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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/Li 2S||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/Li 2S 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/Li 2S cathode; (f) HRTEM image of a Li2S nanocrystallite in this cathode; and
(g) element mapping of the h-CoN@MCNF/Li 2S cathode.
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