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A quasi-solid-state rechargeable cell with high
energy and superior safety enabled by stable
redox chemistry of Li2S in gel electrolyte†
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Jieshan Qiu *b

Recent years have witnessed a thriving pursuit of high-energy Li metal batteries for replacing the

existing Li-ion batteries. However, the cell chemistry involving extremely reactive Li metal anodes in

flammable organic liquid electrolytes raises serious problems in battery performance and safety. Herein,

we report on achieving high energy and superior safety in a quasi-solid-state rechargeable cell design in

terms of Li metal-free stable redox chemistry between a Li2S cathode and Si anode in gel polymer

electrolyte with favorable interfacial properties, ionic conductivity and robustness. This chemistry

ensures intrinsically high safety even under extreme conditions by eliminating the uncontrolled

exothermic chain reactions in the cells. A nanospace-confined bifunctional electrocatalytic adsorber is

designed to minimize the diffusion restriction of the Li2S cathode in the gel electrolyte, while the Si

anode is strengthened by a multilevel hollow design. The obtained quasi-solid-state rechargeable Li2S||Si

full cells deliver a high specific energy of up to 802 W h kgLi2S+Si
�1 with high durability, low self-

discharge, and good temperature adaptability from �20 to 60 1C. Meanwhile, the cells exhibit excellent

safety against mechanical damage, overheating and short circuit in the air or water, offering high

reliability for practical use.

Broader context
Safety risk remains a fundamental obstacle to the practical application of popular rechargeable batteries based on alkali metals (e.g., Li/Na/Ka-ion batteries,
Li/Na–S batteries, Li-air batteries). This problem stems from the dangerous cell chemistry involving an extremely reactive alkali metal anode or an intercalation
oxide cathode releasing radical oxygen in highly flammable liquid electrolytes. In this work, we reported a new design of quasi-solid-state rechargeable batteries
based on stable redox chemistry between a Li2S cathode and Si anode in a gel polymer electrolyte. This chemistry eliminates the uncontrolled exothermic chain
reactions found in common rechargeable batteries while delivering high energy, thus satisfying the urgent demand of high energy and more reliable power
sources. Remarkably, such cell design manifests high safety under extreme conditions such as mechanical damage, overheating and short circuit in the air or
even water. It provides fresh insight into breaking the bottleneck of rechargeable batteries in terms of reliability and energy density.

1. Introduction

The energy density of existing Li-ion batteries (LIBs) using a
graphite anode and an intercalation-type oxide cathode is
approaching the theoretical limit (350 W h kg�1).1 Li metal
batteries (LMBs) have been revived to break this bottleneck by
coupling a Li metal anode that has an ultrahigh theoretical

capacity (3860 mA h g�1) with redox cathodes, such as the
sulfur electrode for Li–S batteries and the air-electrode for Li-air
batteries. However, the commercialization of Li metal anodes
faces significant challenges including (i) severe risk of safety
and cell failure caused by uncontrolled Li dendrite growth
in flammable electrolyte; (ii) short calendar life associated
with continuously irreversible reactions between Li metal and
electrolyte; (iii) low coulombic efficiency (CE) due to infinite
deformation of the solid–electrolyte interface (SEI) upon
repeated Li plating/stripping; and (iv) performance degradation
due to the attack of reactive species released from redox
cathodes (e.g., the polysulfide anions in Li–S batteries or the
superoxide radicals in Li-air batteries).2,3 Significant progress
has been made to strengthen the Li metal anodes by applying
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an artificial SEI or protection layer, a strain-tolerant Li host,
and electrolyte additives or solid-state electrolyte (SSE) and by
regulating the charge–discharge protocols.4–7 Nevertheless, the
elimination of these problems is fundamentally difficult as
long as non-equilibrium reactions involving the extremely
reactive Li metal proceed in the cells.

Given the huge obstacles to LMBs, developing high-energy
LIBs is a more realistic option to meet the urgent demands of
practical applications. This technology, however, has long been
restricted by an extreme lack of high-capacity cathodes. Redox
cathodes like the sulfur one have been recognized as promising
alternatives to conventional intercalation-type cathodes due to
their very high capacity stemming from multi-electron redox
chemistry.8 However, using sulfur cathodes in LIBs needs
delicate anode prelithiation, which dramatically increases the
processing complexity and cost.9 As a fully lithiated phase of
sulfur, lithium sulfide (Li2S) adequately combines the high
concentration of Li (66 at%) and the redox chemistry of sulfur.
This leads to not only a far superior theoretical capacity
(1166 mA h g�1) to intercalation cathodes, but also high
compatibility to the available Li-free high-capacity anodes
(e.g., Si, Sn, and metal oxides).10 The troubles of Li metal
anodes are avoided to enhance the performance and safety of
the cells. The Li2S cathode also outperforms the oxide-based
intercalation cathode in not only unbeatable capacity but also
improved safety by avoiding the notorious lattice oxygen release
that triggers cathode destruction, parasitic thermal runaway,
and gas generation in the cells.11 Moreover, a fully lithiated
state of Li2S endowed the cathode with volume-accommodation
properties in contrast to sulfur with an B80% volume change
during cycling.12,13 The poor solubility of Li2S in organic
electrolyte further restricts the cell reactions to reduce the
self-discharge. With these unique merits, Li2S holds great
promise for the development of advanced rechargeable batteries
with high energy, good robustness and superior safety. The great
potential of Li2S-based full cells was firstly demonstrated by the
pioneering work using a Li2S@CMK-3 cathode and Si nanowire
anode with a high specific energy of 630 W h kg�1.14 Afterward,
great efforts were devoted to improving the lifetime and energy
density of Li2S||Si full cells by engineering nanostructured Li2S
cathodes with a low activation barrier and fast redox kinetics,9,15

strengthening the Si-based anode,15,16 and applying redox addi-
tives or even ionic liquid electrolyte.17,18 Conversion-type metal
oxides such as Fe3O4 and SnO2 have been also evaluated for
Li2S-based full cells.10,18,19 Nevertheless, the relatively lower capa-
city and higher voltage of metal oxides limit the specific energy of
such cells to below 350–400 W h kg�1.

In organic liquid electrolytes, Li2S shares a similar electro-
chemical behavior to sulfur in Li–S batteries, wherein soluble
lithium polysulfides (LiPS) act as reaction intermediates upon
cycling.20 Therefore, the performance of Li2S cathodes is also
deteriorated by the notorious LiPS leakage and shuttling effect.
Employing the SSE sounds like an ultimate solution to elimi-
nate the LiPS in Li–S cells.21,22 However, the poor interfacial
contact between the ductile Li metal anode and the rigid SSE
makes Li dendrite growth even worse with significant SSE

deformation. The absence of LiPS and the low ionic conduc-
tance of SSEs also bring additional difficulties in cell kinetics
and performance.23,24 It should be noted that Li2S is a key
component of many SSEs like Li2S–P2S5,25 and it potentially
holds good interfacial compatibility in solid-state cells. Never-
theless, Li2S cathodes generally suffer from poor redox activity
due to the robust lattice with strong ionic bonds and insulating
nature (B10�13 S cm�1).26 This results in huge resistance
against charge transfer and Li+ diffusion within Li2S, manifesting
an extremely high overpotential (B1.0 V) for initial activation and
slow dissociation kinetics upon charge.27 These problems would
get worse in SSEs without LiPS as redox mediators for electro-
chemical oxidation and chemical dissolution of Li2S. The
quasi-solid-state electrolyte (QSSE) is superior to SSEs in ionic
conductance, interfacial compatibility, flexibility and density,
but exceeds the liquid ones in blocking LiPS diffusion, mechanical
strength and safety. A quasi-solid-state cell design may allow the
merits of Li2S cathodes to be fully exerted for engineering recharge-
able cells with high energy and safety, which, however, is still not
achieved.

In this work, we report a high-energy and safe design of
quasi-solid-state cells in terms of the multi-electron involving
yet stable chemistry between a Li2S cathode and Si anode in
robust gel polymer electrolyte (GPE). This Li metal and oxide-
free design without leakage risk intrinsically ensures high
safety of the cells by avoiding the uncontrolled exothermic
chain reactions under extreme conditions. On this basis, the
redox activity of the cells is boosted by minimizing the diffusion
obstacle between LiPS adsorption and redox conversion on a
nanospace-confined bifunctional electrocatalytic adsorber in
the Li2S cathode (Fig. 1, left side). This is distinct to the
reported sulfur or Li2S cathode, wherein an additional step
of LiPS diffusion from nonconductive adsorbers (e.g., metal
oxides/sulfides) to the charge-accessible catalytic surface must
be involved to accomplish the LiPS conversion.12,15,28–30 The
cell stability is optimized by engineering Si anodes with built-in
volume-accommodation properties in a multilevel hollow struc-
ture against fully lithiated Li2S (Fig. 1, right side). An intimate
and flexible GPE–electrode interface is in situ generated in
running cells to ensure good interfacial compatibility and ionic
conductivity while blocking LiPS and reducing the thermal
runaway. Overall optimization in cell chemistry and configu-
ration produces a flexible quasi-solid-state cell with a high
specific energy, low self-discharge, and good temperature
adaptability, as well as superior safety to LMBs under extreme
conditions in the air or water.

2. Experimental methods
Synthesis of h-CoN@MCNF fabrics

Polyacrylonitrile (PAN, Mw = 150 000, 1.2 g), polymethyl metha-
crylate (PMMA, Mw = 12 000, 1.2 g) and Co(Ac)2�4H2O (0.4 g)
were dissolved in dimethylformamide (DMF, 17.6 mL) under
vigorous stirring at 60 1C. The resultant precursor solution was
subjected to electrospinning for yielding nonwoven fabrics at a
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voltage of 18 kV and a flow rate of 1.0 mL h�1. The products
were aged at 280 1C for 2 h in air and subsequently annealed at
800 1C for 5 h in H2/Ar flow, followed by annealing at 400 1C for
2 h in NH3 flow. For comparison, the MCNF fabrics without
CoN were also fabricated in a similar way in the absence of
Co(Ac)2�4H2O.

Synthesis of h-CoN@MCNF/Li2S cathodes

Free-standing h-CoN@MCNF/Li2S cathodes were prepared via
the infiltration of an ethanol solution of commercial Li2S
into h-CoN@MCNF fabrics. The Li2S loading can be tuned
by altering the Li2S concentration in ethanol solution for
infiltration into h-CoN@MCNF fabrics with similar mass. For
comparison, MCNF/Li2S cathodes were also produced by
replacing h-CoN@MCNF with MCNF fabrics. All procedures
were conducted in an Ar-filled glovebox with O2 and H2O
contents o0.1 ppm.

Materials characterization

The morphology of the samples was characterized using a SEM
(JEOL JSM-7800F) and a TEM (JEOL JEM-2100 and FEI Tecnai
G20) equipped with an energy dispersive spectrometer. The
surface properties of the samples were measured using a
Micrometrics ASAP 2020 Surface Area and Porosity Analyzer and
XPS (Thermo ESCALAB MK II). The microstructure and phase of
the samples were analyzed via XRD (Rigaku D/MAX-2400, Cu Ka).

The weight ratio of Li2S in the samples was measured by the
weight difference of the fabrics before and after loading Li2S,
and calibrated via inductively coupled plasma optical emission
spectroscopy (ICP-OES, Optima 2000DV, PerkinElmer, Inc.) The
contents of Si and CoN in the samples were measured via TGA
(Shimadzu, DRG-60) from room temperature to 1000 1C at a
ramp rate of 10 1C min�1 in dry air. The infrared thermography
of the cells was obtained using a thermal infrared camera
(FLIR, C5).

Electrochemical measurements of half cells

The half cells were tested using CR2016 coin cells with Li foil
as the counter and reference electrodes at room temperature.
The h-CoN@MCNF/Li2S or MCNF/Li2S fabric was directly
used as the working electrode. The Li2S loading is around
2.5–7.4 mg cm�2 for different tests. The electrolyte used is
1.0 M lithium bistrifluoromethanesulfonylimide (LiTFSI) in
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1 : 1 by
volume) with 2.0 wt% LiNO3 additive. The weight fraction of the
electrolyte is 12 mL mgLi2S

�1. Prior to battery tests, the cells were
charged to 3.2 V at 0.1C to activate Li2S using a LAND CT2001A
battery tester. Subsequent galvanostatic charge–discharge tests
were performed at various current rates between 1.7 and 2.8 V.
Specific capacities and current rates were calculated based on
the mass of Li2S. The CVs were measured using a CHI 760E
electrochemical workstation at a scan rate of 0.1 mV s�1 from

Fig. 1 Schematic illustration of the configuration and merits of quasi-solid-state h-CoN@MCNF/Li2S||Si-NP@MCNF full cells.
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1.7 to 3.2 V for the first scan and between 1.7 and 2.8 V at
various scan rates for the rest of the cycles.

Assembly and electrochemical tests of quasi solid-state full cells

Free-standing Si@MCNF and h-CoN@MCNF/Li2S fabrics were
used as the anode and cathode, respectively. To reduce the
initial irreversible capacity loss, the Si@MCNF anodes were
cycled for 2 cycles between 0.05 and 1.0 V at 0.5 A g�1 against Li
in 1.0 M LiTFSI in DOL/DME (1 : 1 by volume). The Li2S loading
of the cathode is 1.0–2.5 mg cm�2. The mass ratio between the
anode and cathode is set to 1 : 1.6, ensuring a N/P ratio of 1.2.
Both the anode and cathode were substantially infiltrated using
a solution of LiTFSI and polyethylene oxide (PEO, Mw = 300 000)
in acetonitrile with an EO/Li ratio of 20 (EO = ethylene oxide
unit), followed by solvent evaporation at 80 1C. Afterward, the
gel electrolyte was in situ formed by adding an appropriate
amount of liquid electrolyte containing 1.0 M LiTFSI in DOL/
DME with 2.0 wt% LiNO3 additive (8 mL mgPEO

�1) into the cells.
The galvanostatic charge–discharge tests were carried out at
0.2C between 1.2 and 2.8 V at various temperatures. The
capacities of the full cells were limited by the cathode.

In operando characterization

All in operando tests were conducted by using h-CoN@MCNF/
Li2S or MCNF/Li2S with a Li2S loading of 1.0 mg cm�2 as the
working electrode, metallic Li foil as the counter and reference
electrodes, and 1.0 M LiTFSI in DOL/DME (1 : 1 by volume) with
2.0 wt% LiNO3 additive as the electrolyte. In operando X-ray
diffractograms were recorded using an X-ray diffractometer
(Bruker D8 ADVANCE) equipped with a 2D detector on a
customized battery module with a Be window for X-ray penetration
during cell running. The galvanostatic charge–discharge tests were
conducted between 1.7 and 3.2 V at 0.05C on a LAND CT2001A
battery tester. Meanwhile, the XRD patterns of the working
electrode were collected per 300 s in the 2y range of 5 to 701.
In operando UV-vis analyses were performed using a UV-vis-NIR
spectrometer (PerkinElmer Lambda 750) on a customized battery
module with a quartz window in the reflection mode during cell
running. The galvanostatic charge/discharge tests were carried out
between 1.7 and 2.8 V at 0.05C using a LAND CT2001A battery
tester. Simultaneously, the UV-vis spectra were recorded per 600 s
in a wavelength range of 300–700 nm. In operando EIS measure-
ments were performed using a Bio-Logic VSP-300 analyzer. Before
the tests, the working electrode was activated by charging from
OCV to 3.2 V at 0.05C. The galvanostatic discharge tests were
carried out between 1.7 and 2.8 V at 0.05C. The EIS spectra were
collected upon cell running every 30 min in the frequency range of
100 kHz to 10 mHz with an amplitude of 5 mV.

3. Results and discussion
Fabrication and characterization of h-CoN@MCNF/Li2S
cathodes

Flexible fabrics made of multichannel carbon nanofibers (MCNF)
with a length of hundreds of micrometers and a uniform diameter

(ca. 500 nm) were firstly fabricated via electrospinning of
the micro-emulsion of polymethyl methacrylate (PMMA) in
N,N-dimethylformamide (DMF) containing polyacrylonitrile
(PAN) and Co(Ac)2, followed by annealing in H2/Ar flow
(Fig. S1, ESI†). In this process, the PMMA micro-emulsion
was stretched to nanowires by the surrounding PAN fluid to
yield numerous parallel nanochannels in MCNF after anneal-
ing (Fig. 2a). Afterward, metallic Co nanoparticles derived from
Co(Ac)2 were converted to hollow CoN nanoshells (h-CoN,
JCPDS No. 16-0116) with a thin wall of several nanometers
and a small size below 15 nm via the Kirkendall effect by
annealing in NH3 (Fig. 2b, c and Fig. S2a, ESI†). They were
uniformly decorated on MCNF to form fabric electrodes
(h-CoN@MCNF) with highly exposed electrocatalytic-adsorption
sites for promoting LiPS capture and redox conversion (Fig. 2b
and Fig. S2b, ESI†). The formation of Co–N species is validated by
the 2p1/2/2p3/2 doublet at 796.5/780.5 eV in the Co 2p spectrum
and the peak at 397.8 eV in the N 1s X-ray photoelectron
spectroscopy (XPS) spectrum (Fig. 2d).31,32 Thermogravimetric
analysis (TGA) suggests a weight ratio of ca. 22.7 wt% for h-CoN
in h-CoN@MCNF (Fig. S2c, ESI†). Due to the multilevel hollow
structure, h-CoN@MCNF exhibits rich porosity with a high
specific surface area of 209 m2 g�1 (Fig. S2d, ESI†). This allows
homogeneous filling of substantial Li2S nanocrystallites with a
tiny size of several nanometers into the nanochannels of
h-CoN@MCNF via capillarity-forced infiltration (Fig. 2e–g and
Fig. S3, ESI†). Typically, the obtained cathodes (h-CoN@MCNF/
Li2S) contain ca. 65 wt% Li2S on average. This Li2S loading level
is actually far superior to that of slurry-casting made electrodes
by eliminating the use of a metal current collector and auxiliary
additives that usually occupied over half of the electrode
weight.

Intrinsic performance of h-CoN@MCNF/Li2S cathodes in half
cells

The intrinsic performance of the h-CoN@MCNF/Li2S cathode is
evaluated in liquid electrolyte containing LiTFSI in DOL/DME
with the LiNO3 additive against the Li metal anode. All specific
capacities were calculated using the mass of Li2S. The cathode
with a Li2S loading of 2.5 mg cm�2 delivers a high initial charge
capacity of 1095 mA h g�1 when being charged to 3.2 V at 0.1C
(1C = 1166 mA h g�1), corresponding to nearly full utilization of
Li2S (Fig. 3a). Upon initial charge, it exhibits a 0.67 V lower
potential barrier of Li2S activation compared to bulk Li2S
(3.1 V), as characterized by a rapid voltage rise to 2.43 V,
followed by a fast decline to a long plateau near 2.37 V. This
potential barrier is approaching a theoretical thermodynamic
value (ca. 2.3 V) of Li2S dissociation upon charge and is much
superior to that of most reported Li2S-based cathodes (Fig. 3b
and Table S1, ESI†).12,13,15,20,27,33–37 For the MCNF/Li2S cathode
without h-CoN, the activation potential barrier is largely
reduced relative to that of bulk Li2S, but is still higher than
that of the h-CoN@MCNF/Li2S cathode by 0.22 V with a 6-fold
longer activation process. These phenomena suggest that
(i) both h-CoN and MCNF work effectively to reduce the energy
barrier of Li2S activation and (ii) the presence of h-CoN on the
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Li2S/MCNF/electrolyte triple-phase interface plays a very critical
role in accelerating Li2S activation.

After initial activation, the h-CoN@MCNF/Li2S cathode deli-
vers a high charge capacity of 895 mA h g�1 when charged to
2.8 V at 0.2C. The discharge curves share a typical two-plateau
behavior with the common sulfur cathode, involving the sulfur
reduction to long-chain LiPS (ca. 2.3 V) and then short-chain
ones (ca. 2.1 V) (Fig. 3c).38,39 The charge–discharge voltage
gap (DE) is significantly reduced and kept nearly constant
(ca. 161 mV) with continuous cycling relative to the MCNF/
Li2S cathode (ca. 210 mV, Fig. S4, ESI†), reflecting a long-term
efficiency of the electrocatalytic effect on electrode kinetics.
After 200 cycles, it exhibits a high capacity of 800.8 mA h g�1

with a stable capacity retention over 90% at 0.2C (Fig. 3d).
At higher rates of 0.5–5.0C, the h-CoN@MCNF/Li2S cathode can
retain high capacities of 530-750 mA h g�1, and nearly the
entire initial capacity can be restored by switching the current
rate back to 0.2C, showing highly reversible Li2S utilization
(Fig. 3e). During long-term cycling, it exhibits a discharge
capacity of 410 mA h g�1 with a good capacity retention of

77% and a high CE of 97.7% after 500 cycles at a high rate of
2.0C (Fig. 3f). When the Li2S loading is doubled (5.2 mg cm�2)
or tripled (7.4 mg cm�2), the h-CoN@MCNF/Li2S cathodes can
still deliver high capacities of 710 and 660 mA h g�1 with
excellent capacity retentions of 88.5 and 79.4% and high CEs
above 99.1% for 200 cycles, respectively (Fig. 3d). When cycling
at higher rates of 0.5–5.0C, the h-CoN@MCNF/Li2S cathode
with a Li2S loading of 5.2 mg cm�2 still retains high capacities
of 410–580 mA h g�1 (Fig. 3e). After deep cycling, the structure
of the discharged cathode is well maintained without fracture
and clogging by Li2S aggregates, manifesting high robustness
and redox efficiency against repeated cycling (Fig. S5a, ESI†).

The critical role of h-CoN in the electrochemical improve-
ment of the h-CoN@MCNF/Li2S cathode is highlighted by
comparing it with the MCNF/Li2S cathode under identical
conditions. The latter delivers nearly half of the capacity of
the h-CoN@MCNF/Li2S cathode at 0.2–2.0C with fast decay in
CE and loses almost the entire capacity at 5.0C (Fig. 3e). After
300 cycles, only 30% of the capacity remains at 2.0C, much lower
than that of the h-CoN@MCNF/Li2S cathode (ca. 77%) (Fig. 3f).

Fig. 2 Characterization of the h-CoN@MCNF/Li2S cathode: (a) SEM images of h-CoN@MCNF fabrics, wherein the inset shows the cross-section of an
h-CoN@MCNF nanofiber; (b) TEM image of an h-CoN@MCNF nanofiber; (c) HRTEM image of the shell of an h-CoN nanoparticle; (d) Co 2p and N 1s XPS
spectra of the h-CoN@MCNF fabric; (e) TEM image of the h-CoN@MCNF/Li2S cathode; (f) HRTEM image of a Li2S nanocrystallite in this cathode; and
(g) element mapping of the h-CoN@MCNF/Li2S cathode.
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The post-mortem analysis indicates that the discharged MCNF/
Li2S cathode suffers from severe agglomeration of bulky Li2S on
the surface. Serious structural degradation implies uncontrolled
LiPS leakage from the nanochannels of MCNF and extensive Li2S
deposition on MCNF with poor surface reactivity (Fig. S5b, ESI†).
Compared to that of the MCNF/Li2S cathode, the cyclic voltam-
metry (CV) of the h-CoN@MCNF/Li2S cathode reveals a significant
negative shift of the Li2S oxidation peak and a positive shift of
LiPS/Li2S reduction peaks with much higher redox current and
smaller Tafel slopes, further validating the pronounced electro-
catalytic effect of h-CoN on Li2S oxidation and LiPS conversion
(Fig. S6, ESI†).

The electrochemical properties of h-CoN@MCNF/Li2S
cathodes are further evaluated in GPE formed via in situ com-
plexing of PEO with LiTFSI in liquid electrolyte around the
electrode in running cells. The presence of Li salts enhances
the ionic conductivity of GPE by providing extra Li+ and reduces
the crystallinity of the PEO matrix.40 This benefits fast charge
and ionic transport across the triple-phase interface between
Li2S, h-CoN@MCNF, and GPE. Meanwhile, the GPE also shows
superior resistance to liquid electrolyte against polysulfide
diffusion due to slow chain dynamics of the highly viscous
polymer matrix (Fig. S7a–d, ESI†).41 This effect is favorable
to not only inhibit LiPS shuttling but also enable high LiPS
accumulation on the cathode surface for accelerating Li2S
dissociation via electrochemical oxidation and chemical dis-
solution by LiPS.42 In GPE, the h-CoN@MCNF/Li2S cathode
exhibits a two-step redox behavior similar to that in liquid
electrolyte with slightly increased electrode polarization (DE =
191 mV). The potential barrier for Li2S dissociation (ca. 2.25 V)

and the charge potential are quite close to the values in liquid
electrolyte (Fig. S8a, ESI†). During long-term cycling, the
h-CoN@MCNF/Li2S cathode with a Li2S loading of 2.5 mg cm�2

delivers a high initial capacity of 825 mA h g�1 with a good
capacity retention of 84% and a high CE of 99.2% for over
200 cycles at 0.2C (Fig. S8b, ESI†). Apparently, the electrochemical
performance of the h-CoN@MCNF/Li2S cathode is well main-
tained in GPE due to the excellent redox activity.

Fabrication and electrochemical performance of Si-NP@MCNF
anodes

Si has long been recognized as one of the most practical choices
for anode materials to engineer high-energy rechargeable bat-
teries due to its ultrahigh theoretical capacity (4200 mA h g�1)
with suitable operating potential, reserve abundance, non-
toxicity, and high safety. However, its practical application is
still hindered by many challenges such as dramatic volume
changes (B300%) upon alloying with Li, low electrical and
ionic conductivity, and an unstable solid–electrolyte interphase.43

These drawbacks lead to fast pulverization and poor stability of Si
anodes with sluggish kinetics even when cycled at a low current
rate. We propose to strengthen the Si anode using a multichannel
design with high ionic accessibility and a strain-tolerant hollow
nanostructure. Flexible fabric anodes composed of MCNF filled
with Si nanoparticles with an average size of ca. 50 nm
(Si-NP@MCNF) were fabricated in a similar way to preparing
h-CoN@MCNF/Li2S cathodes, except replacing Co(Ac)2 by Si
nanoparticles without annealing in NH3 (Fig. S9a–c, ESI†). The
multilevel hollow architecture of MCNF offers sufficient room
to buffer the huge volume expansion of Si particles upon

Fig. 3 Electrochemical performance of the h-CoN@MCNF/Li2S cathode in half cells: (a) charge voltage curves of h-CoN@MCNF/Li2S, MCNF/Li2S, and
bulk Li2S/C cathodes for initial activation at 0.1C; (b) comparison of h-CoN@MCNF/Li2S and reported Li2S-based cathodes in the activation potential;
(c) discharge–charge voltage profiles of the h-CoN@MCNF/Li2S cathode for different cycles at 0.2C; (d) cycling stability of h-CoN@MCNF/Li2S cathodes
with various Li2S loadings at 0.2C; (e) rate performance of the h-CoN@MCNF/Li2S cathode at various current rates ranging from 0.2 to 5C; and (f) cycling
performance of h-CoN@MCNF/Li2S and MCNF/Li2S cathodes at 2.0C.
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lithiation while preventing them from electrical isolation from
the conductor, thereby enabling high structural stability and
reactivity of the Si anode.15 The Si loading in the Si-NP@MCNF
anode is ca. 62.4 wt% (Fig. S9d, ESI†). In a liquid electrolyte of
LiTFSI-DOL/DME, the Si-NP@MCNF anode with a Si loading of
2.2 mg cm�2 could deliver a high capacity of 1280 mA h g�1 with
a stable capacity retention of 80% after 100 cycles at 0.2 A g�1 and
a low potential plateau at ca. 0.2 V (Fig. S10a and b, ESI†).
At high current densities of 0.5–2.0 A g�1, high capacities of
850–1390 mA h g�1 can still be achieved, highlighting high
robustness under rapidly varying current conditions. With low
discharge potential, high capacity and good stability, this type of
Si anode is particularly suitable to be paired with Li2S-based
cathodes for engineering high-performance cells without the
hazardous Li metal.

Assembly and performance of quasi-solid-state Li2S||Si full cells

Encouraged by excellent performance, the h-CoN@MCNF/
Li2S cathode and Si-NP@MCNF anode were paired in GPE for

assembling quasi-solid-state rechargeable cells (h-CoN@
MCNF/Li2S||Si-NP@MCNF). GPE instead of flammable liquid
electrolyte is considered for improving the performance and
safety, and broadening the working conditions of the cells.
With high redox activity, the h-CoN@MCNF/Li2S cathode can
be directly used for full cells without initial activation. The
inevitable initial capacity loss of the Si anode is reduced by
cycling against Li for several cycles. The N/P ratio is optimized
to be ca. 1.2. The operating voltage of such full cells is 1.2–2.8 V
(Fig. 4a). The discharge–charge curves exhibit a similar two-
plateau discharge behavior with the h-CoN@MCNF/Li2S cath-
ode in half cells although the voltage plateaus are varied
(Fig. 4b). This suggests a LiPS-intermediated mechanism for
reversible Li storage in such full cells:14,17

Cathode reaction: x/2Li2S 2 xLiPS 2 x/2S + xLi+ + xe�

(1)

Anode reaction: Si + xLi+ + xe� 2 LixSi (2)

Fig. 4 Electrochemical performance of quasi-solid-state h-CoN@MCNF/Li2S||Si-NP@MCNF full cells: (a) capacity and operating voltage matchup;
(b) discharge–charge voltage profiles for different cycles at 0.2C; (c) cycling stability with various Li2S loadings at 0.2C; (d) comparison with the reported
Li2S-based full cells in specific energy; (e) cycling performance and coulombic efficiency of flexible pouch full cells under rolling and unrolling states;
(f) capacity retention at various current rates at �20, 30, and 60 1C; (g) discharge capacities against continuously varied operating temperature at 0.2C;
and (h) long-term stability in the OCV of the cells without initial charge, wherein the inset shows the capacity retention of working cells against
self-discharge.
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The quasi-solid-state h-CoN@MCNF/Li2S||Si-NP@MCNF full
cells limited by the Li2S cathode (1.0 mg cm�2) could deliver
a high initial discharge capacity of 827 mA h g�1 at 0.2C (1C =
1166 mA h g�1), resulting in a high initial CE of 94.2% (Fig. 4c).
After 100 cycles, a high capacity of 560 mA h g�1 can be retained.
When cycled at higher current rates of 0.5–2.0C, the cells can
deliver high capacities of 365–665 mA h g�1 (Fig. 4d). The full
cells with a higher Li2S loading (e.g., 2.5 mg cm�2) and a similar
N/P ratio still exhibit a high capacity of 472 mA h g�1 with a
stable capacity retention of 68.5% and a high CE of 97.6%
after 100 cycles at 0.2C (Fig. 4c). A high specific energy of
802 W h kgLi2S+Si

�1 could be achieved for h-CoN@MCNF/Li2S||
Si-NP@MCNF full cells in terms of the total active mass in the
cathode and anode, far superior to the theoretical specific energy
of graphite||LiCoO2 (410 W h kg�1) and graphite||LiFePO4

(385 W h kg�1) LIBs. When considering the total electrode mass,
a high specific energy of 506 W h kgLi2S+Si+MCNF+CoN

�1 can still be
delivered, which is remarkable for a quasi-solid-state cell and
even outperforms the reported Li2S-based full cells with liquid
electrolyte (o250 W h kg�1) (Fig. 4d and Table S2, ESI†).9,10,14–19

The cell design based on flexible Li2S||Si electrodes and GPE
with high mechanical robustness but no leakage risk is particu-
larly attractive for flexible, wearable and safe power sources, as
demonstrated by soft-packaged pouch cells with stable energy
output and a high CE (92–94%) under repeated rolling–unrolling
states (Fig. 4e).

These quasi-solid-state cells also demonstrate good adapt-
ability in a wide range of temperature. A two-step redox
behavior is maintained with good reversibility for the cells
operated between �20 and 60 1C (Fig. S11a and b, ESI†). When
cycled at 60 1C, they deliver high capacities of 310–845 mA h g�1

at 0.2–2.0C, thanks to suppressed LiPS shuttling by the
h-CoN@MCNF/Li2S cathode and GPE (Fig. 4f and Fig. S11c,
ESI†). While the performance of Li–S cells is usually deterio-
rated by aggravated LiPS shuttling at high temperature,44 at low
temperature (e.g., �20 1C), the cell kinetics involving complex
redox reactions and phase change is reasonably slow but still
efficient to yield comparable capacities of 185–365 mA h g�1 at
0.2–2.0C (Fig. 4f and Fig. S11d, ESI†). Varying the temperature
from �20 to 30 and then to 60 1C increases the capacity from
332.5 to 770.9 and then to 853.6 mA h g�1 at 0.2C and vice versa,
respectively, showing good tolerance against rapid temperature
changes (Fig. 4g). The Li–S batteries generally suffer from
serious self-discharge caused by continuous LiPS shuttling
and reactions with metallic Li, which significantly reduces the
cell-storage period.45 This drawback is largely reduced by
inhibited LiPS shuttling in Li metal-free quasi-solid-state
h-CoN@MCNF/Li2S||Si-NP@MCNF full cells. In fresh cells
before initial charge, the Li2S cathode with an activation barrier
and poor solubility restricts LiPS in the electrolyte. This leads to
the negligible decline of the open-circuit voltage (OCV) for a
long time (e.g., 450 h) even under mechanical impact or
bending conditions (Fig. 4h and Fig. S12, ESI†). In running
cells, the effect of self-discharge on capacity loss is assessed by
the ratio of the capacity difference between the 9th and 10th
cycles to the capacity of the 9th cycle ((C9th� C10th)/C9th). In this

process, the cells are rested for 12 h after the 9th cycle and
brought back to electrochemical cycling under identical
conditions. A low capacity loss of 4.1% is measured but this
can be largely recovered in the 11th cycle due to the elimination
of the robust chemical reaction between LiPS and the Li metal
anode (the inset in Fig. 4h).

High safety of quasi-solid-state Li2S||Si full cells

Safety is the primary concern of any practical power source.
Ensuring high safety, however, remains a tough task for LIBs/
LMBs that use flammable liquid electrolyte, extremely reactive
Li metal, and oxide cathodes suffering from lattice oxygen
release.46,47 Exothermic and violent chain reactions between
them trigger severe thermal runaway to induce fire/explosion
hazards under extreme conditions (e.g., short circuit, overheat-
ing and mechanical damage).46 In contrast, integrating an
oxygen-free Li2S cathode and a stable Si anode in quasi-solid-
state cells without Li metal offers great feasibility for addres-
sing these problems. The intrinsic properties of thermal runway
upon mechanical damage were evaluated in soft-packaged quasi-
solid-state pouch cells with a single electrode layer to rule out the
effect of cell configuration on thermal accumulation. External
short circuit of the anode and cathode induces negligible
thermal runaway in the cells before and after initial charge
(Fig. 5a). Nail penetration only causes a temperature increase
around the puncture site in fresh cells and a slight temperature
rise in fully charged cells (Fig. 5a and Fig. S13, ESI†). In contrast,
Li–S cells with a similar cathode loading encounter significant
thermal runaway under identical conditions (Fig. 5a), which
would be very serious in a large set of thick packaging cells.
Upon heating, the quasi-solid-state Li2S||Si full cells show super-
ior thermal resistance to Li–S cells using liquid electrolyte under
identical conditions (Fig. 5b). Overheating leads to huge and fast
volume expansion of Li–S cells upon the cell temperature rise
over 70 1C, whereas the quasi-solid-state Li2S||Si full cells show
negligible deformation. This improvement can be attributed to
the use of (i) GPE with lower thermal conductivity but higher
thermostability relative to liquid electrolyte, (ii) stable Li2S and
Si electrodes free of exothermic chain reactions in GPE, and
(iii) highly viscous GPE as the adhesive to reinforce the cells.

After nail penetration and even cutting in half, the quasi-
solid-state Li2S||Si full cells could maintain stable energy out-
put for over 10 h in the air without rapid failure by internal
short-circuit, electrolyte leakage and fast deactivation of cell
components (Fig. 5c–e and Videos S1, S2, ESI†). No leakage of
GPE is observed from the broken region of the cells, thanks to
its high viscosity, which is critical for maintaining the cell
performance under extreme conditions (Fig. S14a and b, ESI†).
After mechanical damage, the Li2S||Si full cells can even be
charged but the discharge capacity is limited by the loss of a
part of the electrode and the continuously irreversible con-
sumption of Li2S, polysulfide intermediates and the electrolyte
around the broken region exposed to air via constant ionic/
mass diffusion in the cells. The smaller the damage, the higher
the discharge capacities that can be retained (Fig. S15a and b,
ESI†). The high resistance of broken quasi-solid-state Li2S||Si
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full cells against air erosion can be attributed to the clogging
effect of highly viscous GPE containing air-stable deteriorative
products (e.g., lithium sulfate) of Li2S, LiPS and LiNO3 left by
electrolyte evaporation around the broken region.44,45 No violent
reaction, fire/explosion, and cell deformation occur for the
broken cells under extreme conditions, for example, in water,
owing to the absence of extremely reactive cell components
(Fig. 5f and Video S3, ESI†). In water, slow dissolution of highly
viscous GPE even allows the energy output of the cells to last for
a while. Using hydrophobic polymer-based GPE may further
enhance the resistance against air and water attack for pro-
longing the cell life, which is presently a problem.

Interactions between CoN and LiPS or Li2S

The stable operation of quasi-solid-state Li2S||Si full cells
strongly depends on the high reversibility and efficiency of
LiPS-intermediated reactions enabled by the h-CoN@MCNF/
Li2S cathode. This improvement can be further correlated to
the positive effect of h-CoN on the Li2S/conductor/electrolyte

interface on the adsorption–electrocatalytic conversion of LiPS
and Li2S. First-principles calculations were conducted to gain
atomistic insights into the interaction between CoN and Li2S or
LiPS. Typical planes of CoN, including the (100), (110) and (111)
facets, all exhibit superior LiPS adsorption to N-doped gra-
phene due to strong chemical interactions (Fig. 6a and Fig. S16,
ESI†). Generally, the adsorption of these species on
N-terminated (111) and (100) facets (�1.47 to �4.06 eV) is
much weaker than that of Co-terminated (100) and (111) facets
with higher densities of Co sites (�3.49 to �7.07 eV). Among
them, the strongest adsorption of Li2S and LiPS is achieved on
the Co-terminated (100) facet of CoN, identified by the highest
binding energy (Eb) of �6.4 to �7.07 eV via Co–S donor–
acceptor pairs (Fig. 6b). The strong chemical interaction
between h-CoN and LiPS is validated by pronounced signals
of the Co–S bond at 794.0/779.2 eV in the Co 2p XPS spectrum
of the discharged h-CoN@MCNF/Li2S cathode in addition to
Co–N bonds (Fig. S17, ESI†).48 This effect leads to more
efficient LiPS adsorption onto the electrode interface with polar

Fig. 5 Safety assessment of quasi-solid-state Li2S||Si full cells: (a) infrared thermography of the fresh cell without initial charge, fully charged cell and
Li–S cell in the initial state, under external short circuit, and after nail penetration; (b) infrared thermography and optical image of a quasi-solid-state
Li2S||Si full cell and a Li–S cell under overheating conditions; (c) voltage–time curve of a charged Li2S||Si full cell after cutting off a part in the air; optical
image of the LEDs powered by Li2S||Si full cells after (d) nail penetration and (e) then cutting in half for 2 h in air; and (f) optical image of a broken Li2S||Si
full cell in water to power the LEDs.
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CoN sites relative to the carbon surface (Fig. S18, ESI†), thereby
inhibiting the outward diffusion and leakage of LiPS from the
electrode. This also works effectively to prevent the detachment
and electrical isolation of Li2S from the charge conductor,
which is also critical to enhance the reversibility of a Li2S
cathode.38 On the other hand, the high accumulation of soluble
LiPS on the electrode surface is also favorable to reduce the
charge transfer resistance across the Li2S–electrolyte interface,
allowing the electrochemical oxidation of Li2S to proceed more
easily. Long-chain LiPS released from Li2S could further dis-
solve the Li2S via chemical comproportionation (e.g., 2Li2S8(l) +
2Li2S(s) - Li2S6(l) + 3Li2S4(l)) in addition to electrochemical
oxidation.49 Besides, the strong interaction between CoN and
Li2S is also beneficial to weaken the ionic bonds in Li2S crystals,
enabling a much lower kinetic barrier of Li+ extraction from
Li2S compared to that of N-doped graphene (Fig. 6c). Therefore,
the activation and dissociation of Li2S can be accelerated
upon charge by involving CoN on the electrode interface.

Specifically, the N-terminated (100) facet of CoN exhibits the
lowest barrier towards Li2S dissociation while enabling neither
too strong nor too weak LiPS adsorption, which facilitates the
Li2S activation/dissociation without raising the kinetic barrier
of the following LiPS conversion.

In operando analysis of the redox kinetics of h-CoN@MCNF/
Li2S cathode

In GPE and liquid electrolyte, the h-CoN@MCNF/Li2S cathodes
exhibit a similar redox mechanism. Therefore, their dynamic
redox behavior is investigated in liquid electrolyte to rule out
the side effects of GPE on spectrum signals. The behavior of
LiPS adsorption on the h-CoN@MCNF interface is firstly eval-
uated by monitoring the change of LiPS in terms of concen-
tration and species near the cathode in working cells via in
operando UV-vis spectroscopy. Different LiPS species, including
long-chain Li2S8 and Li2S6, and short-chain Li2S4 and Li2S2, are
distinguished at l = 570, 535, 510 and 470 nm by the maxima of

Fig. 6 DFT calculations and in operando analysis of the electrocatalytic effect of CoN on the kinetics of the Li2S cathode: (a) atomic structures of Li2S,
Li2S4 and Li2S6 clusters adsorbed on the Co-terminated (100) facet of CoN; (b) binding energies of Li2S, Li2S4 and Li2S6 clusters; (c) energy profiles for Li2S
dissociation (Li2S - LiS + Li+ + e�) on different facets of CoN or N-doped graphene; (d) in operando UV-vis contour patterns of h-CoN@MCNF/Li2S (left)
and MCNF/Li2S (right) cathodes upon discharge; in operando XRD contour patterns of (e) h-CoN@MCNF/Li2S and (f) MCNF/Li2S cathodes upon initial
charge, and (g) h-CoN@MCNF/S and (h) MCNF/S cathodes during discharge; (i) comparison of the responses of Rs, Rsurf, and Rct between
h-CoN@MCNF/Li2S and MCNF/Li2S cathodes to discharge depth, measured by in operando EIS of working cells.

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 2
4 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 4
/2

4/
20

21
 2

:1
3:

35
 A

M
. 

View Article Online

https://doi.org/10.1039/d0ee03037f


2288 |  Energy Environ. Sci., 2021, 14, 2278–2290 This journal is © The Royal Society of Chemistry 2021

the first-order derivative of UV-vis spectra during discharge,
respectively.50,51 The intensity is positively correlated with LiPS
concentration based on Beer–Lambert’s law. The contour
UV-vis pattern shows that the h-CoN@MCNF/Li2S cathode
undergoes much faster and complete conversion from long-
chain LiPS to short-chain ones with low concentration levels.
Throughout the discharge process, the LiPS concentration on
the h-CoN@MCNF interface is reduced by 1/3–1/4 as compared
to that near the MCNF/Li2S cathode (Fig. 6d). At the end of the
discharge, only a low concentration of short-chain LiPS remains
in the electrolyte near the h-CoN@MCNF cathode due to
efficient adsorption and conversion of LiPS. In contrast, severe
leakage and insufficient conversion of LiPS is revealed by the
high amount of residual of LiPS with various chain lengths in
the electrolyte near the MCNF/Li2S cathode, which certainly
deteriorates the cell reversibility. These observations visualize
the high efficiency of h-CoN as the electrocatalytic adsorber for
promoting LiPS adsorption and simultaneous redox conversion
under continuously varying cell conditions.

Fast kinetics of Li2S dissociation in working cells is con-
firmed by in operando XRD upon initial charge. Usually, the
activation and complete decomposition of bulk Li2S are quite
difficult upon the first charge.36 Nevertheless, Li2S in both
h-CoN@MCNF and MCNF can be fully dissociated due to the
synergy of improved interfacial conductivity and nanosize effect
of Li2S nanocrystallites (Fig. 6e and f). For the h-CoN@MCNF/
Li2S cathode, the initial charge process involves three primary
steps: (i) Li2S activation from OCV to the highest potential
barrier at 2.49 V; (ii) complete Li2S dissociation to soluble LiPS
from 2.49 to 2.36 V; and (iii) LiPS conversion to sulfur until
3.2 V. Many electrocatalysts such as metal oxides and nitrides
like Co4N have been reported to encounter a phase transition to
metal sulfides for catalyzing LiPS conversion.52 However, this
is not observed for CoN in the h-CoN@MCNF/Li2S cathode
because its formation energy is just below that of CoS2, as
validated by the nearly constant CoN (100) signal at 42.21 in the
contour XRD pattern throughout the charge and discharge
(Fig. S19, ESI†). This suggests that CoN plays the role of the
actual catalytic phase in regulating cell chemistry instead of the
active phase to deliver extra capacity or the pre-catalyst. Usually,
the commonly used LiPS adsorbers (e.g., metal oxides, sulfides,
MOF, polymers) are semiconductors or even insulators with
poor charge conductivity. An additional diffusion step of
LiPS to the charge-accessible interface has to be involved to
accomplish the electrochemical conversion, which profoundly
reduces the electrode kinetics. Distinct to these less-conductive
adsorbers, cobalt nitrides are metallic interstitial compounds
with metal-like character.53 This allows the LiPS adsorption and
redox conversion to proceed on the same CoN site without
additional diffusion to the carbon surface. Therefore, the LiPS
conversion can be greatly accelerated on the h-CoN@MCNF
interface, indicated by much faster decay of Li2S(111) signals
but a rise of sulfur peaks relative to MCNF.

The presence of h-CoN also works effectively in regulating
the Li2S deposition behavior on the electrode surface upon
discharge. Potentiostatic discharge tests show that h-CoN@MCNF

requires half of the time to achieve a much higher capacity
(138.3 mA h g�1) for Li2S nucleation relative to MCNF
(95.7 mA h g�1) (Fig. S20, ESI†). The in operando XRD analysis
further validates the faster Li2S deposition on h-CoN@MCNF
than that on MCNF (Fig. 6g and h). The in operando EIS analysis
of working cells reveals that the charge transfer resistance (Rct)
and interface resistance (Rsurf) for LiPS reduction on h-CoN@
MCNF remain at a much lower level without a significant
increment at different discharge depths as compared to MCNF
(Fig. 6i and Fig. S21, ESI†). This implies the suppressed blocky
growth of Li2S aggregates on h-CoN@MCNF, in good agree-
ment with the post-mortem SEM analysis (Fig. S5, ESI†).54

Uniform Li2S deposition on the conductive substrate is critical
to creating a homogeneous electrode–electrolyte interface
with improved redox activity and high accessibility to charge
transfer. Meanwhile, a much lower system resistance (Rs) also
suggests the inhibited LiPS leakage from h-CoN@MCNF to the
electrolyte throughout the discharge (Fig. 6i), which is constant
in the in operando UV-vis analysis (Fig. 6d). A significant
reduction of cathode resistance and LiPS viscosity in the
electrolyte not only improves the redox activity and reversibility,
but also enables faster Li+ diffusivity of the cells. This improve-
ment can be evidenced by comparing the larger Randles–Sevcik
slopes of h-CoN@MCNF/Li2S with those of MCNF/Li2S (Ip = Kv0.5,
where Ip is the peak current, v stands for the scan rate, and the
slope (K) is positively correlated to the Li+ diffusion coefficient)
(Fig. S22, ESI†).55

The promotion of LiPS conversion is further confirmed
using the CV of symmetric cells with identical working and
counter electrodes of h-CoN@MCNF in the electrolyte con-
taining 0.2 M Li2S6 in 1.0 M LiTFSI in DOL/DME at a scan rate
of 1.0 mV s�1. The symmetric cells rule out the adverse effects
of the side reaction between Li metal anode and electrolyte on
the electrocatalytic properties of the electrodes. The effect of
capacitive contribution is eliminated by featureless CVs of the
cells with h-CoN@MCNF electrodes but Li2S6-free electrolyte.
The high activity of h-CoN@MCNF towards reversible LiPS
conversion is validated by two pairs of pronounced redox peaks
for the oxidation of Li2S to Li2S6 and then to sulfur, and the
reverse process with an identical shape between �1.0 and 1.0 V
(Fig. S23, ESI†). Nevertheless, the MCNF experiences sluggish
LiPS conversion, as characterized by largely weakened and
broadened redox peaks. With the increase in scan rate, the
redox peaks associated with LiPS conversion on h-CoN@MCNF
remain distinguishable, rendering excellent kinetics for poly-
sulfide conversion. These results validate the significant pro-
motion of polysulfide conversion on h-CoN@MCNF, where
h-CoN contributes largely to the electrocatalytic activity.

4. Conclusion

In summary, we explored the feasibility of producing high-
energy and safe rechargeable cells in terms of a Li metal-free
quasi-solid-state cell design. A stable but high-capacity Li2S
cathode and Si anode were successfully coupled in in situ
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formed gel polymer electrolyte with good interfacial contact
and ionic conductance. A multilevel hollow design of the
electrode structure is simultaneously adapted to maximize their
activity and durability. Combined density functional theory
calculations and in operando analysis reveal the critical and
positive effect of CoN as a bifunctional electrocatalytic adsorber
in boosting the redox kinetics over the nanospace-confined
Li2S/conductor/electrolyte interface. The good combination of
stable cell chemistry and robust cell configuration endows the
quasi-solid-state rechargeable cell with a high specific energy,
excellent temperature adaptability, and superior safety against
mechanical damage, overheating, and short circuit in the air
and water. This study may provide new insights for the devel-
opment of high-performance power sources so as to satisfy the
urgent demand of energy and reliability.
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