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ABSTRACT: For developing lithium—sulfur (Li—S) bat-
teries, it is critical to design advanced cathode materials
with high sulfur loading/utilization ratios and strong binding
interactions with sulfur species to prevent the dissolution of
intermediate polysulfides. Here we report an effective sulfur
host material prepared by implanting cerium oxide (CeO,)
nanocrystals homogeneously into well-designed bimodal
micromesoporous nitrogen-rich carbon (MMNC) nano-
spheres. With the high conductivity and abundant hierarchical
pore structures, MMNC nanospheres can effectively store and
entrap sulfur species. Moreover, the inserted polar and
electrocatalytically active CeO, nanocrystals and high nitro- 0 200 400, e 200 800
gen content of MMNC can synergistically solve the hurdle of

the polysulfide dissolution and furthermore significantly promote stable redox activity. By combining these advantages,
CeO,/MMNC-S cathodes with 1.4 mg cm ™ sulfur exhibit high reversible capacities (1066 mAh g™" at 0.2 C after 200 cycles
and 836 mAh g~' at 1.0 C after 500 cycles), good rate capability (737 mAh g~" at 2.0 C), and high cycle stability (721 mAh
g ' at 2.0 C after 1000 cycles with a low capacity decay of 0.024% per cycle). Furthermore, a high and stable reversible

capacity of 611 mAh g™' is achieved after cycling for 200 cycles with higher sulfur loading of 3.4 mg cm ™.
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electric vehicles has stimulated intensive research on
advanced electrochemical energy storage techni-
ques.' > Among the next-generation batteries that promise to
replace lithium-ion batteries (LIBs), lithium—sulfur (Li—S)
batteries are very attractive due to the superior theoretical
specific capacity (1675 mAh g™') and energy density (2600 Wh

l<g_1).6_8 However, the commercialization of Li—S batteries is

T he rapidly growing demand of portable electronics and

seriously hindered by the low sulfur utilization and the rapid
capacity fading resulted from the poor electrical conductivity of
sulfur, the high solubility of intermediate polysulfides, and the
large volumetric expansion upon the full transformation of
sulfur to Li,S.”~"* To resolve these problems, great efforts have
been devoted on the design and construction of micro/
nanostructured sulfur host materials.
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Carbon nanomaterials with high conductivity and accessible
porosity (such as carbon nanotubes,'” carbon nanocages,*
porous carbon," graphene,16 and carbon fibers'”) have been
widely used for the construction of sulfur/carbon composites to
improve the conductivity of sulfur cathode and alleviate the
dissolution of intermediate polysulfides. Nanostructured
carbons can provide large pore volume for sulfur storage and
also facilitate the access of electrolyte.'® The chemical
modifications of carbon materials by heteroatom substitution
have also shown some potential for the confinement of lithium

polysulfides."” ™" However, owing to the relatively weak
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Figure 1. Synthesis process, theoretical simulations, and polysulfide adsorption ability of CeO,/MMNC material. (a) Schematic synthesis
procedure of CeO,/MMNC nanospheres. (b) Binding geometric configurations and binding energies of Sy and Li,S, species with the (111)
planes of CeO, nanocrystals. The high binding energies indicate the strong interaction between lithium polysulfides and CeO, nanocrystals.
(c) The adsorption ability comparison of CeO,/MMNC and MMNC host materials with Li,S, as the representative polysulfide. The Li,S,
solution mixed with CeO,/MMNC material shows obvious discoloration in only 30 min, suggesting the high adsorption ability of CeO,/

MMNC.

interaction between the almost nonpolar carbon materials and
polar lithium polysulfides, the physical confinement in
nanocarbons still suffers from the leakage of lithium
polysulfides and results in capacity fading over cycling.”***
Recently, polar materials, such as transition-metal oxides,
sulfides,””*” and metal—organic frameworks (MOFs),”** have
been reported as sulfur hosts to improve the adsorption of
intermediate polysulfides. Different from carbon materials, the
strong interaction between polar species and lithium poly-
sulfides was considered as the key reason for the effective
confinement of polysulfides.”® However, these polar sulfur
hosts usually are restricted by poor electrical conductivity,
which undoubtedly limits the full utilization of sulfur. The
design of hybrid nanostructures that combine the advantages of
nanocarbons and polar materials has been considered as a
promising solution for the construction of advanced sulfur
composite cathodes.” ~** Currently, carbon/polar material
hybrids, such as carbon nanotubes/V,0s,* nitrogen-doped
graphene/TiOz,36 carbon cloth/AlL,O,,>" and hollow carbon
fibers/MnO,,”® have attracted extensive attention as the
representative state-of-the-art sulfur hosts in Li—S batteries.

24,25
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The carbon frameworks can allow the high sulfur loadings,
improve the overall electrical conductivity, and serve as the
porous container for the storage of sulfur species, and polar
materials can provide strong chemical affinity with sulfur
species and block the dissolution of soluble polysulfides during
discharge.

Herein, we demonstrate a design of sulfur host by implanting
CeO, nanocrystals homogeneously in the hierarchical pores of
bimodal micromesoporous nitrogen-rich carbon nanospheres
(CeO,/MMNC) for the effective confinement of sulfur species.
The CeO,/MMNC hybrid material has ample micromeso-
pores, abundant polar absorption sites, three-dimensional
nanochannels, and good electrical conductivity that can take
full advantage of combining both physical and chemical
interactions with lithium polysulfides. More importantly, the
CeO, nanocrystals with high electrocatalytic activity can
significantly promote the polysulfide redox reactions. As a
result, the CeO,/MMNC-S cathodes exhibit high reversible
capacity, great rate performance, and remarkable cycle stability
compared to previously reported representative sulfur host
materials (Table S1).
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Figure 2. Morphological and structural characterizations of MMNC and CeO,/MMNC nanospheres. (a) SEM image of MMNC nanospheres.
(b,c) SEM and (d—f) TEM images of CeO,/MMNC nanospheres. (f) HRTEM image of CeO, nanocrystals embedded in the pores of MMNC
nanospheres. The lattice distance in the inset of (f) is 0.31 nm, corresponding to the (111) planes of CeO, nanocrystals. (g) XRD patterns,
(h) N, adsorption—desorption isotherms, and (i) pore size distributions of MMNC and CeO,/MMNC, respectively.

RESULTS AND DISCUSSION

The process for preparing CeO,/MMNC host material is
schematically illustrated in Figure la. First, Zn;[Co(CN)4],:
nH,O/polyvinylpyrrolidone (PVP) precursor nanospheres
were synthesized by an ultrasonication method, as detailed in
the Experimental Section. X-ray diffraction (XRD) of the
precursor nanospheres (Figure S1) reveals that all diffraction
peaks can be attributed to cubic-phase Zns[Co(CN),],-nH,0
(JCPDS card, no. 23-1494, space group: Fm3m, a = 9.940, b =
9.940, ¢ = 9.940). A scanning electron microscopy (SEM)
image of the precursor nanospheres (Figure S2) shows a
uniform spherical morphology with an average size of ~600
nm. After thermal annealing and acidic etching, the precursor
nanospheres were converted into MMNC nanospheres,
meanwhile abundant micropores and mesopores were formed,
which is conducive to the encapsulation and storage of sulfur
species. To further improve the adsorption and confinement of
intermediate polysulfides, CeO, nanocrystals were embedded
into MMNC nanospheres (Figure 1a). Theoretical simulations
were performed to verify the strong interaction between the
CeO, nanocrystals and polysulfides (Figure 1b). Moreover, the
(111) surface of CeO, was selected due to the least surface
energy and behavior as the most stable structure. Figure S3
shows the optimized structures of Sy and Li,S, species, which
exhibit three-dimensional cluster shapes. The binding energies
between CeO, nanocrystals with Sg, Li,S, Li,S,, Li,S,, Li,S, or
Li,Sq species are —2.42, —1.96, —2.24, —2.90, —5.48, or —5.63
eV, respectively. These values are much higher than those of

pristine MMNC (Figure S4) and also comparable or superior
to those of other polar materials,*”~** indicating the strong
chemical interactions between CeO, nanocrystals and sulfur
species. To compare the polysulfide adsorption behaviors of
CeO,/MMNC and pristine MMNC, 10 mg of these samples
were separately added into 2.0 mL of 0.005 M L,S, solution in
a mixed solvent of dimethoxyethane/dioxolane (DME/DOL,
with a volume ratio of 1:1) (Figure 1c). The Li,S, solution
mixed with CeO,/MMNC shows much more obvious
discoloration than that mixed with pristine MMNC, consistent
with the above theoretical predictions. To give more insights on
the improved adsorption of CeO,/MMNC material, cyclic
voltammetry (CV) and X-ray photoelectron spectroscopy
(XPS) were conducted. As shown in Figure SSa, the CeO,
nanocrystals have a redox potential of 2.72 V vs Li/Li", which is
higher than that of polysulfides (2.10 V vs Li/Li*), indicating
that the CeO, nanocrystals can oxidize the intermediate
polysulfides to thiosulfates and polythionates.* Moreover, the
high-resolution XPS spectrum after the adsorption tests (Figure
SSb) shows four binding energies related to different sulfur
species: “bridging” sulfur species (S, 163.3 and 162.4 eV),
“terminal” sulfur species (S, 165.0 and 163.8 eV), thiosulfates
(168.0 and 167.2 eV), and polythionates (169.8 and 168.7
eV)." The thiosulfates and polythionates are mainly originated
from the oxidation of intermediate polysulfides by incorporated
CeO, nanocrystals”® and can act as a surface-bound active
redox mediator to yield a very low capacity fade rate during
charge/discharge processes.
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Figure 3. Morphology and composition characterizations of CeO,/MMNC-S-x composites. (a,b) SEM and (c) TEM images of CeO,/MMNC-
$-70%. (d) STEM image and (e—h) corresponding EFTEM elemental mapping (C, N, Ce, and S elements) of CeO,/MMNC-S-70%,
respectively. (i) XRD patterns and (j) Raman spectra of CeO,/MMNC-S-x composites and pure sulfur, respectively.

The morphological and structural characterizations of as-
prepared MMNC nanospheres are shown in Figure 2. The
MMNC nanospheres have an average size of ~500 nm, slightly
smaller than the precursor nanospheres (~600 nm) owing to
the volume shrinkage during carbonization process. SEM
images (Figure 2b,c) reveal the spherical shape and uniform
size distribution of CeO,/MMNC nanospheres. Transmission
electron microscopy (TEM) images show that all CeO,
nanocrystals are embedded in the pores of MMNC nano-
spheres rather than attached on the surface (Figure 2d—f). The
high-resolution TEM (HRTEM, Figure 2f) image demonstrates
almost the layered structure of CeO, nanocrystals, consistent
with the crystalline structure reported in the literature.*
Moreover, CeO, nanocrystals with a size distribution of 3—5
nm are homogeneously distributed inside the MMNC
nanospheres. The inset of Figure 2f reveals an interlayer
distance of 0.31 nm, corresponding to the (111) planes of
CeO, nanocrystals.

The XRD pattern of MMNC (Figure 2g) shows a broad
diffraction peak cantered at ~26°, corresponding to the (002)
planes of graphite, while the XRD pattern of CeO,/MMNC
shows four additional conspicuous peaks ascribed to the CeO,
nanocrystals (JCPDS card, no. 34-0394, space group: Fm3m, a
= 5411, b = 5411, ¢ = 5.411). Raman spectrum of MMNC
(Figure S6) displays typical features of porous carbon, and the
intensity ratio of D and G bands (Ip/I; = 0.92) indicates the
partially graphitic nature. The Raman spectrum of CeO,/
MMNC shows an additional peak at ~458 cm™), attributed to
the F,, mode of Ce0,.* The specific surface area and porous
characteristics of MMNC and CeO,/MMNC were investigated
by N, adsorption—desorption isotherms (Figure 2h), revealing
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Brunauer—Emmer—Teller (BET) surface areas of ca. 550 and
435 m* g, respectively. The pore size distributions in Figure 2i
demonstrate the bimodal micromesoporous structures in both
MMNC and CeO,/MMNC materials. For MMNC nano-
spheres, the diameter of micropores is centered at ~1.1 nm,
and the diameter of mesopores falls into the range of 3—12 nm.
While for CeO,/MMNC material, the size of mesopores is
slightly smaller (around 2—10 nm), owing to the encapsulation
of CeO, nanocrystals.

The survey XPS spectrum of CeO,/MMNC material (Figure
S7) suggests the coexistence of C, N, Ce, and O elements. The
weight contents of N and Ce were measured to be ca. 8.4 and
15.6 wt %, respectively. The high-resolution XPS spectrum at N
1s region (Figure S8a) can be deconvoluted into three peaks,
corresponding to the pyridinic N (N-6, 3984 + 0.2 eV),
pyrrolic N (N-5, 399.8 + 0.2 eV), and graphitic N (N-G, 400.7
+ 0.2 €V), respectively.* The nitrogen species (especially N-6
and N-S) in porous carbons are helpful to trap intermediate
polysulfides and alleviate the dissolution process upon
charging/discharging.””** The high-resolution XPS spectrum
at Ce 3d region (Figure S8b) shows six deconvoluted peaks
originated from the CeO, nanocrystals."’

To construct the cathode materials of Li—S batteries, a
practicable approach to infiltrate sulfur into carbon/polar
material hybrids would be the melt-diffusion strategy, owing to
the simple, convenient, and effective operation proccess.”” By
controlling the amount of sulfur in the mixture, the samples of
CeO,/MMNC-S-x (x = 60%, 70%, or 80%) composites were
prepared, where x stands for the starting weight percentage of
sulfur added in the mixture. The SEM (Figure 3a,b) and TEM
images (Figure 3c) of CeO,/MMNC-S-70% are comparable to
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Figure 4. Electrochemical performances of CeO,/MMNC-S-x composites as cathode materials in Li—$ batteries with 1.4 mg cm™> sulfur. (a)
CV curves of CeO,/MMNC-S-70% cathode at a scan rate of 0.2 mV s™'. (b) Galvanostatic charge/discharge profiles of CeO,/MMNC-S-70%
cathode at 0.2 C. (c) Cycling performances of CeO,/MMNC-S-x cathodes at 0.2 C. (d) Rate capabilities of CeO,/MMNC-S-x cathodes.

those of pristine CeO,/MMNC, and no sulfur particles are
observed on the surface. The scanning TEM (STEM) image
(Figure 3d) and elemental mapping by energy-filtered TEM
(EFTEM) (Figure 3e—h) demonstrate the coexistence and
uniform distribution of C, N, Ce, and S elements, suggesting
that sulfur is homogeneously filled in the pores. The XRD
patterns (Figure 3i) and Raman spectra (Figure 3j) of CeO,/
MMNC-S-x composites exhibit the characteristic peaks of
porous carbon, CeO, nanocrystals, and sulfur. The accurate
sulfur contents in CeO,/MMNC-S-60%, CeO,/MMNC-S-
70%, and CeO,/MMNC-S-80% measured by thermogravimet-
ric analysis (TGA, Figure S9) are 56.5, 63.6, and 68.3 wt %,
respectively. Considering the unique structures and special
compositions of CeO,/MMNC hybrids, the achieved sulfur
loading masses are acceptable, and moreover, these values are
comparable to the previously reported carbon/polar material
hybrids summarized in Table S1.

As control experiments, pristine MMNC nanospheres filled
with sulfur were also employed as sulfur host material, denoted
as MMNC-S-x (x = 60%, 70%, or 80%, where x represents the
initial weight percentage of sulfur). The morphology and
composition characterizations of MMNC-S-70% composites
are shown in Figure S10, indicating the successful encapsulation
of sulfur. The sulfur contents of MMNC-S-60%, MMNC-S-
70%, and MMNC-S-80% composites determined by TGA are
58.4, 68.6, and 77.8 wt %, respectively (Figure S11).

The electrochemical performances of CeO,/MMNC-S-x
composites for Li—S batteries were investigated, and the sulfur
loading mass was about 1.4 mg cm™ The CV curves of CeO,/
MMNC-S-70% cathode at 0.2 mV s™' show two distinctive
reduction peaks appear at 2.27 and 2.01 V (Figure 4a). The
broad reduction peak at 2.27 V is attributed to the reduction of
Sg to intermediate polysulfides (Li,S,, 4 < x < 8), while the
second reduction peak at 2.01 V is ascribed to the further
reduction of intermediate polysulfides to insoluble Li,S or
Li,S,> "% A strong oxidation peak centered at 2.38 V
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corresponds to the delithiation processes from Li,S/Li,S, to
Li,S, and eventually to Sg*° In the following cycles, the
intensities of reduction and oxidation peaks remain almost
unchanged, while the reduction peaks shift to slightly higher
potentials of 229 and 2.03 V, respectively, suggesting a
decreased polarization after the first activation cycle. Moreover,
as revealed in Figure S12, the CV curve of CeO,/MMNC-S-
70% composite cathode shows a distinguishable positive shift in
the reduction peaks, negative shift in the oxidation peaks, and
higher peak current densities as compared with those of
MMNC-S-70% composite cathode, indicating the strong
electrocatalytic effect and improved polysulfide redox kinetics
resulted from CeO, nanocrystals.”* This conclusion is similar to
the recent studies on Nb,Os,*' MnO,,**** Ti,0,,,°° and VN*’
materials. The typical charge/discharge profiles of CeO,/
MMNC-S-70% cathode within the potential range of 1.7-2.8 V
vs Li/Li" at the current density of 0.2 C are displayed in Figure
4b. In the initial cycle, two potential plateaus are presented in
the discharge process, while one potential plateau is observed in
the charge process. The charge/discharge profiles of second,
third, and fourth cycles show similar features and are well
consistent with the CV curves (Figure 4a). The discharge
capacity based on the loading weight of sulfur in the initial cycle
is as high as 1368 mAh g_l, suggesting the high utilization of
sulfur. In the fourth cycle, the discharge capacity maintains at
1247 mAh g7, about 91.1% capacity retention of the initial
cycle. The CV curves and charge/discharge profiles of CeO,/
MMNC-S-60% and CeO,/MMNC-S-80% cathodes are pre-
sented in Figure S13, showing the electrochemical character-
istics similar to those of CeO,/MMNC-S-70%.

The cycling performances of CeO,/MMNC-S-x at 0.2 C are
presented in Figure 4c. CeO,/MMNC-S-70% cathode exhibits
the highest initial discharge and charge capacities (1368 and
1369 mAh g, respectively). The discharge capacity gradually
decreases to 1163 mAh g™" at the sixth cycle, then keeps very
stable and finally reaches 1066 mAh g~' at the 200th cycle,
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Figure 5. Long-term cycling stability of CeO,/MMNC-S-x cathodes at high rates with 1.4 mg cm™ sulfur. (a) Cycling tests of CeO,/MMNC-
S-x cathodes at 1.0 C. (b) Cycling test and corresponding Coulombic efficiency of CeO,/MMNC-S-70% cathode at 2.0 C.

suggesting the high stability. The CeO,/MMNC-S-60% and
CeO,/MMNC-S-80% cathodes deliver slightly lower discharge
capacities of 1021 and 937 mAh g™' after 200 cycles,
respectively. As compared with other representative sulfur
host materials (Table S1), CeO,/MMNC-S-70% cathode
shows remarkable electrochemical performances.

Figure 4d shows the rate performances of CeO,/MMNC-S-x
cathodes under various current rates. The CeO,/MMNC-S-
70% cathode shows the best rate capability, with discharge
capacities of 1147, 1020, 877, and 737 mAh g~" at 0.2, 0.5, 1.0,
and 2.0 C respectively. When reset to 0.2 C, the discharge
capacity recovers to 1014 mAh g™, The discharge capacities of
Ce0,/MMNC-S-60% and CeO,/MMNC-S-80% cathodes at
2.0 C are slightly lower (673 and 642 mAh g™, respectively).
Electrochemical impedance spectroscopy (EIS) was also
conducted, as shown in Figure S14, and the Nyquist plots
demonstrate the good electrical conductivity of CeO,/MMNC-
S-x cathodes.

The life spans of CeO,/MMNC-S-x cathodes were
investigated under 1.0 and 2.0 C. As presented in Figure S,
the CeO,/MMNC-S-70% cathode exhibits the highest cycling
performance among CeO,/MMNC-S-x cathodes at 1.0 C. The
initial discharge capacity reaches 1352 mAh g7, then it
decreases to 866 mAh g' at the 200th cycle and finally
maintains at 836 mAh g~ at the S00th cycle. The discharge
capacities of CeO,/MMNC-5-60% and CeO,/MMNC-S-80%
cathodes at 1.0 C after 500 cycles are 760 and 706 mAh g,
respectively. Further increasing to 2.0 C, the CeO,/MMNC-S-
70% composite still exhibits high capacity and extremely long
cycle life with a low capacity decay of 0.024% per cycle over
1000 cycles. Remarkably, the discharge capacity of CeO,/
MMNC-S-70% reaches 721 mAh g~" after 1000 cycles with the
Coulombic efficiency of 99.7%, higher than previously reported
sulfur cathode materials (Table S1). Moreover, the cycling
performance of CeO,/MMNC-S-70% composite cathode was
also tested in the electrolyte without LINO; additive (Figure
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S15). At 1.0 and 2.0 C, the CeO,/MMNC-S-70% cathodes
exhibit remarkable cycling stability with the discharge capacities
of 953 and 772 mAh g™' after cycling for 100 cycles,
accompanied with the capacity retentions of 79.9% and
71.0%, respectively; moreover, the Coulombic efficiencies of
CeO,/MMNC-S-70% cathodes after 100 cycles keep at 99.6%
and 99.2%, respectively, indicating that the shuttle effect has
been well suppressed. These results confirm that the CeO,/
MMNC host can efficiently adsorb the polysulfides and
suppress the shuttle effects even without the LINO; additive,
thus conducive to the long-term cycling performance. In
addition, to investigate the structural integrity of CeO,/
MMNC during the charge/discharge processes, SEM images
of CeO,/MMNC-S-70% composite after cycling 1000 cycles at
2.0 C are provided in Figure S16. The spherical shape
maintains well after the long-term testing, demonstrating the
highly structural stability of CeO,/MMNC material.

For comparison, the electrochemical performances of
MMNC-S-x composites were also investigated. As shown in
Figure S17, the CV curves and charge/discharge profiles display
similar features to those of CeO,/MMNC-S-x cathodes. The
MMNC-S-70% cathode exhibits the best electrochemical
performance among MMNC-S-x composites. After 100 cycles
at 0.2 C, the discharge capacity reaches 833 mAh g~' (Figure
S17c¢), and the discharge capacity decreases to ~530 mAh g™
at 2.0 C (Figure S17d). The MMNC-S-70% cathode delivers
stable cycling performance with the lower discharge capacities
of 670 mAh g™ at 1.0 C after 500 cycles (Figure S18a) and 503
mAh ¢! at 2.0 C after 1000 cycles with 0.051% capacity decay
per cycle (Figure S18b). All of these results demonstrate that
the CeO,/MMNC-S-70% cathode has better performance than
that of the MMNC-S-70% cathode, attributed to the strong
affinity and redox reactions of CeO, nanocrystals with
intermediate polysulfides.

The electrochemical performance of CeO,/MMNC-S
cathode with high sulfur loading mass was also investigated.
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Figure 6. Electrochemical performance of CeO,/MMNC-S-70% cathode with 3.4 mg cm™ sulfur. (a) Charge/discharge profiles and (b) rate
performance of CeO,/MMNC-S-70% cathode under various rates. (c) Cycling performance of CeO,/MMNC-S-70% cathode at 0.5 C.

As shown in Figure 6, the high sulfur loading electrode (3.4 mg
cm™?) shows slightly lower capacity than that of the electrode
with 1.4 mg cm™ due to a decreased interface between the
electrolyte and sulfur with an increased thickness of the active
material. However, the CeO,/MMNC-S cathode still presents a
high capacity with good cycling stability. Figure 6a displays the
charge/discharge profiles of CeO,/MMNC-S-70% cathode
under various current rates. The charge/discharge profiles at
high rates exhibit the similar profile characteristics to that at low
current rates, and the capacity at 2.0 C can reach 520 mAh g™'
(Figure 6b). The cycling performance of CeO,/MMNC-S-70%
cathode at 0.5 C was also examined (Figure 6¢). The initial
discharge capacity is 920 mAh g~' (3.13 mAh cm™2), and after
cycling for 200 cycles, the capacity remains 611 mAh g~' (2.08
mAh cm™2), corresponding to the capacity retention of 66.5%.
In addition, to confirm the practical use toward Li—S batteries,
the CeO,/MMNC-S-70% cathode was then assembled into
soft-packaged Li—S batteries with Li foil as anodes. As shown in
Figure S19, the soft-packaged Li—S battery delivers a high
initial capacity of 1056 mAh g~', and it can light the light-
emitting-diode (LED), proving its potential for practical
applications.

CONCLUSIONS

In summary, an optimized sulfur host material combining polar
rare-earth metal oxide and bimodal micromesoporous carbon
nanomaterials has been achieved. This hybrid structure benefits
from both the physical confinement of the polysulfides by the
mesoporous carbon microspheres and their chemical bindings
to the CeO, nanocrystals and N-doped carbon species. More
importantly, the CeO, nanocrystals can promote the chemical
redox reactions of polysulfides, thus significantly enhancing
their retentions upon cycling. The cathodes based on CeO,/
MMNC-S-x composites show high-energy capacity, good rate
capability, and ultralong cycle life at both low and high sulfur

loadings. The present work demonstrates the significant
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potential in practical application of high-energy density and
long-life Li—S batteries.

EXPERIMENTAL SECTION

Chemicals. All the chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd. with analytical grade and were used
without further purification.

Preparation of MMNC Nanospheres. Typically, 0.60 mmol of
zinc acetate dihydrate (Zn(Ac),-2H,0) and 0.40 g of polyvinylpyrro-
lidone (PVP) were dissolved in 20 mL of deionized water with
ultrasonication to form a transparent solution. Then, 20 mL of
potassium hexacyanocobaltate (K5[Co(CN)4], 20 mmol L™") aqueous
solution was slowly added into the above solution under ultra-
sonication and vigorous stirring at 0 °C. After aging for 6 h at room
temperature, the precipitate of Zn;[Co(CN)],-nH,0/PVP precursor
nanospheres was collected by centrifugation, washed with deionized
water for several times, and vacuum dried at 60 °C overnight. The
precursor nanospheres were first thermal annealed at 600 °C for 2 h in
N, atmosphere with a heating rate of 2 °C min™" and then etched by
hydrofluoric acid (HF, S wt %) and hydrochloric acid (HCl, 1.0 M)
solution, successively. Finally, the product was collected by
centrifugation, washed with deionized water and absolute ethanol for
several times, and dried at 60 °C in a vacuum oven.

Synthesis of CeO,/MMNC Nanospheres. In a typical procedure,
100 mg of MMNC nanospheres was dispersed into 100 mL of
deionized water under vigorous stirring. Subsequently, 200 mg of
Ce(NO;), was added into the above mixture and kept stirring for 6 h.
The mixture was heated to 95 °C, and then 4 mL of 6-aminocaproic
acid aqueous solution (125 mg/mL) and 20 uL of concentrated HCI
(37 wt %) were introduced successively. Then, the resultant solution
was kept heating at 95 °C for S h. The precipitate was finally collected
by centrifugation, washed with deionized water and absolute ethanol
for several times, and dried at 60 °C in a vacuum oven.

Preparation of CeO,/MMNC-S-x Composites. The CeO,/
MMNC nanospheres and pure sulfur powder were mixed and ground
in an agate mortar for about 30 min. Then, the mixture was transferred
into an autoclave and heated at 155 °C for 12 h. After cooling down to
room temperature naturally, the product was annealed in a tube
furnace at 250 °C for 1 h to eliminate the possible sulfur particles
attached on the surface of CeO,/MMNC nanospheres. The obtained
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samples were denoted as CeO,/MMNC-S-x (x = 60%, 70%, or 80%,
where x represents the initial weight ratio of sulfur in the composites).

As control samples, MMNC-S-x composites were prepared with the
procedure similar to those of CeO,/MMNC-S-x composites, except
for the CeO,/MMNC nanospheres which were replaced by pristine
MMNC nanospheres.

Characterizations. Scanning electron microscopy (SEM) images
and energy dispersive X-ray spectroscopy (EDX) profiles were
collected on a JEOL JSM-6480 instrument. Transmission electron
microscopy (TEM, JEM-2100), scanning TEM (STEM) images, and
energy-filtered TEM (EFTEM) elemental mapping were taken on a
JEOL JEM-2100F using an accelerating voltage of 200 kV. The powder
X-ray diffraction (XRD) patterns were recorded with an X-ray
diffractometer (Bruker D-8 Advance) using Cu Ka (4 = 1.5406 A)
radiation at a scanning rate of 6° min~". Raman analysis was performed
on a Horiba JY Raman spectrometer using a 473 nm laser source. N,
adsorption—desorption isotherms were obtained through Brunauer—
Emmett—Teller (BET) method at 77 K on a Quantachrome Autosorb-
IQ-2C-TCD-VP instrument. X-ray photoelectron spectra (XPS) were
performed on a PHI-5000 VersaProbe X-ray photoelectron
spectrometer using an Al Ka X-ray radiation. Thermogravimetric
analysis (TGA) was performed on a NETZSCH STA 449C
instrument under N, atmosphere from room temperature to 600 °C
at a heating rate of 10 °C min™".

Electrochemical Measurements. The sulfur composite cathodes
were prepared by mixing the selected samples, acetylene black and
binder (polyvinylidene fluoride, PVDF) in N-methy-pyrrolidinone
(NMP) solvent with a weight ratio of 80:10:10. The mixture was
stirred for 24 h, spread on an aluminum foil, and then dried in a
vacuum oven at 60 °C to remove the solvent. The Li—S batteries were
assembled in an argon-filled glovebox with the above-prepared sulfur
composite cathodes and lithium metal foil anodes. A solution of 1.0 M
bis(trifluoro-methane)sulfonamide lithium (LiTFSI) dissolved in a
mixed solvent of 1,2-dimethoxyethane (DME) and 1,3-dioxolane
(DOL) with a 1:1 volume ratio containing LINO; (1 wt %) was used
as the electrolyte, and 15 L of electrolyte was used in the coin cells.
The cycling performances of Li—S cells were measured on a LAND
CT2001A analyzer at different current densities with a potential
window of 1.7—2.8 V vs Li/Li". The CV curves were collected on a
Chenhua CHI-760 electrochemical workstation at a scan rate of 0.2
mV s7! between 1.8 and 2.7 V. EIS analysis was carried out in the
range from 100 kHz to 0.01 Hz. The assembly of soft-packaged Li—S
batteries was similar to that of coin cells. The sulfur composite cathode
(~24 cm?® in area, sulfur loading is 3.8 mg cm™) was stacked and
assembled into a soft-package Li—S battery against Li anodes with the
same electrolyte used in coin cells. The specific capacities were
calculated based on the loading weight of sulfur.

Computational Method. Density functional theory (DFT) was
employed to calculate the binding energy (E,) between the substrate
and the polysulfides, which is defined by

Eads = Es+sub - Es - Esub
where E 4, E,, and E  are the energy of the polysulfides-substrate,
polysulfides, and substrate, respectively. The initial conformation of all
molecules was obtained by molecular mechanics (MM) method
(Forcite module). The DFT calculations were performed in the
Dmol3 module of Accelrys Material Studio. The exchange—correlation
functional was approximated by the Perdew—Burke—Ernzerhof (PBE)
method. The DFT semicore pseudopotentials were used to calculate
the core—electron interactions. The DFT-D (D stands for dispersion)
approach with the Ortmann—Bechstedt—Schmidt (OBS) vdW
correction was used to accurately describe the vdW interactions,
which influence the adsorption configurations of Li,S, species on
substrates. The solvation effect was considered by the COSMO model
with a dielectric constant of 6.18 to mimic the mixed DME/DOL
solvent.
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