charge carrier transfer channels among sulfide electrolytes. 
Thus, we successfully prepare the INCC electrode. As a 
result, it enhances carrier conductivity in cathode compos-
ite and improves rate capability. Moreover, Fig. 6d presents 
TOF–SIMS secondary ion images of INCC and reveals 

Fig. 7   Electrochemical properties of all-solid-state Li-SeS2 batteries 
based on interpenetrating network cathode composite (a–d) and com-
mon cathode composite (e–h): a, e cyclic voltammetry curves with 
different scanning rates in the voltage window of 0.5–3  V; b, f AC 

impedance spectra in the frequency range of 1 MHz to 100 Hz; c, g 
cycling stability of Li-SeS2 battery at room temperature; d, h rate 
capability of Li-SeS2 batteries at a different current density at room 
temperature
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better dispersion for all the components, particularly with 
the lithium image being more intense, indicating their high 
concentration.

Figure 7 presents the electrochemical properties of all-
solid-state Li-SeS2 batteries based on different cathode 
composites, where the thickness of solid-state electrolyte 
is about 0.67 mm. Figure 7a exhibits a series of CV curves 
for INCC /Li7P2.9W0.05S10.85/Li-In battery at different scan 
rates ranging from 0.2 to 0.6 mV s−1. In an all-solid-state 
system, there is only one reduction could be observed at 
1.25 V with the scan rate of 0.2 mV s−1, attributed to the 
formation of Li2Se/Li2S instead of long-chain lithium poly-
sulfides/polyselenides [48, 49]. The subsequent anodic scan 
shows a strong oxidation peak at 1.8 V at 0.2 mV s−1, cor-
responding to the reversible conversion of SeS2. Besides, 
the current peaks of every CV curve gradually increase 
with the amplifying of scan rate. The all-solid-state Li-SeS2 
batteries display similar redox processes at different sweep 
rates as well as exhibited superior reversibility at the high-
est scan rate of 0.6 mV s−1, suggesting the lower polariza-
tion of interpenetrating network cathode composite. It evi-
dences that the all-solid-state Li-Se batteries would possess 
excellent rate capability. On the other hand, compared with 
CCC/Li7P2.9W0.05S10.85/Li-In battery, the CV curves present 
unsatisfactory behavior in Fig. 7e. The oxidation/reduction 
peaks are asymmetrical and gradually become widen as the 
scanning speed increases. It demonstrates that the greater 
polarization appears in CCC/Li7P2.9W0.05S10.85/Li-In system.

As shown in Fig. 7b and f, the EIS spectra of all-solid-
state Li-SeS2 batteries have typical characteristics of ionic 
conductors, with a circular arc in the high-frequency region 
representing the interface resistance and an inclined line in 
the low-frequency region exhibiting the ion diffusion. The 
measured resistance is the point at which the ion-diffusion 
line intersects the transverse axis. Thus, the resistance of 
the INCC /Li7P2.9W0.05S10.85/Li-In battery is 60 Ω, and the 
CCC /Li7P2.9W0.05S10.85/Li-In battery is 100 Ω. Overall, both 
batteries reveal a relatively small resistance (< 200 Ω). All-
solid-state batteries are pressurized under high pressure, 
which significantly reduces interface and grain boundary 
resistance. However, under the same condition, INCC/
Li7P2.9W0.05S10.85/Li-In battery has a low charge transfer 
interface resistance of 30 Ω. The value was about half of the 
CCC /Li7P2.9W0.05S10.85/Li-In battery (about 60 Ω). It proves 
that a unique interpenetrating network in cathode composite 
reduces battery impedance and charge transfer impedance 
simultaneously.

All-solid-state Li-SeS2 batteries are tested at room tem-
perature in a voltage range of 1–3 V to determine practical 
capacity, cycling stability, and rate capability. The INCC 
/Li7P2.9W0.05S10.85/Li-In battery exhibits a high specific 
capacity of 512 mAh g−1 at the first cycle, as shown in 
Fig. 7c. It also has a high coulombic efficiency of 99% at 

the current density of 0.06 mA cm−1. The excellent electron 
transport systems could improve the active material utiliza-
tion and present much higher capacity and coulombic effi-
ciency. As exhibited in Fig. 7c, the specific capacity of the 
INCC /Li7P2.9W0.05S10.85/Li-In battery gradually increases 
as the loop measurement progresses, owing to the activation 
process of electrode materials. Surprisingly, after the 90th 
cycle, the INCC /Li7P2.9W0.05S10.85/Li-In battery retains a 
reversible specific capacity of 506 mAh g−1. Based on the 
first discharge specific capacity, the capacity retention can 
reach up to 98.8%. Therefore, INCC /Li7P2.9W0.05S10.85/Li-In 
battery has an excellent kinetic characteristic. In compari-
son, the CCC /Li7P2.9W0.05S10.85/Li-In battery only delivers 
a relatively low capacity of 336 mAh g−1 with a current den-
sity of 0.06 mA cm−1 at the first cycle presented in Fig. 7g. 
It only offers a relatively low capacity of 223 mAh g−1 after 
50 cycles with capacity retention of 66.4% cycles due to 
poor electronic conductivity. As a result, it has a significant 
impact on active material utilization and electrochemical 
reaction kinetics.

Figure  7d depicts the rate capability of INCC/
Li7P2.9W0.05S10.85/Li-In battery. In detail, the all-solid-
state battery presents discharge capacities of 515, 430, 
364, 329, 307 and 285 mAh g−1 at various current density 
of 0.06, 0.09, 0.12, 0.15, 0.18 and 0.21 mA cm−1, respec-
tively. While recovering current density to 0.06 mA cm−1, 
the capacity is partially restored. This result suggests that 
INCC/Li7P2.9W0.05S10.85/Li-In battery has superior rate 
performance due to superior electrochemical kinetic char-
acteristics. In contrast, the rate capability of the CCC/
Li7P2.9W0.05S10.85/Li-In battery could not be performed 
in the manner described above due to poor cycling stabil-
ity. Only one measurement is performed at each current 
density to obtain intrinsic rate capability. As presented in 
the Fig. 6h, CCC/Li7P2.9W0.05S10.85/Li-In battery displays 
lower capacities of 339, 295, 174 and 65 mAh g−1 at differ-
ent current density of 0.06, 0.09, 0.12 and 0.15 mA cm−1, 
respectively. It indicates that the reaction kinetic of CCC/
Li7P2.9W0.05S10.85/Li-In is inadequate.

In comparison, all-solid-state Li-Se batteries with an 
interpenetrating electron network cathode have a higher 
specific capacity, better cycling stability, and superior rate 
capability. Thus, the interpenetrating network could prevent 
ineffective contact with no effective conducting agent, avoid-
ing significant capability degradation. Due to weak elec-
tronic/ionic conductivity and low active material usage, the 
common cathode composite (CCC) exhibits low capacity, 
poor cycling stability, and rate capability.

It is well known that the diffusion coefficient (DLi+) is 
one of the essential factors that evaluate the kinetics of the 
electrochemical energy storage devices [50–52]. The galva-
nostatic intermittent titration technique (GITT) is utilized 
to explore the diffusion coefficient of all-solid-state Li-Se 
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battery. The diffusion coefficient (DLi
+) can be calculated 

according to equation (6):

where m and M are mass and molar mass of the SeS2 (g, 
g mol−1), respectively. Vm represents the molar volume of 
SeS2. A is contact area (cm2). τ is pulse duration (s). ΔEs and 
ΔEτ can be obtained from the single potential profile before, 
during, and after a constant current pulse. Figure 8a reveals 
the GITT curves of CCC /Li7P2.9W0.05S10.85/Li-In and INCC/
Li7P2.9W0.05S10.85/Li-In battery systems. The all-solid-state 
Li-Se battery only exhibits one plateau during the charging 
process between 1.0 and 3.0 V. Evidently, the SeS2 electrode 
in an all-solid-state battery presents a one-step solid–solid 
phase transition between Li2Se and SeS2, which coincides 
with CV results of the Se cathode. In addition, Fig. 8b and 
Figure S11 reveal the single potential profile before, during, 
and after a constant current pulse, contributing to acquir-
ing ΔEs and ΔEτ at a constant current pulse. As given 
in Fig. 8c, it exhibits a straight line behavior between the 
responsible potential and time period τ1/2. Thus, the diffu-
sion coefficients for both composite cathodes can be calcu-
lated according to the simplified Eq. (6). Figure 8d delivers 
the calculated DLi+ for composite cathodes from the GITT 

(6)DLi+ =
4

π�

(

mVm

MA

)2(

ΔEs

ΔEτ

)2

profiles during the charging process. Overall, DLi+ values for 
two cathodes show a similar variation trend during charging 
(from 1 to 3 V) with the different order, where the DLi+ val-
ues decrease first and then increase. The minimum DLi+ val-
ues for INCC/Li7P2.9W0.05S10.85/Li-In battery are observed 
at around 1.75 V in Fig. 8c, ascribing to the voltage plateaus 
during the charging process. It can be seen that the DLi+ 
value ranges from 10–9 to 10–12 cm2 s−1 during the charg-
ing process. By comparison, the CCC/Li7P2.9W0.05S10.85/
Li-In battery presents less DLi+ value range from 10–9 to 
10–14 cm2 s−1 during the charging process. Thus, the dif-
fusion coefficient of INCC/Li7P2.9W0.05S10.85/Li-In battery 
is higher on average than that of CCC/Li7P2.9W0.05S10.85/
Li-In battery. One of the most important reasons that ionic/
electronic diffusion path is shortened with the help of an 
interpenetrating network, generating superior kinetic prop-
erty. Moreover, the Li7P2.9W0.05S10.85 sulfide electrolyte with 
high ionic conductivity also improves the kinetic property of 
all-solid-state batteries. Thus, the enhancing rate capability 
of an all-solid-state battery mainly depends on the design of 
an excellent composite cathode and the development of high 
ionic conductivity electrolytes.

Fig. 8   a GITT curves of CCC/Li7P2.9W0.05S10.85/Li-In and INCC/
Li7P2.9W0.05S10.85/Li-In system at the process of charge, b the poten-
tial profile before, during, and after a constant current pulse with 

schematic labeling, c the corresponding linear behavior of E against 
τ1/2, d the calculated Li+ diffusion coefficients at the process of 
charge
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Conclusion

In conclusion, the Li7P2.9W0.05S10.85 sulfide electrolyte is 
prepared by W doping, which delivers a high ionic con-
ductivity of 2.0 mS cm−1 at room temperature. In addition, 
the cathode composite with an interpenetrating network is 
also tailored by three-step ball grinding, whose electronic 
conductivity and ionic conductivity are 1.18 S cm−1 and 
0.183 mS cm−1, respectively. The electronic conductivity 
of ICCC is 10.2 times, and the ionic conductivity of INCC 
is 2.1 times that of CCC. The reason is that interpenetrat-
ing network tactics could effectively reduce the tortuosity 
factor of the carrier transport path, leading to the rapid 
transport of electrons and ions in the composite cathode. 
The cathode composite with an interpenetrating network is 
applied to all-solid-state Li-SeS2 batteries, which shows a 
high specific capacity of 512 mAh g−1 at the current density 
of 0.06 mA cm−1. Significantly, it also reveals excellent rate 
capability due to enhanced electrochemical dynamics. This 
work provides a feasible way to tailor the high ionic conduc-
tivity electrolyte and interpenetrating ion/electron network 
composite for high rate all-solid-state Li-SeS2 batteries.

Experimental Section

Preparation of Sulfide Solid‑State Electrolytes

70Li2S-(30-x)P2S5-xWS2 (x = 0, 1, 2) sulfide glass–ceramic 
electrolytes were prepared using a high-energy ball mill-
ing method and appropriate heat treatment. Li2S (Alfa 
Aesar, 99.9%), P2S5 (Macklin, 99%), and WS2 (Aladdin, 
99.9%) were used as precursors without further treat-
ment. Firstly, appropriate precursors with an exact molar 
ratio were weighed in the argon glove box (O2 < 0.1 ppm, 
H2O < 0.1 ppm) due to the reaction with oxygen and mois-
ture in the air. The above precursors were placed into a zirco-
nia pot filled with zirconia balls and then ground by the high-
energy ball-milling machine (Fritsch, Germany). After high 
energy ball milling (45 h, 510 rpm), the obtained glass sam-
ple was heated at a suitable temperature. Finally, Li7P3S11 
(70Li2S-30P2S5), Li7P2.9W0.05S10.85 (70Li2S-29P2S5-1WS2), 
and Li7P2.8W0.1S10.7 (70Li2S-28P2S5-2WS2) glass–ceramic 
electrolyte were obtained successfully.

Preparation of SeS2/CNT composite

Commercial carbon nanotubes (CNT) power (purity > 95%, 
diameter 10–20 nm, length 10–30) was purchased from 
Nanjing XFNANO technology Co., Ltd. The CNT power 
was treated with concentrated hydrochloric acid stirring for 
10 h to wash away any metal ions, suction-washed, and then 

dried at 90 °C in an oven. The commercial SeS2 power was 
purchased from (Alfa Aesar, 99.9%). SeS2/CNT compos-
ite was prepared as to the reported melt-diffusion method. 
Typically, SeS2 and CNT power with the weight ratio of 7:3 
were mixed uniformly by grinding. Then they were heated at 
155 °C for 12 h with a heating rate of 5 °C min−1 in a sealed 
vessel. After cooling to room temperature, the SeS2/CNT 
composite was prepared successfully. Figure S5 displays the 
morphology feature SeS2/CNT composite, indicating better 
dispersion for SeS2 and CNT. The XRD patterns of pristine 
SeS2 and SeS2/CNT samples are exhibited in Figure S6. It 
demonstrates that the melt-diffusion method does not gener-
ate new materials and change the crystal structure of SeS2.

Preparation of Cathode Composites

Vapor-grown carbon fiber (VGCF) power was purchased 
from Japan Showa Denko. Before using as a conductive 
agent in all-solid-state batteries, VGCF was heat-treated at 
80 °C for 12 h to remove the moisture. A grinding pattern of 
two steps prepared the CCC electrode. SeS2/CNT and VGCF 
were ground with a weight ratio of 3: 1: at a rotating speed 
of 360 rpm. Then, the above mixture and sulfide electrolyte 
were smoothed with a weight ratio of 4: 6 at the same rate.

The interpenetrating network composite cathode (INCC) 
was designed by a ball milling pattern of three steps. In 
detail, a mixture of SeS2/CNT and VGCF with a weight 
ratio of 3:0.5 was grinded by a rotating speed of 360 rpm. 
Following, the above mixture and sulfide electrolyte with 
a weight ratio of 3.5: 6 was milled at the same speed. Last, 
the above mixture and VGCF with a weight ratio of 3.5: 6 
was milled at a rotating speed of 100 rpm. In addition, all 
the above processes were performed in an argon atmosphere.

Electronic Conductivity Test of Cathode Composites

Cathode Composite (100 mg) or VGCF (100 mg) was placed 
into a mould and pressed into a sandwich structure with 
stainless steel under huge pressure (about 240 MPa). The 
electrochemical workstation was used to perform potentio-
static measurement at a bias voltage of 5 mV, and the current 
changes were recorded.

Ion Conductivity Test of Cathode Composites

Cathode Composite (100 mg) was placed into a mould and 
pressed into a table under a pressure of 240 MPa. Then, 
sulfide electrolyte powder (100 mg) was added to one side 
of the composite cathode table and pressed into the table. 
Next, sulfide electrolyte powder (100 mg) was again added 
to another side of the composite cathode table and pressed 
into a table under about 240 MPa pressure. Last, Li/sulfide 
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electrolyte/composite cathode/sulfide electrolyte/Li battery 
was assembled by placing lithium sheets on both sides of 
the composite layer. The electrochemical workstation was 
employed to record the voltage response of a Penta-layer 
cell to a charging current of 0.1 mA.

Structure and Morphology Characterization

X-ray diffraction (XRD) measurements were performed on 
the Bruker D8 Advance using Cu-Kα radiation with a scan-
ning step of 5° min−1. Solid-state nuclear magnetic reso-
nance (NMR) spectra were conducted on Bruker Ascend 
700 M spectrometer to explore 31P and 7Li. Scanning elec-
tron microscope (SEM) and elemental mapping were used 
using S-4800 field-emission scanning electron microscopy 
(Hitachi, Japan). Transmission electron microscopy (TEM) 
and high-resolution transmission electron microscope 
(HRTEM) were measured on an S-4800 transmission elec-
tron microscope (Hitachi, Japan) operated at 400 kV. X-ray 
photoelectron spectroscopy (XPS) measurements were per-
formed with the Thermo Fischer (ESCALAB 250Xi) instru-
ment using Al Kα radiation source. The differential thermal 
analysis (DTA) of the sulfide glass sample was determined 
at a temperature range from 30 to 300 °C (Hitachi, TG–DTA 
6200) with a heating rate of 10 °C min−1 under Ar atmos-
phere. Raman spectra were measured at an excitation laser 
beam wavelength of 532 nm using a Renishaw in Via Raman 
microscope. The TOF–SIMS measurements were performed 
on an ION-TOF (GmbH, Germany) TOF–SIMS IV with a 
bismuth liquid metal ion source.

Fabrication of All‑Solid‑State Battery

All-solid-state Li-Se batteries were fabricated by pow-
der compression pattern in glove box (O2 < 0.1  ppm, 
H2O < 0.1 ppm). These batteries have consisted of as-
prepared Li7P2.9W0.05S10.85 glass–ceramic electrolyte, 
SeS2/CNT composite cathode, and Li-In alloy anode. 
The detailed steps were as follows. Initially, solid-state 
electrolyte (150 mg) was assembled firstly in the mold 
under great pressure. Then, the cold pressing method was 
employed to construct SeS2/CNT cathode composite. 
Finally, Li-In alloy (10 wt.% Li) was pressed on the bot-
tom of the interlayer electrolyte.

Electrochemical Characterization

A blocking electrode system was employed to explore the 
lithium ionic conductivity of sulfide glass–ceramic elec-
trolytes. The electrochemical impedance spectroscopy 

(EIS) of the blocking electrode system, including sulfide 
glass–ceramic electrolyte, was performed by the electro-
chemical workstation (PARSTAT 2273, USA) with an 
amplitude of 15 mV at frequencies ranging from 1 MHz to 
100 Hz. The non-blocking system tested the electrochemi-
cal window of glass–ceramic electrolyte. The cyclic vol-
tammetry (CV) curve of the non-blocking electrode system 
was characterized at the voltage from − 0.5 to 5 V with a 
scan rate of 1 mV s−1.

The electrochemical workstation measured the cyclic 
voltammetry and Nyquist plots of assembled all-solid-state 
Li-Se batteries. Specifically, the CV curves were recorded 
with the voltage range from 0 to 3.5 V (vs Li-In) at different 
scan rates. The Nyquist plots were performed at frequencies 
ranging from 1 MHz to 100 Hz by applying an alternat-
ing current voltage of 15 mV amplitude. The galvanostatic 
charge/discharge behavior and rate capability of assem-
bled cells were examined by using an advanced battery test 
system (LAND, China) at room temperature. The specific 
capacity of the assembled cell was calculated according to 
the weight of SeS2 in the composite cathode. All electro-
chemical measurements were performed in an argon-filled 
atmosphere. Galvanostatic intermittent titration technique 
(GITT) experiments were conducted at the Land battery test-
ing system. The two cells were charged at a constant current 
of 0.015 mA cm−1 with an interval of 30 min followed by an 
open-circuit stand for 120 min to allow the cell potential to 
relax to its steady-state values. The procedure was repeated 
for the full electrochemical window.
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