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The severe shuttle effect and sluggish redox kinetics are the main challenges in sulfur cathodes, leading to
capacity degradation and poor rate performance of lithium—sulfur batteries, especially under high sulfur
loading and low electrolyte/sulfur (E/S). Herein, a three-dimensional (3D) multi-cavity carbon nanofiber
film decorated with Co-N, doped carbon nanotubes (Co-NCNTs@CNF) has been designed and
endowed with dual functions as the sulfur host and an interlayer simultaneously. The multi-cavity
structure of Co-NCNTs@CNF provides enough space for high-loading sulfur and relieves the volume
expansion of sulfur. In situ protruded CNTs and CNF form a conductive framework conducive to
accelerating the electrons/ions transfer. The macroporous structure caused by the introduction of Co-
containing hydrotalcite is beneficial for electrolyte penetration, thereby reducing the E/S. Co-N, sites
can act as high-efficiency adsorbents and catalysts to adsorb polysulfides and catalyze the conversion of
polysulfides rapidly. Owing to the synergistic effect, the Co-NCNTs@CNF-0.42-S cathode with an
interlayer delivers a high areal capacity of 477 mA h cm™2 at 0.2C after 100 cycles under the sulfur
loading of 6.7 mg cm ™2 and E/S = 10 pL mg~*. This strategy provides a new insight for preparing sulfur
cathode materials that can work at low E/S under high sulfur loading.
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Introduction

Lithium-sulfur (Li-S) batteries have been considered one of the
most promising next-generation rechargeable devices due to
their high theoretical energy density (~2600 W h kg™") and
abundant sulfur resources.”” Nevertheless, the practical appli-
cation of Li-S batteries is impeded by several challenging
issues, e.g., the inferior electroconductivity of sulfur and dis-
charging products (Li,S/Li,S,), significant volume expansion
(80%) of sulfur, and shuttle effect caused by the diffusion of
lithium polysulfides (LiPSs) into ether electrolytes.>* These
problems can lead to a fast capacity decay, low coulombic effi-
ciency, and poor rate performance, which would be worse under
high sulfur loading and lean electrolyte.® To address those
challenges, a great deal of work has focused on developing novel
sulfur hosts to anchor LiPSs and enhance the redox kinetics of
sulfur species via encapsulating sulfur into conductive
carbon®®/polymer>®  or  metal  oxides'**/sulfides"*"/
nitrides*>'¢/phosphides.”””*®* In addition, unremitting efforts
have been made in introducing interlayers*?*® or modifying
separators,”>* developing multifunctional binders**?® and
electrolyte additives.””** However, these modification strategies
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cannot wholly solve the LiPSs dissolution in electrolytes, espe-
cially under high sulfur loading and lean electrolyte. In addi-
tion, the slow kinetics of LiPSs conversion to Li,S,/Li,S is an
urgent issue to be solved. Therefore, it is essential to prepare
a multifunctional sulfur host to accommodate a large amount
of sulfur while mitigating volume changes, preventing the
shuttle effect, and accelerating redox kinetics of sulfur species.

Recently, researchers have paid attention to the construction
of three-dimensional (3D) conductive scaffolds endowed with
interlinked channels as sulfur hosts to improve sulfur
loading.**** For instance, the Li group developed a 3D hollow
carbon nanofiber foam to improve the sulfur loading to 6.2 mg
ecm 2, which delivers a high areal capacity due to the multiple
conductive channels.*® However, the sulfur particles will expand
in volume due to the relatively large size in a single cavity during
the discharging process, resulting in the fracture of hollow
carbon nanofibers and blockage of electrons/ions transfer
channels, which deteriorates the cycle stability of Li-S batteries.
Based on the literature, if a single cavity of carbon nanofiber can
be divided into multiple small cavities, the internal multi-cavity
structure will not only enhance the inner adsorption potential
to facilitate the entry of sulfur but also provide a conductive
framework to accelerate electrons and ions transfer and
increase the utilization of sulfur.’**

Furthermore, the high sulfur loading will aggravate the
shuttle effect and reduce the conductivity of the electrode,
thereby reducing the sulfur utilization.*® Therefore, the sulfur
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host needs to be endowed with strong adsorption and catalytic
capabilities for LiPSs, and it is also necessary to further enhance
the conductivity of the sulfur host. Some researchers usually
directly introduce a carbon matrix with good conductivity to
compound with the sulfur, e.g., graphene and carbon nano-
tubes (CNTs),*”*® which will inevitably increase the contact
resistance. According to the literature, the in situ co-growth of
carbon materials can significantly reduce contact resistance
and improve conductivity.*® Lately, Yu's group has reported
an N, O co-doped 3D wood-like carbon framework decorated
with CNTs forest, which delivers a capacity of 680 mA h g ' at
1C under a high sulfur loading up to 17.3 mg cm™ 2% This
excellent performance is due to the wood-like framework with
CNTs forest, which creates an internal conductive network that
provides fast and continuous transfer paths for electrons, ions,
and electrolytes.

In addition, the electrolyte/sulfur ratio (E/S), one of the main
factors affecting the actual energy density of Li-S batteries, has
gradually attracted the attention of researchers. Reducing E/S
has become a consensus in practical applications.**
However, once the E/S is too low, the battery will suffer from
severe polarization, lowering sulfur utilization. Therefore, to
make the battery work normally under lean electrolyte and high
sulfur loading, a low-nanoporosity sulfur host with a macro-
porous structure and high conductivity is preferred,* which can
guarantee the full wetting of cathodes.** For example, Yoshie
et al. proposed a positive electrode of Li,S, held by a sponge of
submillimeter-long few-wall CNT that works at low E/S.**

In this work, a 3D carbon nanofiber film decorated with Co-
N, doped carbon nanotubes (Co-NCNTs@CNF) has been
prepared as the sulfur host and an interlayer. The interior of
carbon nanofiber has a multi-cavity structure, providing enough
space for high sulfur loading and relieving the volume expan-
sion of sulfur. In situ protruded CNTs and CNF can form
a conductive framework conducive to accelerating the electrons/
ions transfer. Co-containing hydrotalcite as a substrate can
promote the growth of long CNTs and increase the mesoporous
ratio of Co-NCNTs@CNF, which is beneficial for electrolyte
penetration, thereby reducing the E/S. Co-N, sites can act as
efficient adsorbents and catalysts to adsorb polysulfides and
promote the transformation of polysulfides. Owing to the
synergistic effect, Co-NCNTs@CNF-0.42-S cathode with an
interlayer delivers a high areal capacity of 4.77 mA h cm™? at
0.2C after 100 cycles under the sulfur loading of 6.7 mg cm™>
and E/S = 10 pL mg ™.

Experimental section
Synthesis of Co-NCNTs@CNF-x film

Synthesis of Co-Al LDH. 0.308 g of Al (NO3);-9H,0 was dis-
solved in 300 mL of water. Then 0.720 g of Co (NO3), 6H,0 was
put into the solution which kept stirring until it dissolved. Next,
2.0 g of hexamine was added, stirring for 30 min. Subsequently,
the aqueous solution was transferred to a polytetrafluoro-
ethylene (PTFE) lining, sealed in a stainless-steel vessel, and
then heated at 140 °C for 12 h. After cooling down, the olive-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry A

green precipitation was washed with water until neutral and
dispersed in a 500 mL aqueous solution for later use.

Synthesis of MnO, nanowires. A certain mass of MnSO,-H,O
was added to 300 mL of water. Then, KClO;, CH;COOK, and
CH;COOH (16 mL) were added in sequence.*® After stirring for 5
minutes, the above solution was transferred to a PTFE lining,
sealed in a stainless-steel container, and heated at 160 °C for
8 h. After cooling down, the chocolate-colored deposition was
washed with deionized water to neutrality and dispersed in
a 600 mL aqueous solution.

Synthesis of MnO,@Co-Al LDH film. A certain amount of the
Co-Al LDH and MnO, aqueous solution with PVP are mixed
under stirring for 2 h. Then, a specific volume of the composite
solution was vacuum filtered and washed with water. After
drying at 50 °C for 24 h, the MnO,@Co-Al LDH film was ob-
tained. Thereinto, the volume ratios of Co-Al LDH/MnO, were 0,
0.21, 0.42, and 0.84, respectively.

Synthesis of Co-NCNTs@CNF-x film. The MnO,/Co-Al LDH
film was placed in a carbonization furnace, using aniline as
carbon and nitrogen source, followed by carbonizing at 800 °C
for 2 h with a heating rate of 3 °C min~" under Ar atmosphere.
Then the carbonized film was soaked in 30 mL 6 mol L "
hydrochloric acid for 3 days, washed with water until neutral,
and dried at 50 °C for 24 h to obtain Co-NCNTs@CNF-x film.
Thereinto, x represents 0, 0.21, 0.42, and 0.84, respectively,
which corresponds to the volume ratio of Co-Al LDH/MnO,.

Synthesis of Co-NCNTs@CNF-0.42-S cathodes. The Co-
NCNTs@CNF-0.42 film was cut into 12 mm discs. A certain
mass of sulfur was dissolved in carbon disulfide (CS,), forming
clear liquor, which was dripped on the discs. After CS, volatil-
izes, the discs were sealed in a vessel and heated at 155 °C for
8 h and then heated to 400 °C for 2 h. After cooling down, the
Co-NCNTs@CNF-0.42-S cathode can be obtained. The specific
capacity was calculated from the mass of sulfur. For Co-
NCNTs@CNF-0.42-S cathode, when the sulfur loading was 2.0,
3.1, 5.6, 6.5, and 6.7 mg cm >, the corresponding sulfur content
was 33, 44, 58, 62, and 63 wt%, respectively. For CP-S cathode,
when the sulfur loading was 2.0 and 5.9 mg cm™ 2, the corre-
sponding sulfur content was 18 and 40 wt%, respectively.

Characterization

Scanning electron microscopy (SEM) analysis was performed on
a SU8220 instrument (Hitachi, Japan). HT7700 (Hitachi, Japan)
and JEM-F200 (JEOL, Japan) microscopes were used for trans-
mission electron microscopy (TEM) analysis. A Tristar 3000
analyzer (Micromeritics Instruments, USA) was taken to
measure N, sorption isotherms at 77 K. X-ray photoelectron
spectroscopy (XPS) data were collected by an ESCALAB XI+
spectrometer (Thermo Scientific, Britain). X-ray diffraction
(XRD) patterns were collected from a PANalytical X'Pert* powder
diffractometer using CuKe radiation (40 kV, 40 mA, A = 1.54056
A). Raman measurements were performed on a DXR Smart
Raman spectrometer (Thermo Fisher, America) with a 532 nm
laser excitation. An STA 449 F3 analyzer (NETZSCH, Germany)
was utilized for thermogravimetric (TG) analysis at a heating
rate of 10 °C min~ " in an airflow.
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Electrochemical measurements

The CR2025 coin-type battery was assembled in an argon-filled
glove box, using a Co-NCNTs@CNF-0.42-S disc as a cathode, Li
foil as an anode, Celgard 2400 membrane as the separator, and
1 M LiTFSI in DME : DOL (1 : 1, v/v) containing 2 wt% LiNO; as
the electrolyte. When the sulfur loading was 6.7 mg cm ™2, the E/
S ratio was 10 uL mg~ . Under other sulfur loadings, the E/S
ratio was 15 puL mg '. Galvanostatic discharge-charge (GCD)
measurements were operated on a battery tester (Land
CT2001A, China) between 1.7 and 2.8 V. Cyclic voltammetry
(CV) curves, Tafel plots, and Nyquist plots within a range from
10 mHz to 100 kHz were measured at an electrochemical
workstation (CHI660E, China).

In situ XRD and Raman measurements

For in situ XRD measurements, Co-NCNTs@CNF-0.42-S (6.0 mg
cm ™ ?) as a cathode, an interlayer (Co-NCNTs@CNF-0.21), Li foil
as an anode, and glass fiber as a separator (Whatman, GF/D)
soaked with electrolytes were assembled into a home-made
mold. The in situ XRD cell was cycled between 1.7 and 2.8 V at
0.15 A g ' with a Land CT2001A battery test system.

For in situ Raman measurements, the sulfur cathode (2.0 mg
cm?), an interlayer, Li foil, and the glass fiber separator soaked
with electrolytes were assembled in an in situ Raman mold
(Tianjin IDA). The electrochemical reaction was utilized by the
CV test at a scanning rate of 0.4 mV s~ on a CHI660E electro-
chemical workstation. The laser irradiated the sulfur cathode
through a quartz window of the mold, so the Raman signals of
LiPSs in the cathode were collected. Before measuring, the cell
was discharged at 1.7 V.

Computational methods

The density functional theory (DFT) calculations were per-
formed using the Vienna ab initio simulation package
(VASP),**® with the ionic potentials including the effect of core
electrons being described by the projector augmented wave
(PAW) method.**® The exchange-correlation energy was eval-
uated using the Perdew-Burke-Ernzerhof (PBE) functional with
GGA exchange-correlation (XC).***> The plane-wave kinetic cut-
off energy was set as 500 eV, and the total energy convergence
was lower than 1 x 10~ * eV, with the force convergence at
0.05 eV A~! for geometric optimization. The first Brillouin zone
was sampled with 5 x 5 I'-centred k-points grids for all calcu-
lations. For the adsorption conformation simulations, we used
the vdW-D3 functional to include the physical van der Waals
interaction.®® A vacuum layer of 20 A thick was used to avoid
layer interaction. The structures of CP and Co-NCNTs@CNF-
0.42 are modeled based on the supercell of graphene contain-
ing 5 x 5 unit cells.

Results and discussion

The synthetic procedure of three-dimensional (3D) multi-cavity
carbon nanofiber film decorated with Co-N, doped carbon
nanotubes (Co-NCNTs@CNF) is described. Firstly, cobalt-
aluminum hydrotalcite flakes (Co-Al LDH, Fig. Slaf) and
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manganese oxide (MnO,) nanowires were prepared by hydro-
thermal methods, respectively. After the two were dispersed in
an aqueous solution, they were physically combined and then
vacuum-filtered to form a film (MnO,@Co-Al LDH). During the
carbonization process, using aniline as a carbon source and
nitrogen source, a layer of carbon was deposited on the
MnO,@Co-Al LDH. At the same time, Co** is reduced to Co
nanoparticles, which act as catalysts to promote the growth of
CNTs.* In addition, MnO, is reduced to MnO, followed by acid
etching to obtain Co-NCNTs@CNF-x film.

The length of MnO, nanowires is greater than 50 microns,
and the diameter is 100-200 nm (Fig. S1b and c%). Co-Al LDH is
uniformly dispersed in the film formed by overlapping MnO,
nanowires (Fig. S2t1). When Co-Al LDH/MnO, is 0, MnO,
nanowires will be transferred to hollow carbon nanofibers
(CNF) with a diameter of 200 nm after the CVD process, as
shown in Fig. S3.7 When the Co-Al LDH/MnO, is 0.21, scanning
electron microscope (SEM) images of Co-NCNTs@CNF-0.21 are
shown in Fig. 1a-c. After carbonization and pickling, the sample
maintains the nanofiber structure with a diameter of about 100-
200 nm, while slender and curved CNTs with a length of
micrometers and a diameter of about 70-100 nm are grown on
the surface of the nanofibers. It shows that this method can
successfully grow CNTs on the surface of CNF to form a 3D
cross-linked conductive network structure. After increasing the
volume ratio of Co-Al LDH/MnO, from 0.21 to 0.42, the SEM
images of Co-NCNTs@CNF-0.42 are shown in Fig. 1d-f. It can
be seen that the number of CNTs wound on the surface of the
CNF increases, and the diameter becomes finer, about 50-
70 nm.

Transmission electron microscope (TEM) images of Co-
NCNTs@CNF-0.21 (Fig. 2a and b) show that the carbon nano-
fiber film has a multi-cavity structure. Some Co nanoparticles
are wrapped in the CNTs, indicating that the growth mecha-
nism of the CNTs is the in situ top catalytic growth mode of Co
nanoparticles. That is to say, the release of reducing gas (CN,)
during the heat treatment in an argon atmosphere can reduce
Co** to metallic Co nanoparticles, which can act as catalysts to
adsorb CN, and promote the growth of CNTs through an in situ
catalytic growth mechanism.*® TEM images of Co-NCNTs@CNF-

Fig. 1 SEM images of (a—c) Co-NCNTs@CNF-0.21 and (d-f) Co-
NCNTs@CNF-0.42.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 TEM images of (a and b) Co-NCNTs@CNF-0.21 and (c and d)
Co-NCNTs@CNF-0.42.

0.42 (Fig. 2c and d) show that the carbon nanofiber still has
a multi-cavity structure, and CNTs are grown on the surface of
the CNF. As the content of Co-Al LDH increases, the number of
CNTs increases, and the diameter of the CNTs becomes smaller,
consistent with SEM results. The multi-cavity structure of
carbon nanofiber is mainly due to the removal of MnO and Co
nanoparticles by acid etching. When the Co-Al LDH/MnO,
increases to 0.84, TEM images show the agglomeration of CNTs
and CNF (Fig. S471), indicating that excessive addition of Co-Al
LDH is not conducive to even dispersion.

XRD patterns of the Co-Al LDH and MnO, (Fig. 3a) synthe-
sized by the hydrothermal method are consistent with the
standard cards,* respectively, indicating that the Co-Al LDH
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Fig.3 (aand b) XRD patterns of samples. (c) N, sorption isotherms and
(d) pore size distributions of CNF and Co-NCNTs@CNF-x samples. The
isotherms of Co-NCNTs@CNF-0.21 and Co-NCNTs@CNF-0.42 were
vertically offset to 50 and 80 cm® g™, respectively, STP.
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and MnO, were successfully synthesized. The XRD pattern of
MnO,@Co-Al LDH also shows that Co-Al LDH was successfully
mixed with MnO, nanowires. After the carbonization, MnO,
was transformed into MnO, as confirmed by the XRD result
(Fig. S51). The Co-NCNTs@CNF-x film was obtained by acid-
washing with 6 mol L™" HCI to form a multi-cavity structure.
As shown in Fig. 3b and S6a,f the XRD pattern of CNF shows
a peak at 20 = 26°, which represents amorphous carbon, while
three peaks representing Co nanoparticles (JCPDS No. 89-4307)
can be seen in the XRD patterns of Co-NCNTs@CNF-x (x = 0.21,
0.42, and 0.84). The peak intensity of amorphous carbon grad-
ually increases with Co-Al LDH content, indicating the growth
of CNTs, consistent with TEM results.

The pore structure of Co-NCNTs@CNF-x and CNF were
analyzed by nitrogen sorption tests (Fig. 3c and Sébt). The
nitrogen sorption isotherms show type II and IV characteristics,
a hysteresis loop at P/P, = 0.4, and the adsorption volume
increases sharply when P/P, is close to 1.0, indicating the exis-
tence of mesopores and macropores.”” The pore structure
parameters of Co-NCNTs@CNF-x and CNF are listed in Table
S1.7 After removing MnO, the specific surface area (Sggr) of CNF
is 57.8 m> g, and its pore volume (Vio(a) is 0.18 cm?® g, With
the gradual increase of Co-Al LDH content, the Spicro and Viicro
of the samples gradually decrease, and the proportion of mes-
opores gradually increases. It may be that the rise of Co-Al LDH
content leads to the increase of Co nanoparticles. Thus, the
cavities are left after etching Co nanoparticles. The pore size
distributions (PSDs, Fig. 3d and S6b+t) show that the pore size of
CNF is concentrated at 29 nm, which may correspond to the
pores left after etching MnO. The PSDs of the Co-NCNTs@CNF-
x samples are concentrated at 29 nm, which laterally confirms
that the size of MnO is 29 nm. In addition, Co-NCNTs@CNF-
0.21 and Co-NCNTs@CNF-0.42 both have mesopores at
10 nm, which may correspond to the size of Co nanoparticles.
The PSDs of micropores obtained by CO, adsorption measure-
ment at 273 K can be seen in Fig. S7.f The micropores are
mainly concentrated at ~0.6 and 0.8 nm. The Raman spectra of
Co-NCNTs@CNF-x samples (Fig. S8at) show that the Ip/I; of Co-
NCNTs@CNF-x increases from 1.02 to 1.19 with the rise of Co-Al
LDH content, indicating that the addition of Co-Al LDH
increases the disorder degree of hybrids. TG curves of Co-
NCNTs@CNF-x in airflow are shown in Fig. S8b.f With the
increase of Co-Al LDH content from 0 to 0.84, the residual mass
of samples is about 3.9, 8.1, 12.1, and 15.8 wt%, respectively.
According to TG results, the Co content in Co-NCNTsS@CNF-x (x
= 0.21, 0.42, and 0.84) is calculated to be about 3.6, 6.5, and
9.3 wt%, respectively.

XPS spectra of Co-NCNTs@CNF-0.42 are displayed in
Fig. S9.1 The C 1s XPS spectrum can be fitted into four peaks
(Fig. S9at), which are C=C (284.8 eV), C-N (285.4 eV), C=0
(286.9 eV), and C-OH (288.1 eV), respectively. As shown in
Fig. S9b,t the N 1s XPS spectrum can be resolved into five peaks,
located at 398.4, 399.0, 399.7, 401.0, and 404.0 eV, respectively,
corresponding to pyridinic N, Co-N,, pyrrolic N, graphitic N,
and oxidized-N.*® As shown in Fig. S9¢c,T Co 2p XPS spectra can
be fitted into three peaks, which are Co® (778.0 eV), Co-N, (779.5
ev), and Co>" (781.6 eV), respectively.”® The XPS results
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confirmed the presence of Co-N, sites in Co-NCNTs@CNF-0.42,
which have been reported to be highly active sites for many
electrocatalytic reactions and anchoring LiPSs.*®* To investi-
gate the interaction between the Co-NCNTs@CNF-0.42 and
LiPSs, the samples were immersed in 0.001 mol L™ Li,Se
solution for 9 h, as shown in Fig. $10.7 Compared with carbon
paper (CP), the solution colour of Co-NCNTs@CNf-0.42 turned
from yellow to transparent. The result shows a strong chemical
interaction between the Co-NCNTS@CNF-0.42 and LiPSs.

Co-NCNTs@CNF-0.42-S electrode was obtained from
immersing sulfur directly into the electrode by a melt impreg-
nation method. The XRD pattern of Co-NCNTs@CNF-0.42-S
(Fig. S11t) shows the characteristic diffraction peaks of mono-
clinic sulfur, indicating that Co-NCNTs@CNF-0.42 has a strong
binding effect on sulfur.** The macroscopic picture and SEM
images of Co-NCNTs@CNF-0.42-S are displayed in Fig. S12.7
After sulfur impregnation, the film maintains the self-standing
architecture, and the carbon nanofiber structure interwoven
with intruded CNTs is still well-retained. The distribution of
sulfur in the electrode was characterized by STEM-EDS. As
shown in Fig. S13,t there is no sulfur agglomeration, and sulfur
is evenly distributed in the electrode.

The Co-NCNTS@CNF-0.42-S electrode with a Co-
NCNTs@CNF-0.21 interlayer was assembled to test the elec-
trochemical performance. CP was cut into discs to load sulfur as
a control sample. Cyclic voltammetry (CV) curves of the Co-
NCNTs@CNF-0.42-S electrode at the 1%, 3™, and 5% cycles are
exhibited in Fig. 4a, respectively. The reduction peaks at 2.3 and
1.8 V correspond to the reduction of Sg to higher-order Li,S, (4
= x = 8) and the reduction of Li,S, to insoluble Li,S,/Li,S,
respectively. The oxidation peaks around 2.38 and 2.52 V
correspond to the oxidation of Li,S,/Li,S to Li,Sg and Sg. The
reduction and oxidation peaks are pronounced, indicating that
the sulfur host has abundant transport channels for electrons
and ions, which leads to a rapid redox reaction. In addition, the
3™ and 5™ CV curves almost overlap, indicating that the Co-
NCNTs@CNF-0.42-S cathode has good electrochemical reac-
tion reversibility and stability. In contrast, CV curves of CP-S
electrode with interlayer are shown in Fig. Sl4a,f whose
oxidation peaks appear about 2.42 and 2.51 V, lagging behind
that of Co-NCNTs@CNF-0.42-S electrode. As shown in Fig. 4b,
the Nyquist plot is composed of a semicircle in the high-
frequency region and a straight line in the low-frequency
region. The semicircle reflects the charge transfer resistance
(Rct), and the straight line is the Warburg resistance (Z,), which
demonstrates the ion diffusion. After cycles, the semicircle
diameter decreased. The inclination angle between the Z,, and
the X-axis was greater than 45°, indicating that the R
decreased, and the ion diffusion rate increased. Nyquist plots of
the CP-S electrode after cycles show that the R is larger than
that of the Co-NCNTs@CNF-0.42-S electrode (Fig. S14bt). This
result further proved that Co-NCNTs@CNF-0.42 has good
conductivity and provides abundant transfer channels for
electrons/ions, contributing to fast electrochemical reactions.
The rate performance of Co-NCNTs@CNF-0.42-S and CP-S
cathodes was tested at various current densities from 0.2 to
2C (Fig. 4c). At a current density of 0.2, 0.5, 1, and 2C, the
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Fig.4 (a) CVcurvesat0.1mV s~ (b) Nyquist plots before and after CV
tests of Co-NCNTs@CNF-0.42-S electrode with an IL. (c) Rate
performance at current densities from 0.2 to 2C and (d) initial
discharge and charge curves of Co-NCNTs@CNF-0.42-S and CP-S
electrodes with an IL at 0.5C. (e) Cycling performance of Co-
NCNTs@CNF-0.42-S electrode with an IL under different sulfur
loadings at 0.5C.

discharge capacity of Co-NCNTs@CNF-0.42-S cathode is about
1171, 1018, 954, and 804 mA h g™, respectively. The specific
capacity of Co-NCNTs@CNF-0.42-S cathode at 1 and 2C is
higher than that of CP-S cathode (791 and 124 mA h g ),
respectively, which shows a good rate capability of Co-
NCNTs@CNF-0.42-S cathode. When the current density
returns to 0.5C, the capacity can still return to 1017 mA h g™,
suggesting the combination of Co-NCNTs@CNF-0.42-S cathode
and Co-NCNTs@CNF-0.21 interlayer can improve the electro-
chemical performance. The initial charge-discharge curve of
Co-NCNTs@CNF-0.42-S and CP-S electrode combined with the
interlayer at 0.5C is shown in Fig. 4d. Two obvious discharging
voltage platforms at 2.3 and 2.1 V of the Co-NCNTs@CNF-0.42-S
electrode are higher than that of the CP-S electrode. The voltage
platforms in the charging curve are concentrated in 2.3-2.5 V,
close to the redox peaks in CV curves. When the specific capacity
is 420 mA h g ', the voltage difference (AE) of the Co-
NCNTs@CNF-0.42-S electrode is smaller than that of the CP-S
electrode, indicating that the electrochemical polarization
effect is relatively small, mainly attributed to the good electronic
conductivity of sulfur host and interlayer, which can reduce the
internal resistance of the battery. Additionally, the cycling
performance of the Co-NCNTs@CNF-0.42-S electrodes under
different sulfur loadings was tested with a larger current density
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of 0.5C, as shown in Fig. 4e. When the sulfur loading is 2.0 mg
cm?, the initial specific capacity at 0.5C is 992 mA h g™ after
activation at 0.2C and maintains at 763 mA h g~ " after 300 cycles
with a capacity decay of 0.077%. When the sulfur loading is
3.1 mg cm ™%, the capacity is 666 mA h g~ ' at 0.5C after activa-
tion and maintains at 594 mA h g~* after 300 cycles, and the
capacity decay is 0.036%, which is lower than that of sulfur
loading at 2.0 mg cm 2. The above results indicate that Co-
NCNTs@CNF-0.42-S electrode combined with the interlayer
can significantly improve the cycle stability of the battery under
high sulfur loading.

The cycling performance of Co-NCNTs@CNF-0.42-S and CP-
S cathodes with or without an interlayer (Co-NCNTsS@CNF-0.21)
at 0.2C was tested under high sulfur areal loading conditions,
respectively. As shown in Fig. 5a, when the sulfur loading is
6.5 mg cm 2, the first discharge specific capacity of the Co-
NCNTs@CNF-0.42-S cathode with the interlayer at 0.2C is
962 mA h g¢~', much higher than that of Co-NCNTs@CNF-0.42-S
cathode without interlayer (747 mA h g~ with a sulfur loading
of 5.6 mg cm™?) and CP-S cathode (318 mA h g~ with a sulfur
loading of 5.9 mg cm ™2, Fig. S151). After 100 cycles, the specific
capacity of the Co-NCNTs@CNF-0.42-S cathode with the inter-
layer was 790 mA h g™, higher than that of the cathode without
the interlayer (605 mA h ¢~ '), which indicates that the addition
of interlayer can effectively enhance the capacity and cycling
performance of the Co-NCNTs@CNF-0.42-S cathode, especially
under high sulfur loading. As shown in Table S2,} compared
with the literature, the Co-NCNTs@CNF-0.42-S cathode
combined with the interlayer showed higher areal specific
capacity and better cycling stability. In addition, the capacity
loss of CP-S cathode is severe under high sulfur loading, and its
capacity is much lower than that of Co-NCNTs@CNF-0.42-S
cathode, indicating that Co-NCNTs@CNF-0.42 is more suit-
able for high sulfur loading. Therefore, the Co-NCNTs@CNF-
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Fig.5 Cycling performance of Co-NCNTs@CNF-0.42-S electrodes at
0.2C (a) with/without an IL under high sulfur loading and (b) with an IL
under high sulfur loading and low E/S.
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0.42-S cathode combined with the Co-NCNTs@CNF-0.21 inter-
layer can significantly boost the electrochemical performance of
Li-S batteries.

Except for the high sulfur areal loading parameter, the
amount of electrolyte (E/S) is also a very critical parameter.
Higher E/S will significantly reduce the actual energy density of
the battery, so the E/S has become one of the effective ways to
promote Li-S batteries from laboratory to application. When
the E/S is 10 uL mg ', the cycling performance of the Co-
NCNTs@CNF-0.42-S electrode combined with the interlayer at
0.2C is shown in Fig. 5b. When the sulfur loading is 6.7 mg
cm 2, the first discharge specific capacity of the sulfur cathode
is951 mA hg ', and an areal specific capacity is 6.37 mA h cm 2
at 0.2C, which remains at 712 mA h g~ after 100 cycles with
a high areal specific capacity (4.77 mA h cm™?). Therefore, the
Co-NCNTs@CNF-0.42-S electrode combined with the Co-
NCNTs@CNF-0.21 interlayer exhibits good electrochemical
performance even under high sulfur loading and low E/S. The
good performance mainly originated from the macroporous
structure with high conductivity of Co-NCNTs@CNF-0.42,
which can effectively promote electrolyte penetration, thereby
reducing the dependence of sulfur cathode on the amount of
electrolyte.**%

To investigate the catalytic activity of Co-NCNTs@CNF-0.42,
a 2025-type coin-type symmetrical battery was assembled with
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Fig.6 (a) CV curves of symmetric batteries at a scan rate of 10 mV s,
(b and c) LSV curves at 0.1 mV s~ ! and (d) Tafel plots of Co-
NCNTs@CNF-0.42 and CP electrodes. (e) Energy profiles for the
reduction of LiPSs on Co-NCNTs@CNF-0.42 and CP substrates. The
inset is optimized adsorption conformations of LiPSs on Co-

NCNTs@CNF-0.42 and CP substrates.

J. Mater. Chem. A, 2022, 10, 12168-12176 | 12173


https://doi.org/10.1039/d2ta02844a

Published on 19 May 2022. Downloaded by Dalian University of Technology on 6/21/2022 9:56:53 AM.

Journal of Materials Chemistry A

0.2 M Li,Sg to test CV curves and Nyquist plots. CP electrode was
used as a contrast sample. As shown in Fig. 6a, a couple of
reversible redox peaks can be observed from the CV curve of the
Co-NCNTs@CNF-0.42 electrode, indicating that the electrode
has good reversibility of the electrochemical reaction. In
contrast, no redox peak is observed from the CV curve of the CP
electrode, and the current density is lower than that of the Co-
NCNTs@CNF-0.42 electrode, indicating that Co-NCNTs@CNF-
0.42 has a catalytic effect on Li,S¢. In addition, the Nyquist
plot after cycling (Fig. S161) also illustrates that the Co-
NCNTs@CNF-0.42 electrode has a lower R, and faster ion
transport compared to the CP electrode. To further prove that
the Co-NCNTs@CNF-0.42 has a catalytic effect on Li,Ss, Co-
NCNTs@CNF-0.42 as the cathode, the Li foil as the anode,
and 0.2 M Li,S¢ as the electrolyte were assembled to test linear
sweep voltammetry (LSV) curves and Tafel plots. When the
voltage window varies from the open circuit potential (OCV) to
1.7 V, the LSV curves are shown in Fig. 6b. The Co-
NCNTs@CNF-0.42 electrode has a prominent reduction peak
at 1.95 V. In contrast, the reduction peak of the CP electrode is
not apparent, indicating that the Co-NCNTs@CNF-0.42 elec-
trode has catalytic activity, which can accelerate the reduction
reaction of LiPSs compared with the CP electrode. When the
voltage window varies from OCV to 2.8 V, the LSV curves are
shown in Fig. 6¢c. The Co-NCNTs@CNF-0.42 electrode has two
distinct oxidation peaks at 2.38 and 2.42 V, respectively. In
contrast, an oxidation peak of the CP electrode appears at
2.58 V, indicating that the conversion from Li,S,/Li,S to Sg of
the Co-NCNTs@CNF-0.42 electrode is faster than the CP elec-
trode. As shown in Fig. 6d, the Tafel slope calculated from the
Tafel plot of the Co-NCNTs@CNF-0.42 electrode (108 mV dec™ ")
is much lower than that of the CP electrode (190 mV dec %),
indicating that the Co-NCNTs@CNF-0.42 electrode has a faster
reaction kinetics. Furthermore, according to Faraday's law,**%”
the Li,S precipitation area of Co-NCNTs@CNF-0.42 is larger
than that of CP. Additionally, the nucleation response of Li,S on
Co-NCNTs@CNF-0.42 was earlier than CP, as shown in
Fig. S17.f These results further suggest that the Co-
NCNTs@CNF-0.42 electrode has catalytic activity, which
contributes to accelerating the redox reaction kinetics of sulfur
species. To better understand the reason for improved redox
reaction kinetics of the Co-NCNTs@CNF-0.42, Gibbs free ener-
gies (AG) profiles of the last two steps of redox reaction in Li-S
batteries (main rate-limited steps) [*Li,S; — *Li,S, + (1/4)Sg
and *Li,S, — *Li,S + (1/8)Sg] on CP and Co-NCNTs@CNF-0.42
substrates are calculated by using the DFT method. As displayed
in Fig. 6e, one can see that the AG of Co-NCNTs@CNF-0.42 for
the reduction of Li,S,* to Li,S,* and Li,S,* to Li,S* is 0.52 and
0.69 eV, respectively, much lower than that of CP (1.02 and 1.07
eV), indicating that the reduction of S is much more favorable
on Co-NCNTs@CNF-0.42 than on the CP substrate,*® which
highlights the catalytic effect of Co-NCNTs@CNF-0.42 on the
conversion of LiPSs to Li,S.

In situ XRD measurements were performed to study the
phase transformation of sulfur species in the electrochemical
reaction under a high sulfur loading of 6.0 mg cm™>. As shown
in Fig. S18,1 during the discharge process, the peak detected at
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260 = 23.5° belongs to a-Sg (JCPDS No. 08-0247),%° which
decreases and disappears before the end of the high voltage
plateau (2.3 V). This result corresponds to the solid-liquid two-
phase transition in the reaction mechanism of Li-S batteries,
followed by the liquid-liquid phase reaction. When approach-
ing the low voltage plateau (2.1 V), a new peak starts to appear at
27°, which may be related to the formation of Li,S (JCPDS No.
023-0369).”° The in situ XRD result indicates that even at high
sulfur loading, the Co-NCNTs@CNF-0.42-S cathode incorpo-
rated with an interlayer promotes the reversible transformation
of a-Sg to Li,S, resulting in a higher discharge specific capacity
(1330 mAh g™™).

The in situ Raman spectroscopy test can monitor the redox
reaction process of sulfur species during the charge-discharge
process in real-time. Fig. 7 shows the time-resolved Raman
images of the discharge and charge processes of Co-
NCNTs@CNF-0.42-S cathode combined with Co-NCNTs@CNF-
0.21 interlayer at different voltages. The in situ Raman battery
was discharged and charged by the CV method. Since the
battery was discharged to 1.7 V before the test, peaks at 373, 420,
and 570 cm™" were detected at the beginning of the charging
process, which may correspond to S¢>~ + Sg>~ + Li,S, S¢>~, and
Se>~ + Li,S, + LiS;-, respectively.**”* When the charging voltage
was increased from 1.7 to 2.6 V, it was observed that the signal
of S¢>~ was significantly weakened. The CV curve showed that
the oxidation reaction was over (Fig. 7b), indicating that most of
the LiPSs had been oxidized to Sg or Li,Sg, consistent with the
Raman spectra. When the voltage approaches 1.8 V during the
discharge process, the signal of S¢>~ + Li,S, + LiS;- gradually
increases (Fig. 7c), indicating the continuous formation of
Li,S,/Li,S at this stage. When the voltage decreased from 2.6 to
1.7 V, the CV curve showed two reduction peaks at 2.30 and
1.95 V (Fig. 7d), respectively, corresponding to the reduction of
long-chain Li,Sg to Li,S, and Li,S,/Li,S. Additionally, no more
signal peaks were observed in the Raman spectra during the
electrochemical reaction, indicating that the shuttle effect was
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Fig. 7 (a and c) In situ time-resolved Raman spectra and (b and d)
corresponding CV curves of Co-NCNTs@CNF-0.42-S electrode.
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effectively inhibited due to the multiple roles of Co-
NCNTs@CNF film.

Conclusions

In summary, a 3D carbon nanofiber film decorated with Co-N,
doped CNTs has been prepared using a-MnO, nanowires and
Co-containing hydrotalcite, followed by a CVD method.
Endowed with two functions as the sulfur host and an inter-
layer, Co-NCNTs@CNF film has the following advantages: (1)
the interior of CNF has a multi-cavity structure, providing
enough space for high loading and relieving the volume
changes of sulfur. (2) In situ protruded CNTs and CNF can form
a 3D conductive framework, conducive to accelerating the
transfer of electrons and ions. (3) The introduction of Co-
containing hydrotalcite contributes to forming a macroporous
structure with an improved mesoporous ratio of the film, which
is beneficial for electrolyte penetration, thereby reducing the E/
S. (4) Co-N, sites can act as high-efficiency adsorbents and
catalysts to adsorb polysulfides and catalyze the conversion of
polysulfides quickly. Owing to the synergistic effect, Co-
NCNTs@CNF-0.42-S cathode combined with the interlayer
delivers a high areal capacity of 4.77 mA h cm > at 0.2C after 100
cycles under high sulfur loading of 6.7 mg cm ™ > and E/S = 10 uL
mg .
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