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ABSTRACT: Despite high theoretical energy density, the practical deployment of lafar A _ e
lithium—sulfur (Li—S) batteries is still not implemented because of the severe '@:Sloadmg ? ‘@
capacity decay caused by polysulfide shuttling and the poor rate capability induced by v - peneten R
low electrical conductivity of sulfur. Herein, we report a novel sulfur host materjal =~ ~—~NNT  =pore = Co = sufur -~ adsorbed polysulfide
based on “sea urchin”-like cobalt nanoparticle embedded and nitrogen-doped carbon CToNTI T N

10¢C

670 mAh g~* 6
/ —

nanotube/nanopolyhedra (Co-NCNT/NP) superstructures for Li—S batteries. The
hierarchical micromesopores in Co-NCNT/NP can allow efficient impregnation of
sulfur and block diffusion of soluble polysulfides by physical confinement, and the
incorporation of embedded Co nanoparticles and nitrogen doping (~4.6 at. %) can T o™
synergistically improve the adsorption of polysulfides, as evidenced by beaker cell

tests. Moreover, the conductive networks of Co-NCNT/NP interconnected by nitrogen-doped carbon nanotubes (NCNTs) can
facilitate electron transport and electrolyte infiltration. Therefore, the specific capacity, rate capability, and cycle stability of Li—S
batteries are significantly enhanced. As a result, the Co-NCNT/NP based cathode (loaded with 80 wt % sulfur) delivers a high
discharge capacity of 1240 mAh g™" after 100 cycles at 0.1 C (based on the weight of sulfur), high rate capacity (755 mAh g™" at
2.0 C), and ultralong cycling life (a very low capacity decay of 0.026% per cycle over 1500 cycles at 1.0 C). Remarkably, the
composite cathode with high areal sulfur loading of 3.2 mg cm™> shows high rate capacities and stable cycling performance over
200 cycles.
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L ithium—sulfur (Li—S) batteries have attracted intense carbon with high surface area can provide large pore volume for
attention as promising next-generation secondary batteries encapsulating sulfur and improve the electrical conductivity of
due to the high theoretical capacity (~1672 mAh g~') and sulfur cathode.”"** However, the weak interaction between
energy density (~2600 Wh kg™') of sulfur cathodes.'™ conventional porous carbon and lithium polysulfides is not
However, several major obstacles still limit the practical sufficient to suppress the dissolution of lithium polysulfides in

application of Li—S$ batteries, including: (1) the huge volume
expansion of sulfur upon lithiation, (2) the diffusion of
intermediate lithium polysulfides in the electrolyte, and (3)
the low electrical conductivity of sulfur and lithium sulfide
(Li,S).*~° As a consequence, Li—S batteries usually suffer from
fast capacity fading, low Coulombic efficiency, and poor cyclic
performance.

As discussed in a recent review, to address the above
problems, various strategies, including the development of
cathode materials,®~*° electroly’ces,”’12 and protected anodes, "’
have been proposed to enhance the overall performance of Li—
S batteries. A promising approach is to design composite
cathodes with porous carbon matrix, such as micro/ Received: October 23, 2016
mesoporous carbons,'* porous hollow carbon nanospheres,'>'® Revised:  November 29, 2016

carbon nanofibers/nanotubes,’”™*° and graphene.20 Porous Published: December 5, 2016

electrolyte.”> Moreover, an unresolved problem is that the
interfacial conductivity and connectivity between the individual
pieces of porous carbon is usually low. Therefore, it is
important to design novel carbon/sulfur cathodes with high
sulfur utilization, less “shuttle effect”, and high interfacial
conductivity to improve the specific capacity, cycling life and
rate capability of Li—S batteries.

Considering that the performances of sulfur host materials
are mainly determined by the architecture and compositions,
we propose that an ideal carbon/sulfur cathode material should
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Figure 1. (a) Synthesis process of the Co-NCNT/NP superstructures. (b) Schematic illustration of the trapping mechanism of sulfur and polysulfide

species in Co-NCNT/NP superstructures.
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Figure 2. (a) SEM and (b—d) TEM images of “sea urchin”-like Co-NCNT/NP superstructures. (e) High-resolution TEM image of Co-NCNT/NP,
revealing the multiwalled structure of NCNTs grown on the surface of Co-NCNT/NP. (f) EDX spectrum of Co-NCNT/NP superstructures. (g)
SEM image of S@Co-NCNT/NP composite and (h) corresponding EDX elemental mapping of S, Co, C, and N elements collected from the
marked area in (g). (i) TGA curve of S@Co-NCNT/NP composite measured in N, atmosphere, showing a high sulfur loading ratio of ~80 wt %.

have the following advantageous features: (1) hierarchical
porous structure with both abundant interior mesopores with
large volume for storing sulfur species, and also surface
micropores for the physical confinement of sulfur species;****
(2) doped heteroatoms**"** and/or metal nanoparticles™ '
with strong chemical affinity and strong binding/interactions
with sulfur species to promote the adsorption of lithium
polysulfides; (3) smooth localized pathways for the transport of
Li ions and electrons; (4) high local conductivity, high overall
conductivity and interconnected conductive networks for
improving sulfur utilization and decreasing inner resistance.
Following this line of thought, there are many anticipated
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benefits to developing novel carbon based superstructures with
all of the above-mentioned merits for Li—S batteries.

It is a great challenge to synthesize an ideal structure that
satisfies all the requirements discussed above, especially for an
economical and scalable process. Interestingly, we developed a
scalable process that can prepare “sea urchin’-like Co
nanoparticle embedded and nitrogen doped carbon nano-
tube/nanopolyhedra (Co-NCNT/NP) superstructures that
almost ideally suitable for a host material of the sulfur cathode.
The Co-NCNT/NP were synthesized by a simple reductive
pyrolysis process of Zn and Co bimetallic zeolitic imidazolate
frameworks (ZnCo-ZIFs). During the pyrolysis, the evapo-
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Figure 3. (a) XRD and (b) Raman spectra of pristine Co-NCNT/NP and S@Co-NCNT/NP composites with different sulfur loading ratios. (c)
Nitrogen adsorption—desorption isotherms and (d) pore-size distribution of pristine Co-NCNT/NP and S@Co-NCNT/NP composite (with 80 wt

% of S).

a 28 p 2000
~26] S@Co-NCNT/NP £ 1600
= <
= 2.4 < 1200 fn
¢ 501, 29, 15t cycl €
) 100™, , 29, 1stcycle
> 22 S EEE—— %’ 800-
Q @
g 201 3 NCNT/NP
= & 4001 O m S@Co-NCNT/ 120
S . O ® S@NCNT/NP
7 0 A A S@Co-NCNP 0
0 400 800 1200 0 20 40 60 80 100
Capacity (mAh g~") Cycle number
C 1500 d 250
&1C m S@Co-NCNTINP
o .2C 0.1C ® S@NCNT/NP
J;z,1200-q.-.,w&,.,,05C T 2001 3 SBCONCNPa .
. : e £
£ 900- oovennina2 (g 2| £ 1501 .-,
~ M - 20000 IM ~ -
Z 600 I N 100 . .
§ 1 FYveey gevvvy 1 - K
] prevey .
© 30071 m 'S@Co-NCNT/NP 50+
® S@NCNT/NP
4 S@Co-NCNR . y 0 v » y y
0 10 20 30 40 0 50 100 150 200 250
Cycle number Z' (ohm)
e
1600 1100
— ]
51200 910 mAhg- S@Co-NCNTINP ~ Le--o> 50
=
E 670 mAh g~ 60
~ 8004 10C 570 mAh g™'
= .
£ \l40
S 0.026% ity degradati |
% 4004 b capacity degradation per cycle 590mAn g ”
S O discharge |
O charge
0 200 400 600 800 1000 1200 1400

Cycle number

Coulombic efficiency (%)

Coulombic efficiency (%)

Figure 4. (a) Galvanostatic charge/discharge curves of S@Co-NCNT/NP cathode at 0.1 C in the voltage range of 1.8—2.7 V vs Li*/Li. (b) Cycling
performances and Coulombic efficiencies of S@Co-NCNT/NP, S@NCNT/NP, and S@Co-NCNP electrodes tested at 0.1 C. (c) Rate capabilities
and (d) Nyquist plots of the above three sulfur composite cathodes, respectively. (e) Long-term cycling stability of S@Co-NCNT/NP electrode at

1.0 C over 1500 cycles.
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ration of Zn leads to the formation of hierarchical micro-
mesoporous structures in the Co-NCNT/NP that can facilitate
ion and electron transport and restrict polysulfide intermediates
diffusion during charge/discharge process. Furthermore, the
remaining encapsulated Co nanoparticles and high doping
content of nitrogen species in the Co-NCNT/NP not only can
strongly immobilize lithium polysulfides through interactions
but also can promote redox reactions of polysulfides and inhibit
irreversible reactions with carbonate electrolytes.””*° In
additional, during the reductive pyrolysis process and
evaporation process of Zn, large amount of nitrogen-doped
carbon nanotubes (NCNTs) were grown on the external
surface of Co-NCNT/NP by the catalysis of Co nanoparticles.
The interconnected conductive network formed by out-
stretched NCNTs can provide an open structure to improve
electrolyte infiltration and electron transportation throughout
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Figure S. Beaker cell tests of Li—S batteries for the visual comparison
of polysulfide entrapment. (a) S@activated carbon, (b) S@NCNT/
NP, and (c) S@Co-NCNT/NP composite cathodes with the same
sulfur loading ratio of 80 wt % recorded at different time during the
first discharge process at 0.1 C.

the entire electrode. With the synergistic effect of embedded
Co nanoparticles, nitrogen doping, hierarchical micromeso-
pores, and interconnected NCNTs, the Co-NCNT/NP based
sulfur cathode with a high sulfur loading of 80 wt % shows a
high initial capacity of 1350 mAh g~' at 0.1 C based on the
weight of sulfur, and cycling stability of only 0.026% capacity
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decay per cycle over 1500 cycles at 1.0 C. More importantly,
the Co-NCNT/NP based sulfur cathode with a high areal sulfur
loading of 3.2 mg cm ™ showed high rate capacities and stable
cycling performance over 200 cycles. These performances show
that the material is among the best host materials reported in
the literature as summarized in a recent review article.”

For the preparation of Co-NCNT /NP, bimetallic ZnCo-ZIFs
containing Zn**, Co**, and 2-methylimidazolate were chosen as
precursor materials. Uniform polyhedral ZnCo-ZIFs with
average diameters of 300—400 nm (Figure S1) were
synthesized according to a reported method with minor
modification.*” As illustrated in Figure la, the Co-NCNT/NP
superstructures were synthesized by direct pyrolysis of as-
prepared ZnCo-ZIFs at 800 °C for 3 h in a reductive Ar/H,
atmosphere. With the volatilization of Zn metal and the
formation of porous structure, the nanopolyhedra of ZnCo-
ZIFs were converted to N-doped porous carbon scaffolds with
embedded Co nanoparticles during the pyrolysis process.
Subsequently, the encapsulated Co nanoparticles catalyzed the
growth of a large number of NCNTs on the surface of carbon
scaffolds under the reductive atmosphere.

Sulfur was impregnated into the as-synthesized Co-NCNT/
NP superstructures by a typical melt-diffusion method.” The
trapping mechanism of sulfur and polysulfides in Co-NCNT/
NP superstructures is illustrated in Figure 1b. During the
discharge processes, the hierarchical micromesopore structure
of Co-NCNT/NP can inhibit the dissolution and leakage of
soluble lithium polysulfides by physical entrapment. Addition-
ally, the nitrogen-heteroatoms and Co nanoparticles can
strongly bind with adsorbed polysulfides to alleviate the
polysulfides shuttling, and also greatly enhance the redox
reaction kinetics of polysulfides. Finally, the interconnected
NCNTs grown on the surface of “sea urchin”-like Co-NCNT/
NP can enhance the local and overall electrical conductivity of
electrode, improve the sulfur utilization, and increase the
structural stability of the entire electrode. As the last line of
defense, the interconnected NCNTSs can further prevent
outward diffusion of polysulfides, achieving the long-term
cycling process.

Figure 2a shows a typical scanning electron microscopy
(SEM) image of as-prepared Co-NCNT/NP superstructures. It
is observed that the morphology of Co-NCNT/NP seems to
change from the regular polyhedra of the precursor to relatively
irregular shape, arising from a large number of intertwined
carbon nanotubes anchored on the rough surface of carbon
nanopolyhedra. Transmission electron microscopy (TEM)
images (Figure 2b—d) of Co-NCNT/NP confirmed that
plenty of NCNTs with the length of 100—300 nm and
diameter of around 10—1S5 nm are grown on the outboard of
carbon nanopolyhedra. Size statistics and high-resolution TEM
image (Figure S2) revealed that crystalline Co nanoparticles
with the diameter between 8—26 nm are homogeneously
embedded in Co-NCNT/NP and possess lattice fringes of 0.20
nm, consistent with the face-centered cubic Co(111) planes.
The graphitic layers of the multiwalled NCNTSs grown on the
surface of Co-NCNT/NP are not completely parallel (Figure
2e), indicating the existence of abundant defect sites.” Energy-
dispersive X-ray spectroscopy (EDX) clearly confirmed the
presence of C, Co, and N elements in Co-NCNT/NP
superstructures (Figure 2f).

As two control samples, N-doped carbon nanotube/nano-
polyhedra without embedded Co nanoparticles (NCNT/NP)
and Co-embedded N-doped carbon nanopolyhedra without
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Figure 6. (a) Rate performance and (b) voltage profiles of S@Co-NCNT/NP with a sulfur loading of 3.2 mg cm™ at different current rates. (c)
Cycling performance of S@Co-NCNT/NP at 0.1 and 0.5 C over 200 cycles.

exterior NCNTs (Co-NCNP) were also synthesized (Figure
S3a,b), as detailed in the experimental section. After the
encapsulation of elemental sulfur via a melt-diffusion method,
the composite cathode materials based on Co-NCNT/NP,
NCNT/NP, and Co-NCNP are termed as S@Co-NCNT/NP,
S@NCNT/NP, and S@Co-NCNP, respectively. To identify
the components of S@Co-NCNT/NP composite, elemental
mapping was carried out with energy-dispersive X-ray
spectrometer (EDX) attached to the SEM instrument. SEM
image (Figure 2g) and corresponding EDX elemental mapping
(Figure 2h) of S@Co-NCNT/NP composite clearly confirmed
the existence of evenly dispersed S, C, Co, and N elements. No
bulky aggregation or small particles of sulfur were found at the
outer surface of S@Co-NCNT/NP, suggesting the thorough
encapsulation and homogeneous distribution of S inside S@
Co-NCNT/NP. The content of sulfur in S@Co-NCNT/NP
composite was measured by thermogravimetric analysis (TGA),
showing a high loading ratio of ~80 wt % (Figure 2i).

The crystallinity of pristine Co-NCNT/NP and S@Co-
NCNT/NP composites with different sulfur contents are
verified by powder X-ray diffraction (XRD) as shown in Figure
3a. The XRD spectrum of pristine Co-NCNT/NP shows two
diffraction peaks around 44.2°, 51.6°, and 75.9°, corresponding
to the (111), (200), and (220) Ilattice planes of Co
nanoparticles (JCPDS no. 89-4307).”” The XRD spectra of
S@Co-NCNT/NP composites also proves the presence of
sulfur and Co. Raman spectroscopy was performed to
investigate the structural features of carbon and sulfur in Co-
NCNT/NP and S@Co-NCNT/NP composites (Figure 3b).
Two prominent characteristic peaks of carbon at 1346 cm™" (D
band) and 1595 cm™ (G band) are attributed to disordered/
defective carbon and graphitic carbon, respectively. With the
increase of sulfur content in the S@Co-NCNT/NP composites,
the intensities of D and G bands became weaker, while three
peaks of elemental sulfur at 470, 217, and 150 cm™' became
stronger, confirming the confinement of sulfur in the S@Co-
NCNT/NP. Nitrogen adsorption/desorption isotherms of Co-
NCNT/NP show the joint of type I and IV isotherms (Figure
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3¢), indicating the presence of both micropores and mesopores.
The pore size distribution of Co-NCNT/NP was analyzed by
nonlocal density functional theory (NLDFT) method, revealing
the existence of mesopores with size centered at 4.0 nm and
abundant micropores with an average size of 0.9 nm (Figure
3d). Brunauer—Emmett—Teller (BET) surface area of Co-
NCNT/NP was calculated to be 363 m* g~". In contrast, the
specific surface area of S@Co-NCNT/NP with a sulfur loading
ratio of 80 wt % remarkably decreased to 18 m* g™' and the
pore volume also significantly reduced from 0.67 m* g~" to 2.3
X 107" m* g™!, confirming the full encapsulation of sulfur in the
pores.

To confirm the interactions between sulfur and Co-NCNT/
NP, X-ray photoelectron spectroscopy (XPS) was conducted
(Figures S4 and SS). The high-resolution XPS spectrum of S@
Co-NCNT/NP composite at C 1s region reveals two bands at
284.5 and 285.6 eV, contributed by C=C and C=N bonds,
respectively (Figure SSa). Two peaks at S 2p region around
163.6 and 164.8 eV can be assigned to S 2p;/, and S 2p,
confirming the existence of Sg molecules in mesopores. Another
weak peak located at 168.7 eV is ascribed to a small amount of
sulfate species formed by the oxidation of sulfur in air (Figure
S5b).>° The S content of S@Co-NCNT/NP composite
measured by XPS is only 15.3 wt %, much lower than that
calculated by TGA analysis (Figure 2i). This result suggests that
part of sulfur is deposited on the surfaces of Co-NCNT/NP.
The Co 2p;/, spectrum exhibits two peaks at 778.5 and 780.3
eV (Figure SSc), corresponding to metallic cobalt and N-
coordinated Co** (Co—N,), respectively.** The N 1s band of
S@Co-NCNT/NP can be deconvoluted into three character-
istic peaks: pyridinic, pyrrolic, and graphitic N species located at
398.6, 400.8, and 401.3 eV, respectively (Figure SSd). The
nitrogen heteroatoms are favorable for the wettability and
binding of sulfur species within carbon matrix,>”*" thus
beneficial to improve the cycle stability and rate capability of
Li—S batteries.

The electrochemical performances of S@Co-NCNT/NP
composite (with 80 wt % of S) were evaluated as cathode
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material for Li—S$ batteries with an average sulfur mass loading
of 1.2 mg cm™ Cyclic voltammetric (CV) curves of S@Co-
NCNT/NP cathode at a sweep rate of 0.1 mV s™" are shown in
Figure S6a. In the first cathodic scan, two well-defined peaks
were observed at 2.28 and 2.05 V, respectively. The reduction
peak at 2.28 V is associated with the reduction of element sulfur
to lithium polysulfides (Li,S,, 4 < n < 8), while another
reduction peak at 2.05 V corresponds to the further reduction
of lithium polysulfides to insoluble Li,S, and solid Li,S.***’ In
the subsequent anodic scan, there is a broad peak at ~2.32 V
associated with the reverse conversion from lithium polysulfides
to element sulfur during the charging process. From the second
cycle, the CV curves of S@Co-NCNT/NP remain almost
overlapped, indicating effective suppression of the electro-
chemical polarization by Co-NCNT/NP. Notably, when
compared to the CV profile of S@NCNT/NP cathode (Figure
S6b), the S@Co-NCNT/NP and S@Co-NCNP composites
incorporated with embedded Co nanoparticles exhibit faster
electrochemical reaction kinetics, which is evidenced by the
increase of cathodic peak and the decrease of anodic peak for
25-30 mV, respectively.

The representative galvanostatic charge/discharge profiles of
S@Co-NCNT/NP cathode between 1.8 and 2.7 V at 0.1 C (1
C = 1675 mAh g™') are shown in Figure 4a. The S@Co-
NCNT/NP cathode exhibits two discharging plateaus and one
charging plateau at 0.1 C, which is consistent with the CV
curves. Overall, the charge/discharge profiles of S@NCNT /NP
and S@Co-NCNP cathodes during the first discharge cycle are
similar to that of S@Co-NCNT/NP but with relatively lower
energy capacities (Figure S7). The cycling performances of S@
Co-NCNT/NP, S@NCNT/NP, and S@Co-NCNP cathodes
at 0.1 C were depicted in Figure 4b. The S@Co-NCNT/NP
cathode can deliver a remarkable initial reversible capacity as
high as 1350 mAh ¢! and still retain a stable capacity of 1240
mAh g™ after 100 cycles, corresponding to a capacity retention
of 92%. In contrast, the S@NCNT/NP and S@Co-NCNP
cathodes have initial reversible capacities of 1240 and 1120
mAh g™' and preserve the discharge capacities of 786 and 720
mAh g™! after 100 cycles, respectively.

For further comparison, the rate performances of all the
samples were evaluated at various current rates. The typical
galvanostatic charge/discharge profiles of S@Co-NCNT/NP
cathode at different current densities of 0.1, 0.2, 0.5, 1.0, and 2.0
C are depicted in Figure S8. The discharge profiles exhibit
typical two-plateau behavior, corresponding to the formation of
polysulfides (Li,S,, 4 < n < 8) at 2.32 V and short-chain Li,S,
and Li,S at 2.1 V. Although the potential of discharge plateau
slightly decreases at high current rate of 2.0 C, the platforms are
still clear. At a low current density of 0.1 C, a discharge capacity
of 1310 mAh g™' was obtained from S@Co-NCNT/NP
cathode at the fifth cycle (Figure 4c). When the current rates
were increased to 0.2, 0.5, 1.0, and 2.0 C, the electrode exhibits
reversible capacities of 1190, 1000, 875, and 775 mAh g_l,
respectively. Compared with the S@NCNT/NP and S@Co-
NCNP cathodes, the S@Co-NCNT/NP cathode exhibited
much higher capacity at the same discharge rates (Figure 4c).
As the current rate decreased back to 0.1 C, the specific
capacity of S@Co-NCNT/NP cathode recovered to 1195 mAh
g™!, indicating good stability and structural integrity of the
electrode.

For comparing the internal resistances of the three composite
cathodes, electrochemical impedance spectroscopy (EIS) was
performed (Figure 4d). As presented by the high-frequency
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semicircles in the Nyquist plots, the charge-transfer resistance
(R,) of S@Co-NCNT/NP is lower than those of S@NCNT/
NP and S@Co-NCNP, indicating the Co-NCNT/NP super-
structures offer faster ion diffusion and higher electrical
conductivity.

To evaluate the long-term cycling stability, the Li—S batteries
based on S@Co-NCNT/NP cathodes were cycled at high
current densities (Figure 4e). At the current rate of 1.0 C, the
S@Co-NCNT/NP cathode delivers initial discharge and charge
capacities of 930 and 908 mAh g~ ', respectively. After 500
cycles, the specific capacity of S@Co-NCNT/NP is well
maintained at 670 mAh g~', with a capacity retention of 72%
and Coulombic efficiency of 99.7%. The discharge capacity
remains as high as 570 mAh g~' even after 1500 cycles, which
corresponds to a low capacity decay of only 0.026% per cycle.
As the current rate increased to 2.0 C, the S@Co-NCNT/NP
cathode exhibits a reversible capacity of 795 mAh g~' and
maintains at 495 mAh g~ after 800 cycles, with a low capacity
fade rate of 0.047% per cycle (Figure S9). Moreover, TEM
observation indicates that the overall morphology and
structural integrity of S@Co-NCNT/NP composite cathode
was still preserved after 800 cycles at 2.0 C (Figure S10). After
the long-term cycling test, sulfur and intermediate polysulfides
were still effectively confined within the composite cathode
(Figure Slla), as confirmed by the little change in sulfur
content of the S@Co-NCNT/NP composite (Figure S1lc).
Almost no aggregated large sulfur particles were observed
outside the cycled S@Co-NCNT/NP electrode (Figure S11b),
owing to the synergetic effect of physical confinement and
chemical affinity. Compared with the pristine S@Co-NCNT/N
composite, the “sea urchin”like nanostructures were well
preserved after cycling. Considering the low capacity decay rate
and ultralong cycle life, the electrochemical performance of S@
Co-NCNT/NP composite is among the best host materials
reported in the literature,”'”>%>4>%2%4

To understand the superb capability of Co-NCNT/NP for
trapping soluble polysulfides, beaker cell tests were carried out.
The color changes of the electrolyte in the sealed beaker cells
with sulfur composite cathode and lithium foil anode were
recorded at different time of the discharge process. As a control
sample, a sulfur composite cathode was prepared by filling
sulfur into commercially available activated carbon (S@
activated carbon) via the same melt-diffusion process. The
electrolyte in the cell based on S@activated carbon cathode
quickly turned into yellow color (Figure Sa), indicating the
dissolution and leakage of lithium polysulfides into the
electrolyte. For the S@NCNT/NP composite, the color of
electrolyte gradually changed from colorless to canary yellow
after the discharge process, suggesting a small fraction of
intermediate polysulfides were dissolved in the electrolyte. In
contrast, the electrolyte in the cell based on S@Co-NCNT/NP
cathode remain colorless throughout the first discharge process
(Figure Sb), which demonstrates the remarkable polysulfide
trapping capability of S@Co-NCNT/NP cathode in Li—S
batteries.

Considering the high areal capacity is critical for practical
application of Li—S batteries, the areal sulfur loading was
increased to approximately 3.2 mg cm™ by fabricating a thick-
film electrode. The rate capability of the S@Co-NCNT/NP
cathode with high areal sulfur loading of 3.2 mg cm™ was
assessed at various current densities from 0.1 to 1 C (Figure
6a,b). The cathode shows discharge capacities of 960, 84S, 760,
and 668 mAh g™ at 0.1, 0.2, 0.5, and 1.0 C, respectively, which
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correspond to areal capacities of 3.1, 2.7, 2.4, and 2.1 mAh
cm™> When the current rate is back to 0.1 C, the S@Co-
NCNT/NP cathode delivers a reversible capacity of 899 mAh
g”' (29 mAh cm™?), suggesting high stability of electrode
structure. The cycling performance of S@Co-NCNT/NP is
shown in Figure 6¢c. The S@Co-NCNT/NP composite exhibits
an initial capacity of 1017 mAh g~ (3.2 mAh cm™) at 0.1 C
and still maintains a stable discharge capacity of 846 mAh g™
(2.7 mAh cm™) at the 200th cycle. When cycled at 0.5 C, the
discharge capacity slowly decreased from 908 to 657 mAh g™
(21 mAh cm™) by the 200 cycle. The excellent electro-
chemical performances of S@Co-NCNT/NP cathode can be
attributed to the special compositions and structures. First, the
hierarchical micromesopores are effective for the encapsulation
and physical confinement of a large loading ratio of sulfur.
Second, the embedded Co nanoparticles and nitrogen doping
provide strong interaction with adsorbed polysulfides and also
greatly enhance the redox reaction kinetics of polysulfides.
Third, the interconnected NCNTs on the surface of S@Co-
NCNT/NP form a three-dimensional conductive network,
which facilitates the local and overall electron transportation
during the cycling processes, thus improving the utilization of
sulfur.

In conclusion, starting with bimetallic ZnCo-ZIFs as
precursor, “sea urchin”like Co-NCNT/NP superstructures
have been synthesized as novel and high performance sulfur
host for Li—S batteries. The Li—S batteries based on S@Co-
NCNT/NP cathode deliver high reversible specific capacity,
good rate capability, and ultralong and excellent cycling
stability, owing to the rationally designed nanoarchitecture
and components. More importantly, the S@Co-NCNT/NP
cathode with a high areal sulfur loading of 3.2 mg cm™ shows
high rate capacities and stable cycling performance over 200
cycles. This strategy provides new insights for the construction
of advanced sulfur host materials with metal—organic
precursors for achieving high-performance Li—S batteries.
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